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Nicotinamide N‑methyltransferase inhibits 
autophagy induced by oxidative stress 
through suppressing the AMPK pathway 
in breast cancer cells
Haitao Yu1,2†, Xi Zhou1,2†, Yanzhong Wang1,2,3, Xucheng Huang1,2, Jun Yang1,2, Jin Zeng1,2, Guoli Li1,2, 
Xinyou Xie1,2,3 and Jun Zhang1,2,3* 

Abstract 

Background:  Nicotinamide N-methyltransferase (NNMT) is highly expressed in several cancers and can regulate 
cell epigenetic status and various cell metabolism pathways, such as ATP synthesis and cellular stress response. We 
reported in our previous papers that NNMT overexpression inhibits the apoptosis and enhances the chemotherapy 
resistance of breast cancer cells. This study aims to investigate the effect of NNMT on autophagy induced by oxidative 
stress in breast cancer cells, which might provide a novel therapeutic strategy for breast cancer treatment.

Methods:  NNMT and LC3B II protein levels in the two cell models (SK-BR-3 and MDA-MB-231) with NNMT overex-
pression or knockdown were detected by Western blotting and correlated with each other. Changes in cellular viabil-
ity, intracellular reactive oxygen species (ROS) and ATP levels were assessed after H2O2 treatment. Then, autophago-
somes were imaged by transmission electron microscopy, and LC3 puncta were examined by confocal microscopy 
and flow cytometry. The LC3B II level and AMPK-ULK1 pathway activity were both detected by Western blotting to 
determine the role of NNMT in the H2O2-induced autophagy.

Results:  NNMT expression was negatively correlated with LC3B II expression in both cell models (SK-BR-3 and MDA-
MB-231). Then, NNMT overexpression attenuated the autophagy induced by H2O2 in SK-BR-3 cells, whereas knock-
down promoted autophagy induced by H2O2 in MDA-MB-231 cells. Furthermore, mechanistic studies showed that 
NNMT suppressed the ROS increase, ATP decrease and AMPK-ULK1 pathway activation, resulting in the inhibition of 
H2O2-induced autophagy in breast cancer cells.

Conclusions:  We conclude that NNMT inhibits the autophagy induced by oxidative stress through the ROS-medi-
ated AMPK-ULK1 pathway in breast cancer cells and may protect breast cancer cells against oxidative stress through 
autophagy suppression.
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Background
Autophagy is a highly conserved catabolic biological pro-
cess that enables cells to degrade damaged or unwanted 
proteins and organelles in lysosomes; thus, it plays a criti-
cal role in the recycling of intracellular components and 
the quality control of proteins and organelles to protect 
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intracellular homeostasis [1, 2]. Although a basal level of 
autophagy is generally occurs under physiological condi-
tions as part of a cellular repair process, it can be strongly 
activated in pathological conditions by various stress 
stimuli, including nutrient starvation and oxidative stress 
[3], leading to distinct cell fate. Emerging evidence shows 
that dysfunction of autophagy may lead to a number of 
diseases, such as metabolic disease and cancer. In can-
cer progression, autophagy is generally a double-edged 
sword and its exact role in cancer depends on tumour 
type, stage, and so on [4]. Recently, much evidence has 
revealed that the induction or suppression of autophagy 
can impact cancer status, thus modulating autophagy 
activity by targeting autophagy regulatory molecules may 
be a new autophagy-based therapeutic intervention for 
human cancer treatment [5].

