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ABSTRACT: Nicotinamide N-methyltransferase (NNMT) is a EXTRACELLULAR SPACE % %
cytosolic methyltransferase, catalyzing N-methylation of nicotinamide ——
(NAM) to form 1-methylnicotinamide (1-MNAM), in which S- o (o %
adenosyl-L-methionine (SAM) is the methyl donor. It has been well - 0 i
documented that NNMT is elevated in multiple cancers and promotes e
tumor aggressiveness. In the present study, we investigated the effects
of NNMT overexpression on cellular metabolism and proinflammatory
responses. We found that NNMT overexpression reduced NAD" and
SAM levels, and activated the STAT3 signaling pathway. Consequently, .
STAT3 activation upregulated interleukin 1§ (IL1f) and cyclo- N ) °
oxygenase-2 (COX2), leading to prostaglandin E2 (PGE,) accumu- | 15’“""%52\/@ ‘ /
lation. On the other hand, NNMT downregulated 15-hydroxyprosta- poed ]/ & s
glandin dehydrogenase (15-PGDH) which catalyzes PGE, into inactive e
molecules. Moreover, secretomic data indicated that NNMT promoted
secretion of collagens, pro-inflammatory cytokines, and extracellular matrix proteins, confirming NNMT aggravated inflammatory
responses to promote cell growth, migration, epithelial-mesenchymal transition (EMT), and chemoresistance. Taken together, we
showed that NNMT played a pro-inflammatory role in cancer cells by activating the STAT3/IL15/PGE, axis and proposed that
NNMT was a potential therapeutic target for cancer treatment.
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1. INTRODUCTION

Nicotinamide N-methyltransferase (NNMT) is a S-adenosyl-L-
methionine (SAM)-dependent intracellular enzyme which
takes SAM as the methyl donor and catalyzes N-methylation

significantly reduced in vitro tumorigenicity of A549 cells.”
Cancer stem cells in bladder cancer (T24), lung cancer
(AS49), colorectal cancer (CaCo-2), and osteosarcoma
(MG63) cell lines were associated with high NNMT

of nicotinamide (NAM) to generate 1-methylnicotinamide (1-
MNAM) and S-adenosyl-L-homocysteine (SAH). Growing
evidence demonstrated that NNMT levels were upregulated in
lung adenocarcinoma, kidney renal clear cell carcinoma,
pancreatic adenocarcinoma, glioblastoma multiforme, oral
squamous cell carcinoma, gastric cancer, ovarian cancer, and
in cancer-associated fibroblasts (CAFs) of high-grade serous
carcinoma (HGSC).'™’ According to the data from Interna-
tional Agency for Research on Cancer (IARC), lung cancer has
been the leading cause of tumor-related deaths in the world
and accounts for 11.4% of the total newly diagnosed cancer
cases in 2020.° Lung adenocarcinoma is the most common
subtype and the only subtype nonsmokers develop.”'® NNMT
is not only elevated in lung adenocarcinoma tissues compared
to adjacent normal tissues, but it is also increased in the serum
of nonsmall cell lung cancer (NSCLC) patients.'"'* In
addition, it was reported that NNMT mRNA and protein
levels were elevated in gefitinib-resistant NSCLC tissues and
cell lines.'”” By contrast, the downregulation of NNMT

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

expression.'* However, the precise mechanisms underlying
NNMT-promoted tumor progression remain elusive.

As a substrate of NNMT, NAM is one of the most abundant
molecules in cells and one of the precursors for synthesizing
NAD*.">'® It was reported that NNMT knockdown
significantly increased intracellular NAD" levels in mouse
adipocytes and HT-29 cells, whereas NNMT overexpression in
SW480 cells led to a 30% decrease in NAD" levels.'”'® Our
recent studies showed that NAD* decline promoted epithelial-
mesenchymal transition (EMT) by activating STAT3 signaling
pathway and degrading 15-hydroxyprostaglandin dehydrogen-
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ase (15-PGDH)."”*° Further, 15-PGDH degradation led to
prostaglandin E, (PGE,) accumulation and excretion to tumor
microenvironment, resulting in aggravating inflammation.
However, it remains to be elucidated whether NNMT can
promote EMT and PGE, production in cancer cells by
depleting NAD™.

SAM is the other substrate of NNMT, which is the methyl
donor for histone and DNA methylation, and for polyamine
biosynthesis. It has been reported that NNMT overexpression
in 769P cells resulted in a decrease in overall histone H3
methylation, while silencing NNMT in SKOV3 cells resulted
in an increase in overall histone H3 methylation.”’ However,
little is known about how NNMT regulates gene expression
through consuming SAM and NAM. In the present study, we
investigated the effects of NNMT overexpression on cellular
metabolism and inflammatory response. The results showed
that NNMT promoted secretion of collagens, pro-inflamma-
tory cytokines, and extracellular matrix proteins to enhance
proinflammatory responses, which drove cell growth, migra-
tion, epithelial-mesenchymal transition (EMT), and chemo-
resistance. All these data suggested that NNMT aggravated
inflammation in cancer cells and is a potential therapeutic
target in cancer treatment.

