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ARTICLE INFO ABSTRACT

Keywords: Elucidating the mechanism for high metastasis capacity of triple negative breast cancers (TNBC) is crucial to
Chf)les"_eml metabolism N improve treatment outcomes of TNBC. We have recently reported that nicotinamide N-methyltransferase
Epithelial-mesenchymal transition (NNMT) is overexpressed in breast cancer, especially in TNBC, and predicts poor survival of patients undergoing

Methylation potential
Lung metastasis
Protein phosphatase

chemotherapy. Here, we aimed to determine the function and mechanism of NNMT on metastasis of TNBC.
Additionally, analysis of public datasets indicated that NNMT is involved in cholesterol metabolism. In vitro,
NNMT overexpression promoted migration and invasion of TNBCs by reducing cholesterol levels in the cyto-
plasm and cell membrane. Mechanistically, NNMT activated MEK/ERK/c-Jun/ABCA1 pathway by repressing
protein phosphatase 2A (PP2A) activity leading to cholesterol efflux and membrane fluidity enhancement,
thereby promoting the epithelial-mesenchymal transition (EMT) of TNBCs. In vivo, the metastasis capacity of
TNBCs was weakened by targeting NNMT. Collectively, our findings suggest a new molecular mechanism
involving NNMT in metastasis and poor survival of TNBC mediated by PP2A and affecting cholesterol

metabolism.

1. Introduction estrogen receptors, progesterone receptors and human epidermal
growth factor receptor 2 expression, accounting for approximately
Breast cancer has overtaken lung cancer as the most commonly 15-20% of all subtypes. Due to its high invasive nature, approximately
diagnosed cancer worldwide, with about 2.26 million newly diagnosed 46% of patients with TNBC have distant metastasis and the mortality
cases and 680,000 deaths in 2020 reported by International Agency for rate is 40% within the first 5 years after diagnosis [1]. Therefore,
Research on Cancer. Triple negative breast cancer (TNBC) is an elucidating the mechanism contributing to high metastasis capacity of

aggressive and heterogeneous subtype of breast cancer that lacks TNBC is very important to improve treatment outcomes and survival.

Abbreviations: 1-MNA, 1-methylnicotinamide; ANT, adjacent normal tissues; DFS, disease-free survival; CDH1, E-cadherin protein; CDH2, N-cadherin protein;
EMT, epithelial-mesenchymal transition; GSEA, gene set enrichment analysis; IHC, immunohistochemistry analysis; NAM, nicotinamide; NNMT, nicotinamide N-
methyltransferase; OS, overall survival; PP2A, protein phosphatase; TCGA, the Cancer Genome Atlas; TNBC, triple negative breast cancers.
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The dysregulation of cellular metabolism and activated invasion and
metastasis are two hallmarks of cancer [2]. The cancer metabolism de-
pends on alterations of key metabolic pathways and has a profound ef-
fect on the expression of oncogenes and tumor suppressor genes, which
are involved in the regulation of proliferation, apoptosis, autophagy and
metastasis in cancer.

Nicotinamide N-methyltransferase (NNMT) is a cytosolic enzyme
that catalyzes the transfer of the methyl units from S-adenosyl-L-
methionine (SAM) to nicotinamide (NAM), producing the stable meta-
bolic product 1-methylnicotinamide (1-MNA) [3]. As a result, NNMT
expression controls the methylation potential of cancer cells, leading to
an altered epigenetic state that includes hypomethylated histones and
other cancer-related proteins, such as histone H3K4, H3K9, H3K27,
H4K20 and tumor suppressor PP2A [3]. Based on this basic function, the
overexpression of NNMT in various types of cancer including breast
cancer [3-16] impairs proliferation, apoptosis, autophagy, nutrient
metabolism and metastasis [3,9,17-19], thereby affecting the treatment
and survival of patients with liver, prostate, gastric and pancreatic
cancer [11,14-16]. Recently, we have reported that high NNMT
expression in breast cancer can inhibit apoptosis and enhance chemo-
therapy resistance, resulting in poor survival [20,21]. Meanwhile, our
preliminary findings suggest that 66.7% of TNBC patients with high
NNMT expression in tumor tissues was higher than those in other sub-
types [21].

In this study, we aimed to expand our observation cohort to assess
NNMT expression in tumor tissues and associated lymph nodes and
study their metastasis and survival. We further constructed TNBC cell
line models and assessed the mechanism towards enhanced metastasis.
We believe that this study would provide a promising therapeutic
strategy to overcome high metastasis of TNBC.

2. Materials and methods
2.1. Cells, antibodies and reagents

The human breast cancer cell lines SK-BR-3, MCF7, MDA-MB-468,
MDA-MB-231, BT-549, HCC1937 and T47D were purchased from
American Type Culture Collection (ATCC, USA). SK-BR-3, MCF7, MDA-
MB-468 and MDA-MB-231 cells were cultured in DMEM (Gibco).
HCC1937 cells were grown in RPMI 1640 medium (Gibco). BT-549 cells
were cultured in RPMI 1640 medium containing 0.023 U/mL insulin. All
mediums were supplemented with 10% fetal bovine serum (Gibco), 100
U/mL of penicillin (Sigma-Aldrich) and 100 pg/mL of streptomycin
(Sigma-Aldrich). The cells were maintained at 37 °C in a humidified 5%
CO», incubator.

The anti-SREBF2 (7119-SP) antibody was purchased from R&D
Systems, anti-HMGCR (ab174830), anti-LDLR (ab52818), anti-ABCA1
(ab18180), anti-c-Jun (ab31419), anti-RACK1 (ab62735) and anti-
PCNA (ab18197) from Abcam, EMT antibody sampler kit (9782), anti-
PP2A (2038S) anti-MEK (9122S), anti-p-MEK (9154S), anti-ERK
(4695S), anti-p-ERK (43708S), anti-AKT (4691S), anti-p-AKT (4060S)
and anti-B-actin (8457) from Cell Signaling Technology and anti-methyl-
PP2A (sc-81603), anti-JNK (sc-7345) and anti-p-JNK (6245) from Santa
Cruz biotechnology. Anti-NNMT(1E7) was obtained through the hy-
bridoma technique as previously described [20]. Goat anti-mouse
(FD0142) and goat anti-rabbit (FD0128) HRP-conjugated antibodies
were purchased from Hangzhou FUDE Biological Technology.