Nicotinamide N-methyltransferase (NNMT), a phase 
II metabolizing enzyme, mainly transfers a methyl group 
from S-adenosyl-l-methionine (SAM) to nicotinamide 
(NAM), producing 1-methylnicotinamide (1MNA) and 
S-adenosylhomocysteine (SAH). Therefore, NNMT par-
ticipates in the intracellular methylation cycle, which 
affects the global methylation status and metabolome 
of cells [6]. In the past decade, NNMT was found to be 
highly expressed in many kinds of tumour [7–11] and 
was found to alter various cancer cell metabolism path-
ways to regulate the cellular stress response [12, 13] and 
epigenetic state, which results in high expression of pro-
tumour genes [14]. In our previous study, we found that 
NNMT and its product 1MNA can decrease the mito-
chondria-mediated apoptosis by suppressing intracellu-
lar ROS in breast cancer cells [15]. Recently, we reported 
that NNMT is overexpressed in breast cancer patients’ 
tumours and increases the resistance to chemotherapy 
via its product 1MNA. However, its effect on autophagy 
regulation in breast cancer has not yet been investigated.

In this study, we examined the expression of NNMT 
and LC3B II, a marker of autophagy in breast cancer cell 
line models with NNMT overexpression or knockdown, 
and then determined correlation between them. Next, we 
utilized H2O2 to induce autophagy and detected the lev-
els of autophagosomes, LC3 puncta and LC3B II in cell 
line models to determine the role of NNMT expression 
in autophagy regulation. In addition, cell activity, ROS, 
ATP and autophagy related signalling pathways were 
also detected to further discover NNMT’s regulation of 
autophagy induced by H2O2.

Methods
Antibodies
The primary antibodies that included anti-LC3 (#12741), 
anti-p-AMPK (T172) (# 2535), anti-AMPK (#2532), 
anti-p-ULK1 (Ser317) (# 12753), anti-ULK1 (# 6439), 

anti-β-Actin (# 4970) and goat anti-rabbit (# 7074) and 
goat anti-mouse (# 7076) HRP-conjugated secondary 
antibodies were all obtained from Cell Signaling Tech-
nology (Beverly, Massachusetts, USA). The monoclonal 
antibody of NNMT was prepared in our lab as previously 
described [15]. The H2O2 solution was obtained from 
Sigma (#H1009).

Cell lines and cell culture
The human breast cancer cell lines MDA-MB-231, 
MDA-MB-468, BT549, MCF7 and SK-BR-3 were pur-
chased from American Type Culture Collection (ATCC, 
USA). Cells were cultured in Dulbecco’s modified Eagle 
medium (Gibco, USA) containing 10% foetal bovine 
serum (Gibco, USA) and 100  µg/ml penicillin–strepto-
mycin (Sigma, USA) in a humidified incubator supple-
mented with 5% CO2 at 37 °C.

Lentiviral vectors and infection
The lentivirus with Plenti-Pur-NNMT or pGCSIL-Pur-
shRNA-NNMT vector was purchased from GeneChem 
Co., Ltd. (Shanghai, China). The lentivirus with the 
Plenti-Pur-NNMT vector was infected into SK-BR-3 
cells to overexpress NNMT, and the lentivirus with the 
pGCSIL-PUR-shRNA-NNMT vector was infected into 
MDA-MB-231 cells to silence NNMT. Plenti-Pur and 
pGCSIL-Pur-shRNA-NC were used as controls. After 
infection, cells were selected with puromycin (1 µM) for 
5 days.

Western blot analysis
Cell proteins were extracted by lysis buffer (Cell Signal-
ing, USA) with a complete protease inhibitor cocktail 
(Sigma, USA) on ice. Protein concentrations were quan-
tified using a BCA protein assay kit (Beyotime, China). 
Eighty micrograms of protein sample was mixed with 
5 × loading buffer and loaded into the lanes of 10% 
sodium dodecyl sulfate–polyacrylamide gel (SDS). The 
proteins were separated by electrophoresis and trans-
ferred to 0.2  μM PVDF membranes (Millipore, USA). 
After blocking with 5% nonfat milk (Sigma, USA) for 2 h 
and washing with TBS-T three times at room tempera-
ture, the membranes were incubated with primary anti-
bodies at 4  °C overnight. After washing with TBS-T for 
three times, the membranes were incubated with appro-
priate HRP-conjugated secondary antibodies for 1  h at 
room temperature. Protein bands were detected using an 
ECL detection reagent (Millipore, USA) and imaged by 
the Image Quant LAS-4000 instrument (Fujifilm, Japan). 
The band density was analysed by ImageJ and normalized 
to the level of β-actin in each group. The experiments 
were repeated independently for three times.
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Cell viability by MTS assay
Cell viability was determined by the MTS assay. The 
200  µl cells were seeded into 96-well flat-bottom plates 
with 8000 cells per well. After incubation for overnight 
at 37 °C and 5% CO2, cells were treated with H2O2 (100 
or 200 µM) or H2O as a control for 8 h. Then, 20 µl MTS 
reagent (Promega, USA) was added into each well and 
cells were incubated for another 3 h. Finally, the absorb-
ance value of each well was read at 490 nm using a micro-
plate reader instrument (BIO RAD, Model 680, Japan) 
and normalized to that of the control group, which was 
defined as 1. All experiments were performed indepen-
dently three times using five wells for each group.