2. MATERIALS AND METHODS

2.1. Cell Culture. A549 cells (purchased from the cell bank
of the Chinese Academy of Sciences) were cultured in RPMI-
1640 medium (Wisent, Montreal, Canada). The culture
medium was supplemented with 10% fetal bovine serum
(FBS) (PAN-Biotech, Germany) and 1% penicillin/strepto-
mycin (Wisent, Montreal, Canada). 293T cells were cultured
in DMEM medium with 10% FBS and 1% penicillin/
streptomycin. Cells were cultured in an incubator.

2.2. Establishment of a Stable NNMT-Overexpressing
Cell Line. Human NNMT cDNA was obtained from HepG2
cell line. A Flag tag was added at the C-terminus and NNMT
cDNA was then cloned into PLVX-IRES-ZsGreenl lentiviral
transfer vector. The 293T cell line was transfected with PLVX-
IRES-ZsGreenl or PLVX-NNMT-IRES-ZsGreenl using lenti-
viral packaging vectors and polyethylenimine (Sigma, St Louis,
MO, USA). Supernatants were harvested after 72 h and
concentrated with PEG6000. Precipitated lentiviral particles
were resuspended in phosphate buffered saline (PBS). AS49
cells were infected in the presence of 5 ug/mL Polybrene
(Sigma, St Louis, MO, USA). Infected cells (Ctrl and NNMT-
OE cells) with green fluorescence were sorted by flow
cytometry and used for further analysis.

2.3. Establishment of Stable IL15-Knockdown Cell
Line. The shRNA-containing plasmids (pLKO.1) for IL1j
knockdown were purchased from the shared instrument facility
at the Center for Biomedical Analysis of Tsinghua University.
The shRNA-containing plasmids were cotransfected with
pLP2, pLP/VSVG, and pLP1 into 293T cells by polyethyle-
nimine. After 72 h, cell culture supernatants were collected and
concentrated using PEG6000. The lentiviral particles were
resuspended using PBS. NNMT-OE cells were transfected
with lentiviral particles for 10 h in the presence of 5 pg/mL
Polybrene. Cells were selected in the presence of 2 ug/mL
puromycin to obtain stable knockdown cell lines, which were
then verified by qPCR and Western blotting.

2.4. Quantitative Real-Time PCR (qPCR). Total RNA
was isolated from cells with Trizol reagent (TIANGEN,
Beijing, China). cDNA was synthesized from 2 pg total RNA

by using the reverse transcription kit (CWBIO, Beijing, China)
according to the manufacturer’s instructions. qPCR was
performed with the Roche LightCycler 96 System (Roche,
Basel, Switzerland) by using an SYBR green reaction mixture
(CWBIO, Beijing, China). f-Actin was used as the internal
control for relative quantification. Primers used in qPCR are
listed in Supplementary Table 1.

2.5. Western Blotting Analysis. Cells were lysed in RIPA
lysis buffer (Beyotime, Beijing, China) added with a Protease
inhibitors cocktail. Equal volumes of proteins were separated
on 12% SDS-PAGE gel and electro-transferred onto a
polyvinylidence difluoride (PVDF) membrane. Primary anti-
NNMT, anti-ZO-1, anti-Snail, anti-Cytokeratin-18, anti-Stat3,
anti-Stat3 pS727, anti-Stat3 AcK68S5, anti-TGFB2 (Protein-
tech, Rosemont, USA), anti-HPGD (Bioworld), anti-COX2,
anti-E-cadherin, anti-N-cadherin (Cell Signaling Technology),
and secondary antirabbit HRP-IgG antibodies (CST, Danvers,
MA) were used for immunoblotting.

2.6. Cell Proliferation Assay with Cell Counting Kit-8
(CCK-8). Equal numbers of cells were seeded and cultured in
96-well plates. The cell proliferation rate was determined with
CCK-8 (Dojindo, Kumamoto, Japan) reagent. The plates were
incubated in a cell incubator containing 5% CO, at 37 °C for 2
h. Then the absorbance at 450 nm was measured.