Filipin (F4767), cholesterol (C3045), PD98059 (19-143), Mevastatin
(M2537) and 1-MNA (1005-24-9) from Sigma Aldrich, Dil-C16 (D384)
from Thermo Fisher Scientific and lipoprotein deficient serum (BT-907)
from Bovine were purchased.

2.2. Patients’ characteristics and immunohistochemistry analysis

This study was approved by the Human Research Ethics Committee
of Sir Run Run Shaw Hospital (Permit Number: 20180601-006). The

Cancer Letters 547 (2022) 215884

diagnoses of 309 patients with breast cancer were confirmed by post-
operative pathological results from January 1, 2009 to Dec 31, 2017 at
Sir Run Run Shaw Hospital (Hangzhou, China). The clinical character-
istics of these patients were extracted from their medical record,
including age, TNM stage (tumor diameter, lymph node metastasis and
distant metastasis), ER, Her-2, and PR according to the guideline for
breast cancer of Chinese society of clinical oncology (Version 2020).
These patients were followed up, and the overall survival (OS) was
calculated from the date of surgical treatment to the date of death or last
follow-up.

Formalin-fixed, paraffin-embedded tissue sections (4 pm) were
deparaffinized, rehydrated and induced with 0.01 M citrate buffer pH
6.0 and microwave heated for half an hour. Then, the sections were
treated with 1% HO5 for 5 min and normal goat serum at room tem-
perature for 10 min. The sections were then incubated with mouse
monoclonal anti-human NNMT antibody (1E7, dilution 1:1400) for 40
min and with goat anti-mouse secondary antibody for 30 min. Sections
were developed with diaminobenzidine and then counterstained with
hematoxylin. Finally, the images of immunohistochemistry (IHC) were
captured by digital slide scanning system (KF-PRO-005, Ningbo Jiang-
feng Biological Information Technology Co. Ltd.). The expression level
of NNMT was evaluated by two pathologists, who were blinded to
clinical information. The final staining score was determined by per-
centage of positive cells and respective intensity scores. The cut-off
value of NNMT expression for breast cancer determination was 40 by
receiver operating characteristic (ROC) curve using GraphPad Prism 7.0
software program.

2.3. Public dataset analysis

We analyzed the expression and prognostic value of NNMT in TNBC
by the Cancer Genome Atlas (TCGA), Metabric dataset, BreastMark and
clinical microarray datasets, respectively. We integrated the patients
with TNBC in six cohorts (TCGA-TNBC, GSE14017, GSE76124,
GSE46141, GSE56493 and METABRIC) from the repository of GEO,
METABRIC and TCGA according to the clinical phenotype, to perform
the GSEA method to explore the NNMT related metabolism pathways
among these patients. The patients were divided into two groups by
using the median expression values of NNMT in each cohort. The
detailed clinical data of 1992 patients with breast cancer were obtained
from Metabric dataset (EGAS00000000083), containing 320 TNBC and
1672 non-TNBC.

2.4. Lentiviral infection and siRNA transfection

Cells were seeded (2 x 10° cells/well) in six-well plates overnight
and co-cultured with lentivirus containing shRNA targeting human
NNMT gene from GeneChem Co. Ltd (Shanghai, China) as reported
previously [21] or transfected with c-Jun siRNA (20 nM), ABCA1 siRNA
(20 nM) or control siRNA (20 nM, sc-37007) in opti-MEM, using Lip-
ofectamine 3000 (Thermo Fisher Scientific) for 12 h. The siRNA se-
quences targeting c-Jun and ABCA1l were listed in Supplementary
Table S1. Further, cells were incubated in fresh medium.

2.5. Construction of NNMT mutant and overexpression cell lines with
pLenti-Pur plasmid transfection

The human NNMT mutation (Y20) has more than 90% loss of its N-
methyl transferase activity [19]. HEK293T cells were transfected with
10 pg pLenti-Pur-NNMT (NCBI Reference Sequence: NM_00132045.1) or
pLenti-Pur-NNMT-Y20 or pLenti-Pur plasmid (Vigenebio, China) as
control using Lipofectamine 3000 reagent. Viral supernatant was har-
vested from HEK 293T cells after 48 h and filtered using 0.45 pm filter
(Millipore). HCC1937 cells were incubated with viral supernatant for 24
h and the supernatant was replaced with fresh medium. After infection,
cells were selected with puromycin (1 pM) for 5 days.


Administrator
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2.6. Wound healing assay

Cells were grown to 100% confluency in 6-well tissue culture plates
and then incubated in starvation media (0.1% FBS) for 12 h. The
monolayers cells were scraped with sterile 200 pL pipette tips. Images of
wounded cells were captured at 6 migration points at the beginning and
after 18 h of the assay. The gap distances at 0 h and 18 h after wounding
were measured and migration efficiency was calculated as: (gap area at
0 h -gap area at 18 h)/(gap area at 0 h).

2.7. Invasion and migration assay

Cells were starved in low serum (0.1% FBS) medium for 12 h and
then trypsinized. Further, 2 x 10* cells were resuspended in 200 pL
starvation medium (0.1% FBS) and loaded in the upper chamber of
Corning clear Transwell 24-well permeable supports in a 24-well plate.
The chamber with Matrigel (Corning) was for invasion assay and the
chamber without Matrigel (Corning) was for migration assay. The bot-
tom chamber was filled with complete growth medium. After 8 h of
incubation at 37 °C and 5% CO,, unmigrated cells on the upper surface
of the chamber were carefully removed using a cotton bud. The migrated
cells were fixed with 100% methanol for 15 min and washed with PBS
twice at room temperature. The cells were then stained with 0.1%
crystal violet dye, imaged at 40x magnification using Carl Zeiss
Microscopye and 5 random visual fields were counted.

2.8. Quantitation of cholesterol

Total cellular cholesterol concentration was quantified using
Amplex® Red Cholesterol Assay (Thermo Fisher Scientific). The cells
were lysed in 0.5% Triton X-100 and then incubated for 30 min with
agitation before addition of the reaction mix (cholesterol oxidase, HRP,
etc). The samples were incubated for 30 min at 37 °C in dark and
measured using fluorescence microplate reader with excitation at 530
nm and emission detection at 590 nm.

