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Abstract

Background: Accumulating evidence indicates that Nicotinamide N-methyltransferase (NNMT) is abnormally
expressed in tumor tissues of several cancers including colorectal cancer (CRC) and associated with cancer

progression. However, the distribution characteristics and the clinical value of each part of NNMT

expression

in CRC are still not fully understood. The purpose of this study is to determine the distribution of NNMT

expression and its association with survival in CRC.

Methods: By using the cancer genome atlas (TCGA) and clinical proteomic tumor analysis consortium
(CPTACQ), we firstly analyzed the difference of gene and protein levels of NNMT between CRC and normal
colorectal tissue. Then, NNMT protein expressions were detected in 18 intraepithelial neoplastic samples and
177 CRC tumor samples through immunohistochemistry in our study cohort. Furthermore, the relationship
between NNMT expression and clinicopathological characteristics, overall survival (OS) and disease-free
survival (DFS) of CRC patients were analyzed by Pearson X2 test and log-rank test, respectively, in public
datasets and our study cohort. Lastly, the function of NNMT and its product 1-methyl-nicotinamide (1-MNA)
on migration and invasion in colorectal cancer cells was analyzed by wound healing assay and transwell assay.

Results: We determined that higher NNMT expression in CRC tissues than normal tissues in both gene and
protein level in TCGA and CPTAC datasets (all p < 0.05). In addition, the strong relationships of NNMT
expression with stromal cells were found in the TCGA cohort. Fortunately, our cohort could validate that the
expression of NNMT in tumor stroma cell was significantly higher than that in tumor cell (p <0.0001), and both
of them were significantly higher than that in adjacent normal tissue (ANT) (p < 0.0001 and p < 0.0001,
respectively). Furthermore, the positive NNMT expression in tumor cell and stromal cell were associated with
series of unfavorable clinical characteristics, including advanced TNM stage, lymph node metastasis, distant
metastasis (all p < 0.05). Also, higher NNMT was associated with unfavorable survival both in our study and
public datasets, including TCGA and two Gene Expression Omnibus (GEO) datasets (GSE33113 and
GSE17538). Moreover, the functional experiments showed that stromal cells with high NNMT expression can

secret 1-MAN to promote migration and invasion of CRC cells in vitro.

Conclusions: In CRC, NNMT is overexpressed in tumor cells and stroma cells, and then mainly expressed in
tumor stroma cells. Overexpression of NNMT in tumor cell and stroma cell both are associated with

metastasis and unfavorable survival. Besides, stromal cells with high NNMT expression secrets

1-MAN to

promote migration and invasion of CRC cells. Therefore, NNMT may be a potential prognostic indicator in

CRC patients.
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Introduction

Colorectal cancer (CRC) is the third most
common cause of cancer death in both men and
women in the United States. During the recent 5 years,
the annual CRC incidence rate was 38.7 per 100,000
persons [1]. In China, the incidence of CRC will reach
20.7 per 100,000 persons in 2020, which has rapidly
increased and brought substantial public health
burden [2]. The current treatment strategies for CRC
patients present favorable therapeutic efficacy,
including surgery, radiotherapy, chemotherapy,
target therapy and immunotherapy, however, the
mortality of CRC is still high. According to the
statistic, approximately 25% of CRC patients have
metastasized tumors prior to diagnosis [3] and more
than one-half patients developed liver metastases
during the disease process, which may be the major
cause of cancer-related death in CRC [4, 5].

Nicotinamide N-methyltransferase (NNMT) is a
form of vitamin B3 and a cytosolic enzyme with a
molecular mass of 29 kDa, which catalyzes the
N-methylation of pyridine-containing compounds
using the cofactor S-5 " -adenosyl-L-methionine
(SAM) as the methyl group donor [6].
1-methylnicotinamide (1-MNA), an endogenous
metabolite of nicotinamide (NA), is generated by
NNMT [7]. Accumulating evidence indicates that
NNMT is highly expressed in numerous
malignancies, including renal cell cancer [8], breast
cancer [9, 10], non-small cell lung cancer [11, 12],
bladder cancer [13], cervical cancer [14], gastric cancer
[15, 16], ovarian cancer [17, 18], esophageal squamous
cell carcinoma [19], hepatocellular carcinoma [20, 21]
and endometrial cancer [22]. In addition, NNMT is
found to be positively correlated with unfavorable
clinicopathological features based on previous
studies, including advanced clinical stage, distant
metastasis and poor prognosis. Our previous study
has reported the effect of NNMT on promotion of cell
cycle progression in CRC cells due to the
concentration of 1-MNA [23]. Recently, NNMT was
found to be overexpressed in stroma of CRC [24] and
cancer associated fibroblasts of gastric carcinoma [25]
by immunohistochemical analysis of clinical samples.
Therefore, the effect of NNMT expression in stromal
cells surrounding tumor tissue on tumorigenesis and
development through tumor microenvironment is
worth studying.

Tumor microenvironment serves a critical role in
most of tumor progression processes, which is
composed  of  tumor  cells, surrounding
cancer-associated fibroblasts (CAFs), blood vessels,
extracellular matrix (ECM), inflammatory cells and
basement membrane and so on. Stromal CAFs are the

critical components of the tumor mesenchyme and
not only provide physical support for epithelial cells
but also play a vital role in controlling cancer
progression and metastasis by secreting of a variety of
cytokines, oncogenic extracellular matrix components
and signaling molecules [26-33].