2.7. Susceptibility of Ctrl and NNMT-OE A549 Cells to
Cisplatin. Ctrl and NNMT-OE AS549 cells were seeded into
96-well plates with 4000 cells/well. After 48 h of incubation,
cells were treated with cisplatin (Selleck, Houston, TX) in five
replicates for 24 h. CCK-8 reagent was added to treated cells
and incubated at 37 °C for 2 h. Then the absorbance at 450
nm was measured. Cell viability was represented as the
percentage of viable cells compared to untreated cells.

2.8. Colony Formation Assay. Cells were seeded in a 6-
well plate at 1000 cells/well. A549 Ctrl and NNMT-OE cells
were cultured at 37 °C. The colonies were fixed with 1 mL of
4% paraformaldehyde solution for 15 min at room temper-
ature. The colonies were then rinsed with PBS. A 500 uL
aliquot of 1% crystal violet staining solution (Solarbio, Beijing,
China) was added into each well and incubated for 30 min at
room temperature. Excessive crystal violet staining solution
was removed, and the colonies were imaged by using the
Image Lab software (Bio-Rad Laboratories, CA, USA).

2.9. Sample Preparation for Quantitative Proteomic
Analysis. Proteomic analysis was performed as described
previously.” Briefly, a total of 100 ug of protein was extracted
from cells with 8 M urea containing a 1% protease inhibitors
cocktail. Then, the proteins were digested with trypsin at 37 °C
overnight. Tryptic peptides were desalted and labeled with the
TMT 6-plex reagent. Then, the mixed labeled peptides were
subjected to liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis.

2.10. Sample Preparation for Secretomic Analysis.
Secretomic analysis was performed as described previously.*’
Briefly, cells were cultured in medium supplemented with 10%
FBS until they reached 70% confluency. Then cells were
washed with PBS three times and further incubated in serum
and phenol red-free medium at 37 °C for 24 h. Medium was
collected and centrifuged at 10,000 rpm for 10 min to remove
large debris. Supernatants were collected, and five volumes of
ice-cold acetone added, followed by overnight precipitation at
—20 °C. The pellets were dissolved in 8 M urea, and protein
concentration was determined using a BCA protein assay kit
(Solarbio, Beijing, China). Equal protein amounts were used

https://doi.org/10.1021/acsomega.2c04286
ACS Omega 2022, 7, 37509-37519


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
A B NNMT
50 % %k % k
Ctrl NNMT-OE = —

3 40+
NNMT - <

Z 30+
E

B-actin -o- o 20+

= 10
['4

(]_

Ctrl NNMT-OE
E SAH F NAM
6 ook ok Xk
< =
% 4] %
S 3
< <
a8 2_ -
0_

Ctrl NNMT-OE

Ctrl NNMT-OE

C D

1-MNAM SAM
60 * ok 3k 8-
%k %k % *k
< @
o o 6
¥ 40 E
g S 4
< <
- 20 =
g g,
o o
0- 0-
Ctrl NNMT-OE Ctrl NNMT-OE
G NAD*
2.0 * %

Peak Area (x107)
=
1

Ctrl NNMT-OE

Figure 1. NNMT remodeled cell metabolism and reduced NAD* levels. (A) Western blotting analysis confirmed NNMT overexpression in AS49
cells. (B) QPCR analysis confirmed NNMT overexpression in A549 cells. (C) Targeted metabolomics data showed that NNMT overexpression
resulted in 1-MNAM accumulation by almost 9-fold (n = S). (D) SAM was significantly reduced in NNMT-OE cells (n = S). (E) SAH was
markedly elevated in NNMT-OE cells (n = S). (F) NAM levels were not altered after NNMT overexpression (n = 5). (G) NAD" levels declined in
NNMT-OE cells by using targeted metabolomics (n = S). Data were analyzed using Student’s ¢ test. ****p < 0.0001. ***p < 0.001. **p < 0.01. *p
< 0.05 was considered statistically significant. All values represent mean from at least three biological replicates + SD.

for the following experiment the same as quantitative
proteomic analysis.

2.11. LC-MS/MS Analysis. Labeled peptides were injected
on an Ultimate 3000 HPLC system that was directly interfaced
with a Thermo Orbitrap Fusion Lumos mass spectrometer and
separated by a 120 min gradient elution with a flow rate of
0.300 #L/min. The analytical column was a C-18 (300 A, S
pum, Thermo Fisher Scientific, USA) resin packed fused silica
capillary column (75 pm inner-diameter, 150 mm length,
Thermo Fisher Scientific, USA). Mobile phase A consisted of
0.1% formic acid, and mobile phase B consisted of 100%
acetonitrile and 0.1% formic acid. The mass spectrometer was
operated in the data-dependent acquisition (DDA) mode using
Xcalibur 4.1.31.9 software, and MS1 spectra were acquired at a
mass range of 300—1800 m/z with a resolution of 60,000. The
spray voltage was 3800 V, and the Automatic Gain Control
(AGC) target was 3e%. For MS2 scans, the top 20 most intense
precursor ions were fragmented in the HCD collision cell at a
normalized collision energy of 32% using a 0.7 Da isolation
window, and the dynamic exclusion duration was 15 s. The
AGC target was le’ whereas the maximum injection time was
100 ms.