2.9. Filipin staining of cholesterol

Cells were grown in chambers at a density of 4 x 10* cells/well. After
treatment, cells were rinsed with PBS, fixed with 4% paraformaldehyde
for 15 min and then blocked with 1% BSA in PBS for 1 h at room tem-
perature. Then, cells were washed with PBS and stained with 50 pg/mL
filipin in the dark for 2 h at room temperature. The filipin signals
(intracellular and on the cell membrane) of 20 random stained cells were
analyzed with a Zeiss LSM 880 confocal microscope using an excitatory
wavelength of 405 nm. In each experiment, images were acquired at
identical laser output, gain, and offset.

2.10. RNA isolation and real time Quantitative PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) according
to the manufacturer’s protocol. For mRNA quantification, cDNA was
synthesized using HiFiscript ¢cDNA Synthesis kit (Comwin Biotech),
following the manufacturer’s protocol. The sequences of all specific
primers were listed in Supplementary Table S2. Quantitative real-time
PCR (qRT-PCR) analysis was performed in triplicate using the NovoS-
tart® SYBR qPCR SuperMix Plus (Novoprotein). The mRNA levels were
normalized to that of p-actin.

2.11. Western blot analysis

Cells were washed with cold PBS, homogenized in RIPA buffer
(Beyotime biotechnology) containing protease inhibitors (Roche), and
lysed for 30 min at 4 °C followed by centrifugation at 12000 rpm for 15
min. The nuclear lysate was prepared for c-Jun protein detection using
the Nuclear Extract Kit (Abcam). Protein concentration were measured
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using a BCA Protein Assay Kit (Beyotime biotechnology). Protein was
analyzed using SDS-polyacrylamide gel electrophoresis and transferred
to Immobilon P Transfer Membrane (Millipore) blocked with 5% milk in
TBST for 1 h at room temperature. The membrane was incubated with
the antibody overnight at 4 °C and then washed with Tris-buffered saline
containing Tween 20, and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature. Followed
by washing in TBST, the signals were visualized using the chem-
iluminescence detection reagents, imaged using a ChemiDoc Touch
Imaging system and analyzed using Image lab software (Bio-Rad).

2.12. Quantification of 1-MNA and SAM by LC-MS/MS

SAM and 1-MNA were measured using LC-MS/MS with AB SCIEX
Triple Quad™ 4500MD mass spectrometry system. Briefly, 250 pL of 1%
zinc sulfate solution with stable isotope labelled internal standard (N-
MNA-d4) was added into 50 pL cell samples or a series of concentration
standards (1-MNA and SAM). After shaking at 400 rpm for 30 min and
samples were centrifuged at 14000 rpm for 20 min, the supernatant was
transferred to glass vials for LC-MS/MS. Liquid chromatography sepa-
ration was performed by injecting 5 pL sample into the Eclipse XDB-C18
column (4.6 x 150 mm, 5 pm; Agilent) connected to JasperTM (SCIEX)
LC system. The isocratic mobile phase, a mixture of 0.1% formic acid
and methanol mixture (v/v) was filtered through a 0.22 pm membrane
filter (Millipore) and then degassed ultrasonically for 15 min to be
delivered at a flow rate of 1 mL/min into the mass spectrometer elec-
trospray ionization (ESI) chamber. The retention times of 1-MNA, SAM
and N-MNA-d4 were 1.31, 1.20 and 1.65 min, respectively. The final
concentration is quantified based on the protein of the cell.

2.13. Membrane fluidity assay by fluorescence recovery after
photobleaching (FRAP)

Cells were cultured in the Lab-TEK II chamber slide (Thermo Fisher)
for 12 h and then incubated in 1 pg/mL Dil-C16 solution for 60 s at room
temperature. The chamber slide was placed on the pre-heated stage
(37 °C) imaging chamber of Zeiss LSM 880 confocal microscope. With a
63x oil objective, a small area (1 x 1 pm) of the membrane was pho-
tobleached by 100% laser (561 nm) excitation. The fluorescence in-
tensity of pre-bleach and post-bleach was recorded every 10 s over a
period of 3 min. The fluorescence intensity was normalized at each time
point by subtracting the background values to remove experimental
noise and then generate the fluorescence recovery curve.

2.14. Luciferase assays

1 x 10° cells were seeded on a 24-well plate and grew to 80-90%
confluency. Cells were transfected with 50 ng renilla luciferase control
vector pRL, 225 ng control pCMV6 plasmid and 225 ng ABCA1 promoter
luciferase reporter (Full-length) or 50 ng renilla luciferase control, 225
ng wt c-Jun pCMV6 plasmid and 225 ng ABCA1 promoter luciferase
reporter (Full-length) using Lipofectamine 3000. After 48 h, cell lysates
were detected for Firefly and Renilla luciferase by using dual-luciferase
assay (Yeasen) on a white 96 plate reader (Costar). Firefly luciferase
values were normalized to Renilla luciferase as the relative luciferase
values. The promoter luciferase reporter (Full-length) was a gift from
David Mu (Addgene plasmid # 86442; http://n2t.net/addgene:86442;
RRID: Addgene_86442).

2.15. Metastatic animal models

The animal experiment was approved by the Institutional Animal
Care and Use Committee of Sir Run Run Shaw Hospital. All procedures
were performed in accordance with the ethical guidelines of the
Declaration of Helsinki. Five weeks old female SCID mice were obtained
to construct the metastatic model. MDA-MB-231/shNC, MDA-MB-231/
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ShNNMT-1 cells (1 x 105 1 x 10% 1 x 10%) and HCC1937/Vector,
HCC1937/NNMT®F, HCC1937/NNMTY2° cells (5 x 10°) were respec-
tively suspended in 100 pL PBS, respectively and injected into the lateral
tail vein of mice (n = 6 for each group). Eight weeks after injection, the
animals were killed by cervical dislocation. For metastasis quantifica-
tion, the lungs were excised and embedded in paraffin. To examine lung
metastases, embedded lungs were sectioned and stained with H&E and
Immunohistochemistry analysis (IHC). The number of metastatic foci
were counted independently by three investigators. NNMT, ABCA1 and
c-Jun expressions were also analyzed by IHC.