Measurement of cellular reactive oxygen species by flow 
cytometry
Reactive oxygen species (ROS) were measured by flow 
assay. Cells were added to 6-well plates and treated with 
H2O2 (100 or 200 µM) or H2O as a control for 8 h after 
culture overnight. Then, the cells were washed in HBSS, 
collected and incubated in 1 mL staining buffer with 10 µl 
H2DCF-DA (10 mM) (Sigma, USA) for 30 min at 37 °C. 
Finally, the cells were resuspended in 0.5 mL PBS with 2% 
FBS after separation from the staining buffer. The fluores-
cence intensity of H2DCF-DA was analysed by a FACS-
Calibur flow cytometer (BD, USA) at 485 nm excitation 
and 530 nm emission to indicate the level of ROS in cells. 
The data were analysed using Flow Jo 7.5.5 software. The 
mean fluorescence intensity was normalized to that of 
the control group, which was defined as 1. The experi-
ment was conducted independently three times.

Measurement of cellular ATP
The intracellular ATP was measured using the CellTiter-
Glo 2.0 reagent kit (Promega, #G9242, USA). Briefly, cells 
were seeded into the a 96-well clear flat bottom plate 
(Corning, #3596, USA) with 4000 cells per well. After 
culturing for 24 h, cells were treated with H2O2 (100 or 
200 µM) or H2O as a control for 8 h. Then, 100 µl CellTi-
ter-Glo 2.0 reagent was added into each well. To lyse 
cells and stabilize the luminescent signal, the plate was 
mixed on an orbital shaker for 2  min and incubated at 
room temperature for 10 min. Finally, the value of lumi-
nescence in each well was recorded by a luminometer 
(Turner Designs, TD-20/20, USA) to indicate the ATP 
level. The mean ATP level was normalized to that of the 
control group, which was defined as 1. The experiment 
was performed independently three times.

Transmission electron microscopy (TEM)
The autophagic vacuoles were examined by transmis-
sion electron microscopy. Following H2O2 (200  µM) 

treatment or H2O as a control for 8 h, cells were fixed 
with 2.5% phosphate-buffered glutaraldehyde over-
night at 4  °C. The next day, cells were post-fixed with 
1% osmium tetroxide (OsO4) for 1 h after being washed 
with PBS three times for 15  min. Then, the cells were 
washed with ddH2O and stained with 2% uranyl ace-
tate for 30  min at room temperature. After that, cells 
were dehydrated with an increasing gradient of ethanol 
(50%, 70%, and 90%) for 15  min each, ethanol (100%) 
for 20  min, and 100% acetone for 20  min and embed-
ded into epoxy resin. A 60–80  nm ultrathin section 
was prepared from each sample by a diamond knife on 
a Leica Ultracut UCT (Wetzlar, Leica Microsystems 
GmbH, Germany) and adhered to uncoated 200-mesh 
copper grids. Then, each sample was stained with 2% 
uranyl acetate and lead citrate for 15 min each. Finally, 
each sample was observed by TEM (Tokyo, JEM-1400/
JEM-1400 PLUS, Japan) at 80 kV. Autophagic vacuoles 
were imaged by the transmission electron microscopy 
(Tokyo, Hitachi H-7000FA, Japan). Images of five view 
fields in each group were randomly taken for data anal-
ysis. The average number of autophagic vacuoles per 
cell was recorded. The experiment was performed inde-
pendently three times.