2.12. Protein Identification and Quantification. The
raw mass spectrometry data were searched against the Homo
sapiens database by the Proteome Discoverer 2.3 software. The
following parameters were used for database searching: static
modifications of TMT 6-plex on lysine or peptide N terminus
(+229.13 Da) and carbamidomethylation (+57.021 Da) on
cysteine; dynamic modification of oxidation (+15.995 Da) on
methionine; two missed cleavages were allowed; the mass
tolerances of precursors and fragments were 10 ppm and 0.02
Da, respectively; at least one unique peptide for quantification
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of proteins; only peptides with false discovery rate (FDR)
below 1% were considered as high-confidence hits.

2.13. Metabolomics. Cold methanol extraction was used
for the collection of cell metabolic products.” Briefly, the cells
were washed twice with ice cold PBS and were extracted using
prechilled 80% methanol (—80 °C). Macromolecules and
debris were removed by centrifugation, and the metabolites
within the supernatant were concentrated by drying completely
using a Speedvac for mass spectroscopy analysis. The
chromatographic peak area was used to represent the relative
abundance of a metabolite, and the protein content was used
for normalization.

2.14. Detection of Cellular Reactive Oxygen Species
(ROS). The cellular reactive oxygen species were detected by
using CellROX Deep Red Reagents (Invitrogen, NY, USA).
Briefly, cells were washed twice with PBS and stained with §
UM CellROX Deep Red reagent. After staining for 30 min at
37 °C, the fluorescence of 20,000 cells was analyzed by using a
BD Flow Cytometer (BD Biosciences, NJ, USA). Relative
quantification was determined by the mean emission
fluorescence intensity at 665 nm.

2.15. Wound Healing Assay. A wound healing assay was
performed according to the method described in our previous
study.”® Briefly, monolayer cells with 95% confluence were
wounded by scratching the surface of each well in a 6-well plate
as uniformly as possible with a 200 uL pipet tip. The wells
were then rinsed with PBS three times, and the well was
replenished with 1640 medium without FBS, incubated at 37
°C for 72 h. Images of the initial wound, and the movement of
cells into the scratched area, were captured using a Nikon
microscope (Olympus Corporation, Tokyo, Japan) at 0 and 72
h. This assay was done in triplicates.
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Figure 2. NNMT affected multiple metabolic pathways. (A) Intermediates in glycolysis pathway were found downregulated by untargeted
metabolomics, suggesting NNMT caused glycolysis inhibition which was confirmed by the subsequent proteomic data (n = S). (B) Intermediates
in TCA cycle markedly accumulated in NNMT-OE cells which was confirmed by the subsequent proteomic data (n = S). (C) Metabolites in
tryptophan metabolism, among them kynurenine increased by 2-fold and 3-HAA increased by 6-fold (n = 4). (D) Most of amino acids were
downregulated in NNMT-OE cells except for aspartic acid, glutamic acid and glutamine (n = S). Data were analyzed using Student’s ¢ test. ***¥p <
0.0001. ***p < 0.001. **p < 0.01. *p < 0.05 was considered statistically significant. All values represent mean from at least three biological
replicates &+ SD. Fructose-1,6-PP, Fructose-1,6-bisphosphate. 3-P-glycerate, 3-phosphoglycerate. 3-HK, 3-hydroxykynurenine. 3-HAA, 3-

hydroxyanthranilic acid.

2.16. Lung Adenocarcinoma Xenografts in Nude
Mice. A mice experiment was performed in the animal facility
of Tsinghua University (Beijing, China) with approval of the
Institutional Animal Care and Use Committee of Tsinghua
University. A total of 10 male nude mice (6 weeks old, 20—22
g) were purchased from an external source with a health
certificate (Sterling, China) and were housed under specific
pathogen-free conditions at Laboratory Animal Research
Center, Tsinghua University. A549 Ctrl and NNMT-OE cells
(2 x 10° cells) in 200 uL of prechilled PBS were
subcutaneously injected into the right underarm of mice.
Tumor growth was measured every other day using a digital
caliper. All mice were sacrificed 35 days after injection, and the
tumors were harvested, washed, and photoed.

2.17. Statistical Analysis. R (version 4.3) and GraphPad
Prism software (version 9.0) were used for statistical analysis
and plotting. Student’s t test and one-way ANOVA test were
used to determine the significance of differences, and p-values
less than 0.05 were considered to be significant.