2.16. Statistical analysis

Statistical analysis was performed using SPSS 22.0 (SPSS Inc., Chi-
cago, IL). For our clinical data, the relationships between NNMT
expression and clinicopathological characteristics were analyzed using
Pearson’s 2 test. Survival analysis was performed using Kaplan-Meier
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(KM) method and compared using log-rank test. In in vitro and in vivo
experiments, the statistical significance between groups was calculated
by two-tailed Student’s test. The in vitro experiments were performed
independently at three times. Significance values are *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

3. Results

3.1. Higher expression of NNMT in TNBC is associated with metastasis
and poor survival

We reported NNMT to be highly expressed in breast cancer [21]. In
this study, we included 221 patients with non-TNBC and 88 with TNBC.
The comprehensive IHC scores of NNMT in tumor tissues, especially in
TNBC, are significantly higher than those in adjacent normal tissues
(ANT) (Fig. 1a and b), which were consistent with our previous report
[21]. The percentage of high NNMT expression in TNBC was 69.3%
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Fig. 1. NNMT is highly expressed in TNBC and associated with high metastasis and poor survival. (A) Representative image of NNMT staining in ANT, non-TNBC and
TNBC (Scale bar: 100 pm). (B) IHC scores of NNMT expression in tumor tissues and adjacent normal tissues of non-TNBC and TNBC. (C) OS analysis for 88 TNBC
patients by NNMT protein expression. (D) NNMT mRNA levels in TNBC and non-TNBC patients’ tumor tissues from Metabric and TCGA datasets. (E) NNMT mRNA
levels in 22 TNBC and 27 non-TNBC cell lines. (F) NNMT mRNA levels in four tumor stages of TNBC in Metabric dataset. (G) DFS analysis for TNBC patients from
BreastMark dataset by NNMT mRNA level. (H) DFS analysis for TNBC patients from Clinical Microarray dataset by NNMT mRNA level. (*P < 0.05, **P < 0.01, ***P

< 0.001, ****P < 0.0001).
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Table 1
Association of NNMT expression with clinicopathological characteristics in 88
TNBC patients.

Patients’ characteristics n NNMT? (n, %) Pearson’s y2 P
Total 88 61(69.3)

Age (years) 0.139 0.709
<52 45 32(71.1)

>52 43 29(67.4)

Differentiation 0.413 0.813
Low 9 7(77.8)

Moderate 14 10(71.4)

High 65 44(67.7)

TNM 7.699 0.006
I+11 60 36(60.0)

I + IV 28 25(89.3)

Primary tumor size 0.337 0.561
T1+T2 79 54(68.4)

T3+T4 9 7(77.8)

Lymph node metastasis 4.555 0.033
NO-+N1 65 41(63.1)

N2+N3 23 20(87.0)

Distant metastasis 3.366 0.067
MO 81 54(66.7)

M1 7 7(100.0)

NNMT": NNMT high expression.

(Table 1), which was significantly higher than that in non-TNBC (37.1%)
(Supplementary Table 3). Then, we analyzed the relationship between
NNMT expression and clinicopathological characteristics in TNBC. The
results showed that higher NNMT expression was significantly corre-
lated with poorer TNM (P = 0.006), higher lymph node metastasis (P =
0.033) and shorter OS (P = 0.042) and seven patients with distant
metastasis all had higher NNMT expression (P = 0.067) (Table 1 and
Fig. 1c¢) in TNBC. Then, we performed a parallel analysis in different
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public datasets. Consistent with our cohort result, NNMT mRNA levels of
TNBC tumors are remarkably higher than those of non-TNBC (Fig. 1d)
both in TCGA and Metabric datasets. Meanwhile, NNMT mRNA levels
were significantly higher in TNBC cell lines than those in non-TNBC cell
lines by the expression chip data of 49 breast cancer cell lines reported
by C.F. Roff et al. [22] (Fig. 1e). In addition, high NNMT mRNA level is
correlated with poor tumor stage in Metabric dataset (Fig. 1f) and
shorter disease-free survival (DFS) in BreastMark mRNA dataset (P =
0.037; Fig. 1g) and Clinical Microarray dataset (P = 0.026; Fig. 1h).
Taken together, our cohort data and public datasets reveal that NNMT is
particularly highly expressed in TNBC and is associated with high
metastasis and poor survival.

3.2. NNMT promotes cell migration and invasion of TNBC cells

To determine the function of NNMT in metastasis of TNBC in vitro, we
first screened TNBC cell lines in our lab for NNMT expression. Non-
TNBC cell lines (SK-BR-3, MCF7 and T47D) have low NNMT expres-
sion, whereas three TNBC cell lines have high NNMT expression,
including BT-549, MDA-MB-468 and MDA-MB-231 cells. And, only
HCC1937 cells have low NNMT expression in TNBC (Supplementary
Figs. 1a, b, c), which is consistent with the data reported by C.F. Roff
et al. Therefore, we chose MDA-MB-231, BT-549 and HCC1937 cells to
construct cell models with different NNMT expression levels. We ret-
rovirally established overexpression of NNMT or NNMT mutation (Y20)
in HCC1937 cells and NNMT downregulation in MDA-MB-231 and BT-
549 cells, while HCC1937/Vector, MDA-MB-231/shNC and BT-549/
shNC cells respectively were used as control groups (Supplementary
Figs. 14, e, f).

The wound healing assay showed that the migration efficiency was
significantly decreased after NNMT downregulation in both MDA-MB-

Fig. 2. NNMT promotes cell migration and invasion of TNBC cells. (A) Representative results of wound healing assay (Scale bar: 100 pm). (B) Quantified migration
efficiency of wound healing assay. (C) Representative results of migration and invasion assays (Scale bar: 100 pm). (D) Fold change of migration cell numbers. (E)
Fold change of invasion cell numbers. (F) Intracellular 1-MNA levels by LC-MS/MS. Each experiment was repeated three times. Data are expressed as mean + SEM.