LC3 puncta formation assay by confocal microscopy 
and flow cytometry
To analyse autophagic flux, cells were seeded in a 4-well 
chamber slider (LAB TEK, Rochester, NY) at a density 
of 2 × 104 cells/well and transfected with a pEGFP-LC3 
plasmid (Addgene #24920). Following H2O2 (200  µM) 
treatment or H2O as a control for 8  h, autophagy was 
observed under a laser scanning confocal microscope 
(Olympus). Five representative fields were captured 
at 200 × magnification, and then the number of LC3 
puncta in cells was recorded. The fluorescence intensity 
of GFP-LC3 in cells after treatment was also analysed 
by flow cytometry. The mean of fluorescence intensity 
was normalized to that of the control group, which was 
defined as 1. The two experiments were both performed 
independently three times.

Statistical analysis
All data are presented as the mean ± SEM. The sta-
tistical analyses were performed using the SPSS 22.0 
statistical software package. Differences between two 
groups with different treatments were analysed using 
two-tailed independent-samples Student’s t-test. Sta-
tistical significance was defined as *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001.
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Results
NNMT reduces autophagy in breast cancer cells
To determine the effect of NNMT on regulating 
autophagy in breast cancer cells, we examined the pro-
tein level of NNMT in the five cell lines. Among these 
cell lines, SK-BR-3, MCF7 and MDA-MB-468 showed 

either no or low NNMT expression, and BT549 showed 
a medium expression level, while MDA-MB-231 showed 
the highest level (Fig. 1a, b). Therefore, the SK-BR-3 cell 
line with no NNMT expression was infected with the len-
tivirus of Plenti-Pur-NNMT to overexpress NNMT or 
Plenti-Pur as control, whereas the MDA-MB-231 cell line 

Fig. 1  NNMT inhibited autophagy in breast cancer cell lines. a, b The NNMT protein level was determined in the five breast cancer cell lines 
by Western blotting. c, d The LC3B protein level in the two cell models was determined by Western blotting. A representative result from three 
independent experiments. e, f The quantification results of (c) and (d), respectively. The protein levels were normalized to β-actin (**p < 0.01, 
***p < 0.001 and ****p < 0.0001)
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with the highest NNMT expression was infected with 
the lentivirus of pGCSIL-Pur-shRNA-NNMT to knock-
down NNMT or pGCSIL-Pur-shRNA-NC as control 
(Fig. 1c, d). These two cell models were successfully used 
to further study NNMT function in on autophagy regula-
tion. After that, we measured autophagic flux in the two 
model cell lines by examining LC3B II levels with and 
without bafilomycin A1 (BafA1), a blocker for autophagy 
substrate degradation. The LC3B II level was reduced 
by 50% in SK-BR-3-NNMTOEx cells compared to that in 
SK-BR-3-Vector cells with or without BafA1 (Fig. 1c, e), 
which suggests that NNMT overexpression decreased 
autophagy flux in breast cancer cells. In contrast, NNMT 
knockdown significantly increased the LC3B II level 
in the MDA-MB-231 cell model with or without BafA1 
(Fig.  1d, f ). This result suggested that NNMT reduces 
autophagy in breast cancer cells.