3. RESULTS

3.1. NNMT Remodeled Cell Metabolism and De-
creased NAD" Levels. To investigate the effects of NNMT
on cell metabolism, we stably constructed a cell line by
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overexpressmg NNMT in AS49 cells using an established
protocol.”* NNMT-overexpressing (NNMT-OE) A549 cells
were confirmed by Western blotting and qPCR (Figure 1A,
1B). NAM is the precursor for NAD" synthesis from the
salvage pathway. To examine NNMT activity, we detected
NAM, 1-MNAM, SAM, and SAH levels by using targeted
metabolomics. As expected, 1-MNAM was 9-fold higher in
NNMT-OE cells than that in control (Ctrl) cells, confirming
that NNMT was successfully overexpressed in A549 cells with
enzyme activity (Figure 1C). Additionally, SAM levels
decreased dramatically while SAH levels increased by 2-fold
in NNMT-OE cells when compared with Ctrl cells (Figure 1D,
1E). Unexpectedly, NAM was not altered by NNMT
overexpression (Figure 1F). Given that NAM was not changed,
we measured NAD" levels by targeted metabolomics and
found NAD" levels reduced by approximately 25% (Figure
1G), suggesting that the breakdown of NAD" was responsible
for the unchanged NAM levels.

In addition to metabolites closely related to NNMT
functions, we also analyzed other metabolites in NNMT-OE
cells by using untargeted metabolomics. As Figure 2A shows,
glucose was elevated in NNMT-OE cells while the
intermediates in glycolysis such as fructose-1,6-PP, 3-P-
glycerate, and phosphoenolpyruvate were reduced and lactate
was not altered, indicating that glycolysis may be suppressed.
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Moreover, metabolites in TCA cycle were significantly
accumulated (Figure 2B), implying that NNMT promoted
oxidative phosphorylation in cancer cells. Downregulation of
proteins associated with glycolysis and upregulation of proteins
in oxidative phosphorylation were confirmed by the subse-
quent proteomic analysis. Interestingly, we found tryptophan
was markedly decreased accompanied by increased kynurenine
and 3-hydroxyanthranilic acid (3-HAA) (Figure 2C). Specif-
ically, kynurenine was increased by 2-fold while 3-HAA was
increased by 6-fold. NNMT-overexpression also led to the
lower levels of amino acids except for glutamic acid, glutamine,
and aspartic acid (Figure 2D). Taken together, NNMT
reduced NAD" levels and remodeled cell metabolism in cancer
cells with enhanced oxidative phosphorylation.

3.2. NNMT Decreased 15-PGDH and Activated
STAT3/IL1/PGE, Pathway. Our previous studies indicated
that NAD" decline activated the STAT3 signaling pathway and
drove the EMT process.”’ Similarly, NNMT overexpression
also reduced NAD" levels and activated STAT3 by
upregulating STAT3 and promoting S727 phosphorylation
and K685 acetylation of STAT3 (Figure 3A), which were
crucial in the activation of STAT3 and regulated cancer-
associated inflammation.”>~*’ To comprehensively investigate
the underlying mechanisms of NNMT in cancer-associated
inflammation, proteomic analysis was performed by using Ctrl
and NNMT-OE cells. Experiments were conducted in
biological triplicates, with a total of 8115 proteins identified
and 6502 proteins identified in all three replicates (Supple-
mentary Table 2). Figure 3B is the abundance boxplot of each
sample labeled with TMT. Based on fold change (>1.3 or
<0.77) and p values (p < 0.05), 1016 proteins were considered
as differentially expressed proteins (DEPs) between Ctrl and

37514

NNMT-OE cells, in which 461 proteins were down-regulated
and 555 were up-regulated (Supplementary Table 3). Blue and
red dots in the volcano plot indicate the downregulated and
upregulated proteins with a significant difference, respectively
(Figure 3C). Heatmap clustering analysis showed hierarchical
patterns and correlations of differentially expressed proteins in
Ctrl and NNMT-OE cells (Figure 3D). Furthermore,
Ingenuity pathway analysis (IPA) was conducted to analyze
these DEPs, and the results strongly suggested that NNMT
activated oxidative phosphorylation, fatty acid f-oxidation,
NAD signaling pathway, ERK/MAPK signaling, and ILK
signaling which resulted in phosphorylation of AKT, GSK-3,
and other signaling proteins that regulated gene expression for
cell proliferation®” (Figure 3E). Conversely, NNMT inhibited
the pentose phosphate pathway, glycolysis, remodeling of
epithelial adherens junctions, EIF2 signaling, and tRNA
charging (Figure 3E). Consistent with metabolic analysis, the
proteomic data supported that NNMT attenuated glycolysis
and enhanced oxidative phosphorylation in cancer cells.