(*P < 0.05, **P < 0.01, ***P < 0.001, NS = Not significant).
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231 and BT-549 cell models, whereas it was significantly increased after
NNMT overexpression in HCC1937 cell models (Fig. 2a and b). The
migration and invasion assay showed the same trend. The migration and
invasion cell numbers with NNMT downregulation were both signifi-
cantly decreased, whereas they were remarkably increased after NNMT
overexpression (Fig. 2c, d, e). These results indicated that NNMT
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promotes migration and invasion capacities of TNBC cells. SAM is the
methyl source for numerous reactions of methyl catalysis within cells
and represents the methylation potential to some extent. In our cell
modes, the SAM level was increased with NNMT knockdown in MDA-
MB-231 and BT-549 cells, whereas it was decreased with NNMT over-
expression in HCC1937 cells (Supplementary Fig. 2). This result

Fig. 3. NNMT promotes migration and invasion by reducing cholesterol in TNBC cells. (A) Intracellular cholesterol levels by Amplex® Red Cholesterol Assay. (B)
Representative results of filipin staining. The relative cholesterol levels in cell (C) and on cell membrane (D) by filipin staining. (E, F) Representative results of Dil-
C16 staining and the fluorescence recovery record using confocal microscope. The representative results (G) and migration efficiency (H) of wound healing assay
with cholesterol treatment. (I) Representative results of migration and invasion assays with cholesterol treatment (Scale bar: 100 pm). The fold changes of migration
(J) and invasion (K) cell number with cholesterol treatment. Each experiment was repeated three times. Data are expressed as mean + SEM. (*P < 0.05, **P < 0.01,

**%p < 0.001, ****P < 0.0001, NS = Not significant).
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indicated that NNMT depletes SAM through catalytic function, thereby
reducing the methylation potential of breast cancer cells, which is
consistence with the previous report [3]. 1-MNA is only produced by the
methyl transfer catalysis of NNMT, and the Y20 mutant is to make
NNMT protein lose its catalytic function. The NNMT downregulation
reduced intracellular 1-MNA, while NNMT overexpression increased
intracellular 1-MNA, but there was no significant difference between
HCC1937/NNMTY?® and HCC1937/Vector (Fig. 2f). However, it is
worth noting that the NNMTY2° mutant did not have the promotion
effect of wild type NNMT overexpression on migration and invasion
(Fig. 2a—e), which suggested that NNMT may promote migration and
invasion in TNBC by its methyl transfer function.
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3.3. NNMT promotes cell migration and invasion through reducing
cholesterol level to enhance membrane fluidity in TNBC cells

To explore the mechanism of NNMT on migration and invasion in
TNBC cells, we examined the cholesterol in cell and on cell membrane,
which is an essential structural component of cellular membranes,
directly affecting membrane fluidity and EMT [23]. The intracellular
cholesterol was significantly increased after NNMT downregulation
both by Amplex® Red cholesterol assay and filipin staining, whereas it
was decreased after NNMT overexpression (Fig. 3a, b, ¢). The cholesterol
on cell membrane had the same trend in filipin staining (Fig. 3b, d).
Interestingly, NNMTY2® mutant did not have the effect of high NNMT
expression on cholesterol (Fig. 3a-d), indicating that NNMT decreases
cholesterol level both in cell and on membrane in TNBC cells by its
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Fig. 4. NNMT promotes ABCA1 expression to enhance cholesterol efflux. (A) The NNMT related metabolism pathways among the TNBC patients were explored in six
cohorts (TCGA-TNBC, GSE14017, GSE76124, GSE46141, GSE56493 and METABRIC) by GSEA. (B) Relationship between the mRNA levels of ABCA1, c-Jun, LDLR,
SREPB2, HMGCR and NNMT in TNBC from Metabric dataset. (C) Representative results of cholesterol metabolism related protein levels. (D) Representative IHC
results of NNMT and ABCA1 proteins in TNBC tumors (Scale bar: 100 pm). (E) Relationship between the protein levels of NNMT and ABCA1 from (D). (F) Intra-
cellular cholesterol reduction percentages after cholesterol synthesis and absorption inhibition. Each experiment was repeated three times. Data are expressed as

mean + SEM. (*P < 0.05, **P < 0.01, NS = not significant).
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methyl transfer function.

Further, we detected the membrane fluidity change in our cell
models. The fluorescence in MDA-MB-231/shNNMT-1 cells displayed
slower recovery than that in MDA-MB-231/shNC cells, whereas it
recovered faster in HCC1937/NNMT®E cells than that in HCC1937/
Vector cells. Moreover, cholesterol treatment significantly slowed the
fluorescence recovery (Fig. 3e and f). These results indicated that NNMT
expression increases membrane fluidity by reducing cholesterol in TNBC
cells. Moreover, cholesterol treatment interfered with the promotion
effect of NNMT expression on migration and invasion (Fig. 3g-k), which
further demonstrated that NNMT expression promotes cell migration
and invasion by reducing cholesterol to enhance membrane fluidity in
TNBC cells.

3.4. NNMT promotes ABCA1 expression to enhance cholesterol efflux
leading to cholesterol reduction in cell and on membrane of TNBC cells

To determine the association between NNMT and cholesterol meta-
bolism in breast cancer, we performed the gene set enrichment analysis
(GSEA) in six cohorts (TCGA, GSE14017, GSE76124, GES46141,
GSE56493 and Metabric). GSEA results showed that the cholesterol
metabolism pathway had higher enrichment score in all high NNMT
mRNA expression groups than that in low NNMT groups (truncated by
the median value) (Fig. 4a). We further explored the function of NNMT
on cholesterol metabolism of TNBC, which is regulated by cholesterol
uptake, synthesis and efflux. In the mRNA data from Metabric dataset,
the mRNA levels of cholesterol efflux channel ABCA1 and the potential
transcription factor c-Jun [24] in the TNBC tumors are significantly
positively correlated with NNMT mRNA expression, as well as LDLR that
regulates the uptake of cholesterol. However, SREBF2 and HMGCR
which regulate the synthesis of cholesterol have no significant correla-
tion with NNMT (Fig. 4b). In our cell models, MDA-MB-231 and BT-549
cells with NNMT downregulation had lower ABCA1 protein, whereas
HMGCR, LDLR and mature SREBF2 proteins were not altered. In
contrast, compared with HCC1937 control cells, HCC1937 cells with
NNMT overexpression displayed higher ABCAl protein, whereas
HMGCR, mature SREBF2 and LDLR proteins were not altered (Fig. 4c).
The mRNA result is entirely consistent with the protein (Supplementary
Figs. 3a, b, ¢). Taken together, the ABCA1 expression was consistently
altered both in mRNA and protein level, which suggests that NNMT
expression is associated with ABCA1 expression. Moreover, there were
good linear relationships between their expressions both in mRNA and
protein level in seven breast cancer cell lines (Supplementary Figs. 3d
and e) and the IHC results of our cohort (Fig. 4d and e) which further
suggested that there is a correlation between NNMT and ABCA1
expressions.