NNMT suppresses H2O2‑induced autophagy in breast 
cancer cells
To further determine the role of NNMT in autophagy 
under oxidative stress, we examined autophagy flux in 
cell models after H2O2 treatment, which can induce 
autophagy very well as oxidative stress. The autophago-
somes in the two model cell lines after H2O2 treatment or 
H2O as a control for 8 h were observed by transmission 
electron microscopy. The number of autophagosomes 

was lower in SK-BR-3-NNMTOEx cells than in SK-BR-
3-Vector cells, whereas a higher number of autophago-
somes was observed in MDA-MB-231-NNMTKD cells 
than in MDA-MB-231-NC cells (Fig.  2a–d), which is 
consistent with the previous result of the LC3B II assay. 
With H2O2 treatment, the numbers of autophagosomes 
were all increased, indicating that autophagy was induced 
successfully. The SK-BR-3-NNMTOEx cells showed a sig-
nificantly lower number of autophagosomes per cell than 
SK-BR-3-Vector cells, whereas MDA-MB-231-NNMTKD 
cells showed a significantly higher number of autophago-
somes than MDA-MB-231-NC cells (Fig. 2a–d). Consist-
ent with the autophagosome results, the LC3B II level 
was decreased significantly in SK-BR-3 cells after NNMT 
overexpression and was increased markedly in MDA-
MB-231 cells after NNMT knockdown both with and 
without H2O2 treatment (Fig. 2e–h).

Then, we also monitored autophagosomes by confocal 
and flow assays using the GFP-LC3 plasmid. In the con-
focal assay, we observed a lower number of LC3 puncta 
in SK-BR-3-NNMTOEx cells than in SK-BR-3-Vector cells 
with or without H2O2 treatment (Fig. 3a, b). In contrast, 
MDA-MB-231-NNMTKD cells showed the higher num-
ber of LC3 puncta than MDA-MB-231-NC cells (Fig. 3c, 
d). Consistent with the confocal assay results, the mean 
of GFP-LC3 fluorescence intensity in SK-BR-3-NNMTOEx 
cells was significantly lower than that in SK-BR-3-Vector 

Fig. 2  NNMT inhibited autophagy induced by H2O2. a, c The autophagosomes in the two cell models after H2O2 treatment were imaged by 
transmission electron microscopy. A representative result from three independent experiments. b, d The quantification results of (a) and (c), 
respectively (**p < 0.01 and ***p < 0.001). e, g The LC3B protein level in the two cell models after H2O2 treatment was determined by Western 
blotting. A representative result from three independent experiments. f, h The quantification results of (e) and (g), respectively. The protein levels 
were normalized to β-actin (**p < 0.01 and ***p < 0.001)
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cells treated with H2O2 by flow assay (Fig. 3e, f ), whereas 
MDA-MB-231-NNMTKD cells showed a more than 
twofold higher mean GFP-LC3 fluorescence intensity 
than MDA-MB-231-NC cells (Fig.  3g, h). These results 
indicated that NNMT negatively regulates autophagy 
induced by oxidative stress in breast cancer cells.

NNMT decreases the H2O2‑induced autophagy 
by inhibiting the AMPK‑ULK1 pathway in breast cancer 
cells
Given that NNMT is inversely correlated with 
H2O2-induced autophagy in breast cancer cells, we fur-
ther explored the potential mechanisms by which NNMT 
regulates autophagy. First, we assessed the biologi-
cal function of NNMT in resistance to oxidative stress. 
After H2O2 treatment for 8  h, SK-BR-3-NNMTOEx cells 
showed the higher cell viability and ATP levels and the 
lower ROS levels than SK-BR-3-Vector cells. In contrast, 
MDA-MB-231-NNMTKD cells showed lower cell viability 
and ATP levels and higher ROS levels than MDA-MB-
231-NC cells (Fig.  4). There were all significant differ-
ences. These results suggested that NNMT expression 
decreases the inhibition of cell viability and ATP pro-
duction and the increases of ROS production, which 
are related to energy metabolism, resulting in resistance 