Among those DEPs, COX2 was increased by 2.6-fold while
15-PGDH was decreased by 4-fold, respectively (Supplemen-
tary Table 3). Then we confirmed elevated COX2 protein
levels and reduced 15-PGDH protein levels in NNMT-OE
cells by Western blotting and qPCR (Figure 4A—4C). COX2
is an inducible enzyme catalyzing the formation of PGE, from
arachidonic acid which is normally absent in most tissues, and
its expression is induced by a wide range of inflammatory
stimuli.”' ~** Inversely, 15-PGDH catalyzes NAD*-linked
oxidation of PGE, and is the key enzyme responsible for the
biological inactivation of these eicosanoids. Consequently, we
found that PGE, increased by almost 10-fold in NNMT-OE
AS549 cells (Figure 4D).

https://doi.org/10.1021/acsomega.2c04286
ACS Omega 2022, 7, 37509-37519


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04286/suppl_file/ao2c04286_si_001.zip
https://pubs.acs.org/doi/10.1021/acsomega.2c04286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04286?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A549 B

>

Ctrl

- Ctrl
- NNMT-OE

»N
—_

Absorbance (450nm)

0 12 24 36 48 60 72
Time (h)

D Ctrl  NNMT-OE E

E-cadherin

1007

Z01
804

Cytokeratin-18 60

N-cadherin

Snail

Percentage of viable cells (%)

B-actin

iy

NNMT-OE

Cisplatin

C Ctrl

NNMT-OE

Tumor Volume
mm Ctrl 1500+
== NNMT-OE - - Ctrl
m
E -= NNMT-OE
o 10004
£
=
3 * P=0.0390
= 5001 ]
o
E
2

7 91113151719212325272931333537
Days

Figure 6. NNMT aggravated the progression of cancer cells. (A) Overexpression of NNMT in AS49 increased the growth rate of cells; cell growth
was detected using the CCK-8 kit. (B) Representative images of colony forming assay for Ctrl and NNMT-OE cells, indicating that NNM-OE
promoted colony forming ability of AS49 cells. (C) Cell migration was enhanced in NNMT-OE cells compared with that in control cells, assessed
by the wound healing assay. Cells were imaged at 0 hand 72 h after scratching. Scale bar: 200 ym. (D) Western blotting of EMT markers such as
Z0-1, Cytokeratin-18, E-cadherin, N-cadherin, Snail, and f-actin expression in Ctrl and NNMT-OE A3549 cells. (E) 2 X 10° of Ctrl and NNMT-
OE cells were injected into the right underarm of nude mice (n = 5). Tumor volume was measured every 2 days. SD is indicated by error bars. *p <
0.05 versus control cells. (F) Percentage of viable cells between Ctrl and NNMT-OE AS549 cells treated with different concentration of cisplatin (n
= 5). Data were analyzed using Student’s t test. **¥¥p < 0.0001, ***p < 0.001, **p < 0.01. *p < 0.05 was considered statistically significant. All

values represent mean from at least three biological replicates + SD.

COX2 gene expression is usually promoted by pro-
inflammatory cytokine IL14.>> NNMT overexpression resulted
in enhanced IL1f production (Figure 4E). To test whether
COX2 was induced by IL1S, we knocked down IL1S gene
expression by using shRNA and found that IL1f silencing
caused a marked COX2 decline in both mRNA and protein
levels (Figure 4F, 4G). Notably, it is known that IL1f, COX2,
IL-6, IL-8, IL11, MMP2, and MMP9 are STAT3 target
genes.”” Thus, the upregulation and activation of STAT3 by
NNMT promoted IL1f3, COX2, and PGE, production. In
summary, NNMT decreased 15-PGDH, activated the STAT3/
IL15/PGE, pathway, and resulted in inflammatory PGE,
accumulation.

3.3. Secretomic analysis revealed that NNMT
promoted the secretion of multiple pro-inflammatory
cytokines and extracellular matrix proteins. NNMT
overexpression activated the STAT?3 signaling pathway and up-
regulated DEPs between Ctrl and NNMT-OE AS549 cells,
which were closely related to extracellular structure and matrix
organization. By secretomic analysis, we identified 1396
authentically secretory proteins by searching the Uniprot
proteome database annotated for “Signal” and “Extracellular”
proteins (Figure SA, Supplementary Table 4). By using the
cutoff fold change values (<0.77 or >1.3) and p values (<0.05),
we found that 134 proteins were upregulated while 145
proteins were downregulated (Supplementary Table S).
Heatmap clustering analysis listed the significantly changed
proteins such as IL11, IL6, MMP2, VCAMI, TGM2,
ADAM19, multiple collagens, and CXCLs in Figure SB. It is
worth noting that IL6 and IL11 are activators for STAT3.”
Moreover, IPA analysis demonstrated that NNMT over-

expression activated various pathways that promoted cancer
progression (Figure SC).