To confirm that NNMT reduces the intracellular cholesterol through
cholesterol efflux, we detected the intracellular cholesterol level by
inhibiting the synthesis and absorption of cholesterol. After pre-
culturing in the complete media for 24 h, the cells were cultured in
the medium with lipoprotein deficient serum and Mevastatin (HMG-CoA
reductase inhibitor) for 8 h. The decrease in intracellular cholesterol in
MDA-MB-213/NC cells was faster than those in MDA-MB-231/shNNMT-
1 and MDA-MB-231/shNNMT-2 cells, whereas in HCC1937/Vector it
was slower than that in HCC1937/NNMTCE (Fig. 4f), which suggested
that NNMT reduces the intracellular cholesterol through enhancing
cholesterol efflux.

Combined with these results, NNMT promotes ABCA1 expression to
enhance the cholesterol efflux, leading to a decrease in cholesterol level
in TNBC cells.

3.5. NNMT represses PP2A activity to activate MEK/ERK/c-Jun pathway
thereby promoting ABCA1 expression in TNBC cells

C-Jun is a composed of transcription factor AP1, which is predicted
to bind with ABCA1 promoter fragment to regulate ABCA1 expression at
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transcription level [24]. We found that c-Jun protein was decreased after
NNMT downregulation, whereas it was increased after NNMT over-
expression (Fig. 5a). In addition, the c-Jun siRNA effectively knocked
down the c-Jun expression and simultaneously decreased the ABCA1
protein and mRNA level (Fig. 5b and c). Furthermore, the relative light
units of full-length ABCA1 promoter luciferase reporter showed a posi-
tive response induced by c-Jun plasmid in HEK 293T (Fig. 5d). These
results indicated that c-Jun could regulate ABCA1 expression at tran-
scription level in TNBC cells.

Further, we wondered whether NNMT could regulate c-Jun to pro-
mote ABCA1 expression in TNBC cells. We firstly detected the activation
level of JNK and ERK pathways, where both regulate c-Jun transcription
and activity. The phosphorylation level of ERK and c-Jun protein were
decreased with NNMT knockdown in MDA-MB-231 cells, whereas p-
ERK and c-Jun protein levels were increased with NNMT overexpression
in HCC1937 cell, which were reversed by PD98059 (ERK activation
inhibitor) (Fig. 5e and f). However, NNMT knockdown did not impair
the JNK/c-Jun pathway in MDA-MB-231 cells (Supplementary Fig. 4).
Taken together, these results indicate that NNMT increases ABCAl
expression by activating ERK/c-Jun pathway in TNBC cells. Moreover, c-
Jun siRNA as well as ERK activation inhibitor could reverse the decrease
of intracellular cholesterol level by NNMT expression. Moreover, the
combination of c-Jun siRNA and ERK activation inhibitor could not in-
crease intracellular cholesterol more than c-Jun siRNA or ERK activation
inhibitor alone (Fig. 5g). These results indicated that NNMT mainly
reduces intracellular cholesterol in TNBC cells by activating ERK/c-Jun
pathway.

The activation of ERK pathway is mainly reflected in the phosphor-
ylation of ERK by phosphorylated MEK. As one of the main serine/
threonine phosphatases in mammalian cells [25], PP2A activity has
been reported to be a key negative regulator of ERK pathway by
affecting the phosphorylation of MEK [26]. PP2A activity is enhanced by
methylation of the C-terminal Leu309 residue in its catalytic center [27],
which was reported to be decreased by NNMT expression in cancer cells
[3]. According to these reports, we detected the methylation level of
PP2A and the phosphorylation level of MEK in our cell models. The
results showed that the methylation level of PP2A was increased and the
phosphorylation level of MEK was decreased with NNMT knockdown in
MDA-MB-231 cells, whereas the methylated PP2A was decreased and
the phosphorylated MEK was increased with NNMT overexpression in
HCC1937 cells (Fig. 5h). These results indicated that NNMT attenuates
the methylation level of PP2A to activate MEK/ERK pathway. To
determine whether PP2A activity via Leu309 methylation indeed plays a
critical role in NNMT-mediated TNBC metastasis, we exogenously added
the PP2A inhibitor okadaic acid (OA) and PP2A activator perphenazine
(PPZ) to the two cell models (MDA-MB-231 and HCC1937). As observed
with downregulation of NNMT, there was an increase in the methylation
of PP2A in the MDA-MB-231/NC cells upon the addition of PPZ. The cell
mobility, invasiveness, and migration of MDA-MB-231/NC cells were
attenuated by PPZ. In contrast, there was a decrease in the methylation
of PP2A in the MDA-MB-231/shNNMT cells upon the addition of OA.
Also, the cell mobility, invasiveness, and migration of
MDA-MB-231/shNNMT cells were enhanced by OA (Fig. 5i and j).

Taken together, NNMT represses PP2A activity to activate MEK/
ERK/c-Jun pathway leading to the increase in ABCA1 expression in
TNBC cells.

3.6. NNMT promotes ABCA1 expression to reduce cholesterol leading to
EMT

To determine the relationship between EMT and lowering choles-
terol by NNMT, we detected the change of EMT-related molecules in our
cell models. The EMT marker N-cadherin (CDH2), vimentin and EMT
transcription factor Snail2 proteins were significantly decreased after
NNMT downregulation, whereas the EMT marker E-cadherin protein
(CDH1) was remarkably increased. Conversely, N-cadherin, vimentin
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Fig. 5. NNMT represses PP2A activity to activate MEK/ERK/c-Jun pathway to promote ABCA1 expression in TNBC cells. (A) Representative result of c-Jun and
NNMT proteins by western blotting in the cell models and quantification of relative c-Jun protein levels. (B) Representative result of c-Jun and ABCA1 proteins by
western blotting and quantification of relative ABCA1 protein after c-Jun siRNA treatment. (C) Relative ABCA1 mRNA levels after c-Jun siRNA treatment. (D) ABCA1
promoter luciferase reporter signal of luciferase assay in HEK 293T cells. (E) Representative result of p-ERK, ERK, p-c-Jun and c-Jun protein by western blotting and
quantification of relative c-Jun protein and mRNA levels (F) in MDA-MB-231 and HCC1937 cell models with or without PD98059 treatment. (G) Intracellular
cholesterol levels with c-Jun siRNA or PD98059 treatment. (H) Representative result of methyl-PP2A, PP2A, p-MEK, MEK and NNMT proteins by western blotting
and quantification of relative methyl-PP2A and p-MEK protein levels in MDA-MB-231 and HCC1937 cell models. (I) Representative result of methyl-PP2A, PP2A, p-
MEK, MEK and NNMT proteins by western blotting in MDA-MB-231 cell model with PPZ or OA treatment. (J) Representative result of migration and invasion assays
in MDA-MB-231 cell model with PPZ or OA treatment. Each experiment was repeated three times. Data are expressed as mean + SEM. (*P < 0.05, **P < 0.01, ***P