to oxidative stress. Second, we examined the activity of 
the adenosine monophosphate activated protein kinase 
(AMPK) pathway after H2O2 treatment, as it is at the 
intersection of energy metabolism and autophagy. SK-
BR-3-NNMTOEx cells showed a significant lower level of 
p-AMPK than SK-BR-3-Vector cells both with and with-
out H2O2 treatment, whereas MDA-MB-231-NNMTKD 
cells showed a higher level of p-AMPK than MDA-MB-
231-NC cells (Fig.  5a–d). Furthermore, SK-BR-3-NNM-
TOEx cells showed the lower levels of phosphated-serine/
threonine protein kinase (p-ULK1) (Ser317), which is 
phosphorylated by AMPK, than SK-BR-3-Vector cells. 
Similar to the previous result, the LC3B II level was lower 
in SK-BR-3-NNMTOEx cells than in SK-BR-3-Vector cells 
(Fig. 5a, b). In contrast, the p-ULK1 (Ser317) and LC3B II 
levels were all significantly higher in MDA-MB-231-NN-
MTKD cells than in MDA-MB-231-NC cells (Fig.  5c, 
d). These results indicated that NNMT decreases the 
H2O2-induced autophagy by inhibiting the AMPK-ULK1 
pathway in breast cancer cells.

NNMT inhibits the activation of the AMPK‑ULK1 pathway 
via its product 1MNA
To further clarify the mechanism, we assessed the 
change in autophagy level in SK-BR-3-Vector and 

Fig. 3  NNMT decreased LC3 puncta formation induced by H2O2. a, c The LC3 puncta in the two cell models after H2O2 treatment were imaged 
by confocal microscopy. A representative result from three independent experiments. b, d The quantification results of (a) and (c), respectively 
(**p < 0.01 and ***p < 0.001). e, g The fluorescence intensity of LC3B in the two cell models after H2O2 treatment was assessed by flow cytometry. A 
representative result from three independent experiments. f, h The quantification results of (e) and (g), respectively (**p < 0.01 and ****p < 0.0001)
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MDA-MB-231-NNMTKD cells after 1MNA treat-
ment, which is the product of NNMT. The inhibition 
of cell viability and ATP production and the increase in 
ROS production induced by H2O2 were both reduced 

in SK-BR-3-Vector cells after treatment with 1MNA 
(0.5  mM). Additionally, cell viability and ATP produc-
tion were rescued, and the ROS increase was suppressed 
by 1MNA treatment in MDA-MB-231-NNMTKD cells, 

Fig. 4  NNMT decreased the inhibition of cell viability and ATP production and the induction of ROS production induced by H2O2. a, c, e The cell 
viability, intracellular ROS and ATP levels in the SK-BR-3 cell model after H2O2 treatment were assessed. The data were normalized to the group of 
SK-BR-3-Vector without H2O2 treatment, which was defined as 1. b, d, f The cell viability, intracellular ROS and ATP level in the MDA-MB-231 cell 
model after H2O2 treatment was assessed. The data were normalized to those of the MDA-MB-231-NC group without H2O2 treatment, which was 
defined as 1 (*p < 0.05, **p < 0.01 and ***p < 0.001)
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similar to NNMT expression (Fig.  6a–c). These results 
suggested that 1MNA showed resistance to oxidative 
stress as well as NNMT expression. Then, we examined 
the activity of the AMPK-ULK1 pathway and LC3B II 
levels in SK-BR-3-Vector and MDA-MB-231-NNMTKD 
cells after treatment with 1MNA. In both cell line mod-
els, 1MNA treatment reduced the activity of the AMPK-
ULK1 pathway and LC3B II levels induced by H2O2 
treatment (Fig.  6d), which indicated that NNMT nega-
tively regulates autophagy under oxidative stress via its 
product 1MNA.

Together, our results demonstrate that NNMT expres-
sion negatively regulates autophagy by inhibiting the acti-
vation of the AMPK-ULK1 pathway in breast cancer cells 
to offer survival advantages to cancer cells under oxida-
tive stress (Fig.  6e). Therefore, NNMT downregulation 
might be a therapeutic strategy for the combined treat-
ment of breast cancer.

Discussion
Breast cancer, one of the most prevalent cancers, has the 
highest mortality rate among cancers in woman world-
wide and in China. Therefore, there is an urgent need 
for new treatment strategies to improve breast cancer 
treatment.