Combined with the proteomic data, we found that
intracellular transforming growth factor f2 (TGFf2) increased
by 2-fold while secreted TGEf2 increased by 1.5-fold (Figure
S1A, S1B). Quantitative PCR and Western blotting analysis
showed remarkable production of TGFf2 in NNMT-OE cells
(Figure S1C, SID). It is increasingly recognized that TGF/2
has strong immunosuppressive properties and regulates key
mechanisms of carcinogensis, metastasis, and chemoresist-
ance.”* From secretomic data, histograms displayed the
enhanced secretion of collagens, extracellular matrix proteins
as well as interleukins, chemokines (Figure SD—SF). We
detected some matrix metalloproteinases (MMPs) by qPCR,
and the results showed that the mRNA levels of MMP2,
MMP3, and MMP9 were significantly upregulated (Figure
S1E—S1G). In agreement with the activation of the STAT3
pathway, NNMT promoted the secretion of multiple pro-
inflammatory cytokines, extracellular matrix proteins, PGE,
and TGFp2, which changed the tumor microenvironment.
Together, high NNMT levels changed the secretome atlas of
cancer cells and aggravated cancer-associated inflammation.

3.4. NNMT aggravated the progression of cancer
cells. STAT3 signaling is a major pathway for inflammation.
Cytokines, chemokines, and other mediators like IL6, IL1f,
and COX2, are important for inducing and maintaining a
cancer-promoting inflammatory environment, and STAT3 is
essential for regulating their expressions.”> The proliferation
ability of NNMT-OE cells was measured by growth curve and
colony-forming assay, and the results showed that NNMT-OE
cells grew faster than Ctrl cells and possessed stronger colony-
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forming abilities (Figure 6A, 6B). Wound healing assay
indicated that NNMT promoted cancer cell migration (Figure
6C). These data are consistent with a previous observation
using the NNMT knockdown AS549 cell line,, NNMT
overexpression significantly promoted cell proliferation,
migration, and colony-forming capacity of cancer cells.

Furthermore, we monitored protein levels of EMT markers
such as E-cadherin, ZO-1, Cytokeratin-18, N-cadherin, and
Snail (Figure 6D). These results suggested that NNMT
promoted the EMT process. In terms of cell morphology,
NNMT-OE cells became more elongated, similar to the shape
of intermediate cells during EMT process (Figure S2A). In
addition, to assess the pro-proliferation activity of NNMT in
vivo, Ctrl and NNMT-OE cells (2 X 10° cells) were
subcutaneously injected into mice. Consistent with in vitro
data, NNMT-OE cells possessed stronger oncogenicity and
proliferative ability in vivo (Figures 6E, S2B, S2C). A genome-
wide analysis identified NNMT as one of eight invasion-related
genes and chemo-resistant genes which can be utilized to
predict the relapse-free survival time in the lung cancer
cohorts.*® Thus, we measured the chemotherapy sensitivity of
NNMT-OE cells after cisplatin treatment for 24 h. It is obvious
that NNMT-OE cells were more chemoresistant than Ctrl cells
after cisplatin treatment (Figure 6F). NNMT overexpression
aggravated the progression of cancer cells by promoting cell
proliferation, migration, EMT, colony formation ability, and
chemoresistance.