< 0.001, NS = not significant).

and Snail2 proteins were significantly increased after NNMT over-
expression, whereas E-cadherin protein was remarkably decreased
(Fig. 6a-g). Moreover, the same change happened in MDA-MB-231 cells
with ABCA1 siRNA (Fig. 6h). The result of the analysis from Metabric
dataset also showed that CDH2, vimentin and Snail2 were significantly
upregulated in tumors with higher NNMT mRNA levels, which verifies
our results (Fig. 6i). Taken together, these results indicated that NNMT
promotes ABCA1 expression to reduce cholesterol leading to EMT.

3.7. NNMT knockdown inhibits the metastasis of TNBCs in vivo

To verify the function of NNMT on metastasis of TNBC in vivo, we
constructed the mouse metastatic models of MDA-MB-231 and
HCC1937 cells. The number of mice with metastasis (Supplementary
Table 4) and the numbers of visible nodules and metastasis (Fig. 7a-d) in
the lung of MDA-MB-231/shNNMT-1 group mice were all lower than
those in the MDA-MB-231/shNC group, which suggested that NNMT
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Fig. 6. NNMT promotes ABCA1 expression to reduce cholesterol leading to EMT. (A) Representative result of EMT related protein by western blotting. (B-D)
Relative EMT related protein levels by western blotting. (E-G) Relative EMT related mRNA levels by qRT-PCR. (H) Representative result of EMT related protein by
western blotting and quantification of relative EMT related protein levels in MDA-MB-231 cells with ABCA1 siRNA. (I) Relationship between CDH1, Vimentin, Snail2
and NNMT mRNA levels in Metabric dataset. Each experiment was repeated three times. Data are expressed as mean + SEM. (*P < 0.05, **P < 0.01, ***P < 0.001,

*kkkp < 0.0001).

downregulation inhibits the metastasis capacity of TNBC. In addition,
NNMT, c-Jun and ABCA1 expressions were all decreased in the tumors of
the MDA-MB-231/shNNMT-1 group compared with MDA-MB-231/
shNC group by IHC analysis (Fig. 7e and f), which indicated that
NNMT promotes the metastasis capacity of TNBC through increasing c-
Jun regulated ABCA1 expression. In the HCC1937 cell mouse metastatic
model, we only found metastasis in two mice with HCC1937/NNMT-WT
cells not in mice with HCC1937/Vector or HCC1937/NNMT-Y20, which
verified that NNMT expression increases the metastasis capacity of
TNBC, and also implied that NNMT promotes the metastasis capacity by
its catalytic function (Supplementary Fig. 5). Therefore, the results in
vivo further demonstrated the critical promotion effect of NNMT on
metastasis through increasing c-Jun regulated ABCA1 expression in
TNBC metastasis.

Taken together, our result showed that NNMT is highly expressed in
TNBC and associated with metastasis and survival by our cohort data
and public datasets. In addition, NNMT repress PP2A activity to activate
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MEK/ERK/c-Jun/ABCA1 pathway in TNBC cells, leading to the decrease
of cholesterol and EMT activation, which finally enhances migration and
invasion in vitro and metastasis capacity in vivo. Therefore, our findings
suggested that NNMT is a link between cholesterol metabolism and
metastasis in TNBC, which provides a new molecular mechanism to
explain the high metastasis of TNBC.

4. Discussion

Compared with other subtypes, TNBC had a higher metastasis rate
and poor survival [28,29]. In addition, due to its special molecular
phenotype, neither endocrine therapy nor molecular targeted therapy is
suitable for TNBC treatment. Chemotherapy is the main treatment, but it
cannot effectively overcome the metastasis, so the survival of TNBC is
poor [30]. Therefore, it is necessary to delineate the mechanism of high
metastasis in TNBC and develop a new treatment targeting metastasis to
improve the survival of TNBC.
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Fig. 7. NNMT promotes metastasis in the mouse metastatic models of MDA-MB-231 cells. (A) Lungs with visible nodules after injecting for 10° or 10° cells (n = 6 for
each group). (B) Representative result of H&E (x100 and x400) for metastasis in lungs. (C) Number of visible nodules on lungs for each mouse in two groups with
10° or 10° cells. (D) Number of metastasis in lungs for each mouse in two groups with 10° or 10° cells. (E) Representative result of NNMT, ABCA1 and c-Jun
expressions in lungs in two groups with 10° cells by THC (Scale bar: 100 um). (F) Scores of NNMT, ABCA1 and c-Jun expressions in 20 random fields by THC in lungs
for each mouse in two groups with 10° cells. (G) Schematic model summarizes the promotion effect of NNMT/ERK/c-Jun/ABCA1 axis on high metastatic capacity of

TNBC. (**P < 0.01, ***P < 0.001, ****P < 0.0001).

NNMT transfers the methyl form SAM, an important methyl donor
within cells, to NAM (the precursor of a large number of energy meta-
bolism related molecules, such as NAD+, NADH), producing the stable
metabolic product 1-MNA. Therefore, NNMT exerts specific control over
the methylation potential and energy metabolism of cancer cells, where
both impart a broad effect on the abnormal behavior of cancer cells,
including sustaining proliferative signaling, evading growth suppres-
sors, and resisting cell death [2]. NNMT was reported to promote cell
proliferation in many types of cancer [12,17,31-33] and be a potential
prognostic marker for some cancers [11,14-16]. Recently, we have re-
ported that NNMT is highly expressed to enhance the chemoresistance in
breast cancer [21]. Now, in this large patient observation data and
public datasets (Metabric and TCGA), we found NNMT is particularly
highly expressed in TNBC compared with other subtypes and plays an
important role in the metastasis and survival of patients with TNBC.
Moreover, NNMT expression significantly improves the metastasis ca-
pacity of the TNBC cell line HCC1937, which originally has low
metastasis capacity, in vitro and vivo. It seems to suggest that NNMT
confers high metastasis capacity of TNBC. In addition, the TNBC cell line
MDA-MB-231 and BT-549 with high metastasis capacity [34] have high
NNMT expression, whereas the non-TNBC cell line MCF7, SK-BR-3,
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T47D with low metastasis capacity have low or no NNMT expression
(Supplementary Figs. 1a—c). In consistence with these reports, our re-
sults showed that the total intracellular cholesterol and SAM levels of
MDA-MB-231 and BT-549 cell lines with high NNMT expression were
lower than those of the other cell lines with low or no NNMT expression,
whereas the 1-MNA level in MDA-MB-231 and BT-549 cell lines were
higher than those of the other cell lines (Supplementary Figs. 6a—c).
Furthermore, the cell mobility, invasiveness, migration, c-Jun and
MEK/ERK signaling levels of MDA-MB-231 and BT-549 cell lines were
higher than those of the other cell lines (Supplementary Figs. 6d-h),
which indicated that NNMT played some general roles in metastasis of
breast cancer.