In recent decades, autophagy has been verified to play a 
vital role in cancer progression and in response to radia-
tion and chemotherapy, which helps us to shed some 
light on ways to develop novel strategies for cancer ther-
apy [16]. However, it is generally thought that autophagy 
has both positive and negative roles in cancer progres-
sion, which depends on the particular type of tumour 
and the stage of cancer progression. In the initial stages, 
autophagy can inhibit the growth of precancerous cells 
as a tumour suppressor and decrease the incidence of 
cancer. During other stages, autophagy may impact the 
proteome, organelle and metabolism to alter whole cell 
function. In addition, autophagy also has a survival effect 
by promoting the adaptation of cancer cells to many 
stresses, resulting in the resistance to anticancer treat-
ments. Therefore, a comprehensive study of the various 
contexts involved in the association between autophagy 
and cancer is beneficial for the novel strategy develop-
ment of cancer therapy.

Autophagy is a multistep process involving various 
autophagy-related (ATG) proteins, which are regulated 
by several upstream signalling pathways, including the 
AMPK-ULK1 and mTOR pathways [17]. In human can-
cers, some studies have reported that the ATG genes 
exhibit low-frequency genomic mutations using large-
scale genomic analyses, whereas oncogenic events 

Fig. 5  NNMT inhibited H2O2-induced autophagy by suppressing the AMPK-ULK1 pathway. a, c The p-AMPK, p-ULK1, AMPK, ULK1 and LC3B 
protein levels in the two cell models after H2O2 treatment were determined by Western blotting. A representative result from three independent 
experiments. b, d The quantification results of (a) and (c), respectively. The protein levels were normalized to β-actin (**p < 0.01 and ***p < 0.001)
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regulate the cancer-related signalling pathways and con-
sequently lead to abnormal autophagy [18]. One of the 
earliest discoveries was that p53, a frequently inactivated 
or mutated transcription factor, can trigger autophagy in 
cancer cells [19]. The AKT signalling pathway, which pro-
motes cancer cell proliferation, can suppress the TSC1/2 

complex, resulting in mTOR1 activation and autophagy 
inhibition.

NNMT was discovered as a cancer-related protein in 
recent years. As a methyltransferase, NNMT transfers a 
methyl group from SAM to NAM to produce 1MNA and 
SAH, which impacts the global methylation status in cells 

Fig. 6  1MNA inhibited autophagy induced by H2O2 by reducing the inhibition of cell viability and ATP production and the induction of ROS 
production. a The cell viability in SK-BR-3-Vector and MDA-MB-231-NNMTKD cells pretreated with and without 1MNA was assessed by MTS after 
H2O2 treatment. b The intracellular ROS level in SK-BR-3-Vector and MDA-MB-231-NNMTKD cells pretreated with and without 1MNA was assessed 
by flow cytometry after H2O2 treatment. c The intracellular ATP level in SK-BR-3-Vector and MDA-MB-231-NNMTKD cells pretreated with and without 
1MNA was assessed by an ATP kit after H2O2 treatment. The SK-BR-3-Vector and MDA-MB-231-NNMTKD groups without 1MNA treatment were 
considered as the control groups, and their values were normalized to 100%. (*p < 0.05, and **p < 0.01) d The p-AMPK, p-ULK1, AMPK, ULK1 and 
LC3B protein levels in SK-BR-3-Vector and MDA-MB-231-NNMTKD cells pretreated with and without 1MNA were determined by Western blotting 
after H2O2 treatment. e Schematic model of this study
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[20]. NNMT has been recently reported to participate in 
the development and progression of various carcinomas 
and regulate cancer metabolism [12]. In breast cancer, 
we have found that NNMT and its product 1MNA can 
inhibit the mitochondrion-mediated apoptosis through 
decreasing intracellular ROS, which enhances the resist-
ance to chemotherapy by SIRT1 protein stabilization [11, 
15]. Considering that the NNMT gene was predicted to 
be an autophagy regulator by genome-wide analysis [21], 
we investigated the role of NNMT in the autophagy of 
breast cancer cells.