4. DISCUSSION

It has been shown that NNMT mRNA and protein are both
highly expressed in various cancers and NNMT is considered
as a potential biomarker and therapeutic target.””*® A few
studies indicated that NNMT was more sensitive than
carcinoembryonic antigen (CEA) for diagnosis of lung
adenocarcinoma and colorectal cancer (CRC), and combined
testing of NNMT and CEA in serum can improve the
diagnosis accuracy.'”'***" The present study explored the
underlying mechanisms of NNMT on cell metabolism and
inflammatory responses by performing proteomics, secretom-
ics, and metabolomics. Herein, we reported that NNMT
overexpression in cancer cells reduced NAD* levels and
remodeled cell metabolism. Specifically, glycolysis was
attenuated while oxidative phosphorylation was enhanced in
NNMT-OE cells and NNMT rendered cells more addicted to
glutamine. Reliance on glutamine has long been considered to
be a hallmark of cancer cell metabolism and this phenomenon
is known as glutamine addiction which depicts an increased
dependency of cancer cells on other nutrients to feed the TCA
cycle.*"* Of note, NNMT promoted the accumulation of
kynurenine and 3-HAA. The kynurenine pathway (KP) of
tryptophan metabolism in cancer cells has emerged as a key
metabolic pathway contributing to immune escape. Among the
KP metabolites, 3-HAA appears to have the strongest capacity
to modulate the immune functions.*> A recent report showed
that compared with the control subjects, the patients with
NSCLC exhibited significantly lower levels of tryptophan and
significantly higher levels of 3-HAA.** Besides, the patients
with low 3-HAA had remarkably longer progression free
survival (PFS) than those with high 3-HAA.** Accordingly,
NNMT may promote tumor aggressiveness through activation
of tryptophan metabolism and accumulation of KP metabo-
lites.
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Intriguingly, intracellular NAM levels were not changed after
NNMT overexpression which may be attributed to the quick
uptake of NAM from culture medium or the NAD" breakdown
by Sirtuins, PARPs or CD38. Indeed, CD38 was upregulated
by 2-fold in the proteomic data (Supplementary Table 3)
which may be a factor affecting NAD" levels in NNMT-OE
cells. Our previous paper showed that CD38 overexpression
caused 15-PGDH degradation'” and the EMT process which
was consistent with the current findings. COX2 was induced
by IL1S which is a target gene of STAT3. The reciprocal
regulation of COX2 and 15-PGDH was reported in lung
adenocarcinoma before.*> However, this is the first report that
COX2 and 15-PGDH were inversely regulated by NNMT in
lung adenocarcinoma cells. Moreover, it was reported that the
COX2/PGE, signaling pathway induced EMT and COX2 can
potentiate cisplatin resistance in lung cancer cells.***’

Given that NNMT overexpression activated the pro-
inflammatory response, we carried out secretomic analysis
and found NNMT promoted the secretion of various pro-
inflammatory cytokines, collagens, chemokines, and ECM-
related proteins. All these results supported the conclusion that
NNMT promoted tumor progression and NNMT secreted
pro-inflammatory factors like PGE,, interleukins, and MMPs to
promote progression of cancer cells, suggesting that NNMT is
a potential therapeutic target. However, how NNMT affected
the expression of STAT?3 is unresolved. NNMT may alter SAM
levels, leading to histone or DNA hypomethylation. In
addition, it is unknown which genes will be altered in their
expression when SAM levels are reduced by NNMT. It is
worth exploring how NNMT-OE cells interplay with immune
cells or stromal cells in tumor microenvironment by secreting
1-MNAM, IL1B, IL6, IL11, and TGES2.

In conclusion, our multiomic analysis demonstrated that
NNMT aggravated tumor inflammatory responses and
promoted cancer progression via the STAT3/IL-13/PGE,
pathway, and NNMT remodeled cell metabolism with
enhanced oxidative phosphorylation and tryptophan metabo-
lism. These results indicate that NNMT is a potential
therapeutic target for cancer treatment.
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NNMT, nicotinamide N-methyltransferase
NAM, nicotinamide

1-MNAM, 1-methylnicotinamide

SAM, S-adenosyl-L-methionine

SAH, S-adenosyl-L-homocysteine

IL1p, interleukin 1/

COX2, cyclooxygenase-2

15-PGDH, 15-hydroxyprostaglandin dehydrogenase
PGE,, prostaglandin E,

CAFs, cancer-associated fibroblasts
HGSC, high-grade serous carcinoma

IARC, International Agency for Research on Cancer
NSCLC, nonsmall cell lung cancer

EMT, epithelial-mesenchymal transition

ROS, reactive oxygen species

NA, nicotinic acid

3-HK, 3-hydroxykynurenine

KYN, kynurenine

3-HAA, 3-hydroxyanthranilic acid

ECM, extracellular matrix

LC-MS/MS, liquid chromatography-tandem mass spec-
trometry

DDA, data-dependent acquisition

AGC, Automatic Gain Control

Trp, tryptophan

QA, quinolinic acid

PARPs, poly(ADP-ribose) polymerases

CD38, cluster of differentiation 38

GO, Gene Ontology

BP, biological processes

MF, molecular functions

CC, cellular component

IPA, Ingenuity Pathway Analysis

CHX, cycloheximide

IL11, interleukin 11

IL6, interleukin 6

MMP2, matrix metalloproteinase 2

VCAM]I, vascular cell adhesion protein 1

TGM2, protein-glutamine gamma-glutamyltransferase 2
ADAM19, disintegrin and metalloproteinase domain-con-
taining protein 19

CXCLs, C-X-C motif chemokines

TGEFf2, transforming growth factor 2

KP, kynurenine pathway

CEA, carcinoembryonic antigen

CRC, colorectal cancer
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