EMT is generally considered to be a major driver of metastasis [35].
The increased membrane fluidity also is a necessary cellular feature of
metastatic potential, which is decided by the cholesterol on the cell
membrane [23,36]. We determined that NNMT reduces the cholesterol
level in cytoplasm and on cell membrane in TNBCs by inducing ABCA1
expression to enhance cholesterol efflux. Moreover, we confirmed the
prediction that c-Jun may be a transcription factor of ABCA1 through
binding AP1 on the promoter of ABCA1 [24] and also may explain the
report that ABCA1 was overexpressed in 41% of patients with metastatic
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breast cancer and reduced time to metastasis by nine years in four public
datasets [23], which demonstrates that high NNMT induces ABCA1
expression to enhance cholesterol efflux by EKR/c-Jun pathway, leading
to metastasis enhancement. Besides, in breast cancer cells, we have re-
ported that NNMT activates ERK pathway [20], which was reported to
increase c-Jun transcription and stability. Moreover, the EMT related
transcription factors were found to be regulated by upstream tran-
scription factors or signaling pathways, such as c-Jun [37]. The inhibi-
tion of c-Jun/Snail2 axis suppresses the EMT of lung cancer [38], which
is consistent with our results. Based on our results and these reports, we
believe that NNMT promotes metastasis capacity of TNBC by activating
ERK/c-Jun pathway to induce EMT and regulating cholesterol meta-
bolism to enhance membrane fluidity.

On the mechanism for activating the EKR/c-Jun pathway by NNMT,
we confirmed that NNMT reduces the methylation level of PP2A in
TNBCs, which is consistent with the previous reports in other cancers
[3,39,40]. PP2A is a de-phosphorylase of serine/threonine. Methylation
of the C-terminal leucine residue (Leu-309) of PP2A-C allows for the
assembly and activation of the PP2A trimer. The methylation is
reversibly controlled by a PP2A-specific methyltransferase known as
leucine carboxyl methyl transferase 1 (LCMT1) and by PP2A-specific
methyl esterase 1 (PME-1) [41]. In glioblastoma, it is reported that
NNMT outcompetes LCMT1 for methyl transfer from principal methyl
donor SAM in cancer cells. The knockdown of NNMT increased the
availability of methyl groups for LCMT1 to methylate PP2A, resulting in
the inhibition of oncogenic serine/threonine kinases (STK) [39]. PP2A
has been reported to dephosphorylate over 300 substrates due to the
diversity of its holoenzyme structure. Recently, NNMT was reported to
repress PP2A activity to activate AKT (Ser473/Thr308) and MEK
(Ser217/221) in glioblastoma [39] as well as ULK1 (Ser638) [40] in
liver cancer. These results suggest that NNMT could modulate other
signaling pathways with serine/threonine phosphorylation sites through
PP2A, thereby performing specific functions in cancers. In addition, the
consumption of SAM by NNMT not only impairs the methylation of
PP2A, but also the methylation of histones, thus directly affecting the
transcriptional expression of oncogenes and tumor suppressor genes,
including Snail2, TGFB2, CNTN1, ADAMTS6 and LAMB3 [3]. In our
study, we also found that NNMT expression promotes Snail2, leading to
EMT (Fig. 6a-g). However, we further found that ABCA1 and c-Jun
siRNA both can inhibit the Snail2 expression to reverse the EMT by
NNMT overexpression in TNBCs (Fig. 6h and Supplementary Fig. 7).
These results indicate that NNMT regulates the Snail2 expression in
different ways. According to previous studies, NNMT was believed to be
involved in the regulation of a wide range of metabolic pathways,
including glucose, lipid and cholesterol metabolism in liver and lipid
metabolism in cancer cells [3,19,42]. Our study linked the basic methyl
transfer function of NNMT to its involvement in metabolism and func-
tioning in TNBCs.

Zhao et al. reported that the repressed cholesterol by CtBP protein
activates TGF-p signaling and EMT to promote metastasis of breast
cancer [43]. In addition, the increased cholesterol efflux enhances
membrane fluidity of breast cancer cells, resulting in cell motility and
EMT in vitro and metastasis in vivo [23]. These reports indicate that
cholesterol also can negatively regulate EMT to enhance metastasis ca-
pacity of cancer cells, which is consistent with our results. Therefore, our
finding suggests that cholesterol is a protective factor for metastasis in
breast cancer at cancer cell line level. A range of retrospective clinical
studies have addressed the risk of metastasis in breast cancer by
cholesterol, mainly focusing on serum cholesterol. However, these
studies had equivocal results, with most finding that cholesterol is not
associated with breast metastasis, some indicating a protective effect of
cholesterol, while others implicating cholesterol as a significant risk
factor [44]. Therefore, the correlation between cholesterol level and the
risk of metastasis in patients with breast cancer is controversial and
requires more in-depth research.

In summary, we found that NNMT reduces the cholesterol level in the
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cytoplasm and on cell membrane to enhance membrane fluidity of
TNBCs by repressing PP2A activity to activate MEK/ERK/c-Jun/ABCA1,
leading to EMT activation. Based on these findings, we made a hypo-
thetical schematic (Fig. 7g). Our study provides a new molecular
mechanism to explain the high metastasis of TNBC and suggests that
NNMT could be regarded as a potential/promising target for the treat-
ment of breast cancer in the future.
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