The regulation of oxidative stress is pivotal in both 
autophagy and tumorigenesis, since ROS can modu-
late many signalling pathways involved in autophagy 
and tumorigenesis through direct or indirect ways [22, 
23]. As a second messenger, low to moderate levels of 
ROS can regulate the activation or expression of multi-
ple signalling proteins such as mitogen-activated protein 
kinase (MAPK), AMPK, protein kinase B (AKT), extra-
cellular signal-regulated kinase (ERK), c-Jun N-terminal 
kinase (JNK) [24–29], all of which are involved in can-
cer cell survival, proliferation and stress response. In 
a previous study, we reported that NNMT expression 
increases its product 1MNA level in cancer cells, which 
decreases intracellular ROS levels to inhibit mitochon-
dria-mediated apoptosis in breast cancer cells and to 
suppress 5-FU-induced apoptosis in colorectal cancer 
cells [15, 30]. In this study, even though NNMT inhibited 
autophagy under normal culture conditions, the NNMT 
effect was more distinct under oxidative stress. Further-
more, we found that NNMT and its product 1MNA sup-
press the increase in ROS induced by H2O2, which may 
protect mitochondria and cell viability against oxidative 
stress and inhibit the activation of AMPK induced by 
oxidative stress in breast cancer cells. AMPK can sense 
energy changes in cells and maintain cellular energy 
homeostasis by regulating energy-related metabolism. 
When the ratio of ATP:ADP in cells is low, AMPK can be 
activated to directly increase the phosphorylation level of 
ULK1 at Ser317 and Ser777, which promotes autophagy. 
Therefore, the AMPK-ULK1 pathway is regarded as 
the master upstream regulated signalling pathway of 
autophagy, especially under oxidative and energy stress 
[31]. In our study, we found that NNMT and its product 
1MNA inhibit the activation of the AMPK-ULK1 path-
way by suppressing ROS production in breast cancer cells 
after H2O2 treatment.

Combined with our results, we hypothesized that 
NNMT and its product 1MNA negatively regulate 
autophagy by suppressing the increase in ROS induced 
by oxidative stress in breast cancer cells. Consist-
ent  with our findings, Skin et  al. found that NNMT 
decreases the PP2A methylation level by methyl group 

transfer from SAM to NAM to inhibit autophagy in 
liver cancer cells [32]. However, Schmeisser et  al. 
recently reported that NNMT induces autophagy in 
some animal models by reducing of its substrate SAM 
[33]. NNMT regulates its substrate SAM and NAM 
and its product 1MNA levels, which are involved in 
many important biological processes, including cellu-
lar response to stress and cellular energy production. 
The three molecules maintain a different balance in 
different types of cells and each of them performs its 
own function, which may result in the complex func-
tion of NNMT in different types of cells. Thus, although 
NNMT plays a role in regulating autophagy, the 
detailed mechanisms in different cells require further 
study.

In addition, cell survival and death are particularly 
complex processes, and autophagy and apoptosis both 
play significant roles, between which there is a close asso-
ciation. Our previous and current studies have shown 
that NNMT plays a role both in regulating apoptosis and 
autophagy in breast cancer. However, the detailed mech-
anism by which NNMT regulates the balance between 
apoptosis and autophagy in breast cancer cells needs fur-
ther study.

Conclusions
In this study, we first found that NNMT is involved in 
autophagy regulation in breast cancer cells. Furthermore, 
our results suggest that NNMT expression decreases the 
inhibition of cell viability and ATP production and the 
increase in ROS production induced by oxidative stress 
and demonstrated that NNMT and its product 1MNA 
negatively regulate autophagy to protect breast cancer 
cells against oxidative stress by suppressing the activation 
of the AMPK-ULK1 pathway, these findings may provide 
a novel strategy of targeting NNMT for the combined 
treatment of breast cancer.
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