Previous majority studies merely focused on the
expression of NNMT in tumor cell while the
investigation of tumor stroma and the relative
mechanism on tumor metastasis were limited. Here,
we aimed to explore the expression of NNMT on
tumor stroma and the molecular mechanism between
NNMT expression and tumor metastasis. Besides, we
also aimed to assess the potential valuation of NNMT
expression as a biomarker for prognosis of CRC
patients.

In this study, we found that high NNMT
expression both in tumor cell and stroma were
associated with unfavorable clinical characteristics of
CRC patients, including advanced TNM stage, lymph
node metastasis and distant metastasis as well as poor
OS. Human colon fibroblast cell line CCD-18Co with
high NNMT expression secrets 1-MNA, which leads
to an increased the invasion and migration capability
of CRC cells.

Materials and methods

Public Colorectal Dataset Collection

To identify the different expression of NNMT
between colorectal cancers and normal tissue, the
RNA transcriptome gene expression data of NNMT
were extracted from the TCGA (downloaded from the
XENA,  https://xenabrowser.net/), and  the
proteomics data of that were downloaded from the
project of “CPTAC Colon Cancer Confirmatory
Study” (BioProject Accession: PRJNA514017 ID:
514017,
https:/ / cptac-data-portal.georgetown.edu/study-su
mmary/S045). In addition, we also collected the
datasets from TCGA, GSE33113 and GSE17538 to
estimate the relationship of NNMT with survival of
colorectal patients. All data were normalized for
analysis by the package of “limma”, for both GEO
platform and Illumina platform. The xCell R package
was used to generate the infiltration of the stromal
cells by the online tool “http:/ /xcell.ucsf.edu/”.

Tissue samples and clinical data collection

Between May 2013 and July 2014, 106 tissue
samples of CRC patients after operative resection and
18 intraepithelial neoplastic (IN) samples were
collected from Ningbo Diagnostic Pathology Center,
Ningbo, China. In addition, colorectal cancer tissue
microarray (TMA) (DC-Col01022), including 72
cancer tissue and 8 normal tissue, were provided by
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Avilabio Biotechnology Ltd.,Co. (Xian, China). In 178
cancer tissue samples, one cancer tissue was excluded
due to unqualified sample and remained total of 177
cases. Among them, 92 cases had corresponding ANT,
and 106 cases had follow-up data that could be used
for survival analysis. The clinical characteristics of
CRC patients were extracted from their medical
record, including age, gender, histology, TNM stage.

The inclusion criteria were as follows: (a)
patients who were pathological diagnosed of
colorectal cancer and the TNM stage according to the
World Health Organization (WHO) classification
for the tumors of digestive system 2010 version. (b)
patients without anti-cancer therapies prior to
surgery. The exclusion criteria were as follows: (a) the
patients had other synchronous malignancies or
serious systemic diseases. (b) Recurrence and
metastases tumor in colon and rectum. (c) Patients
does not provide signed informed consent for
research. This study was approved by the Human
Research Ethics Committee of Sir Run Run Shaw
Hospital.

Immunohistochemistry (IHC) analysis on
paraffin tissue samples

The tissue samples were fixed in formalin and
embedded with paraffin. The paraffin-embedded
tissue samples were cut into 4pm-thick sections and
baked at 65 °C for 2h. Briefly, the sections were
deparaffinized and hydrated. The antigen was
retrieved with 0.01 M citrate buffer pH 6.0 and
microwave heat induction. Then, the sections were
treated with 1% H»O, for 5 mins to block the
endogenous peroxidase activity. After washed with
PBS, non-specific binding was blocked by normal goat
serum at room temperature for 10 mins. The sections
were incubated with mouse monoclonal anti-human
NNMT antibody (1E7 [8], dilution 1:1400) in a moist
chamber for 40 mins and with biotinylated goat
anti-rabbit secondary antibody for 30 minutes.
Visualization was achieved with streptavidin-
horseradish peroxidase and freshly prepared
diaminobenzidine (DAB). Subsequently, the sections
were counterstained with hematoxylin, dehydration,
transparency and sealing. Finally, the images of IHC
were captured by digital slide scanning system
(KF-PRO-005,  Ningbo  Jiangfeng  Biologocal
Information Technology Co. Ltd.).

The expression of NNMT was scored using the
semi-quantitative H-score method, which takes into
account both the staining intensity and the percentage
of cells at that intensity. The expression level of
NNMT was evaluated by two experienced
pathologists, who were blinded to clinical
information. The scoring system for the classification

of NNMT expression in tumor cell level was scored as
0 (no staining), 1+ (weak staining), 2+ (moderate
staining), or 3+ (intense staining), we also calculated
the percentage of intensity staining for each specimen.
Then, the final staining score was calculated by
multiplying the percentage of positive cells and the
respective intensity. Therefore, the staining score had
a minimum value of 0 and a maximum value of 300.
The scoring system for the classification of NNMT
expression in tumor stroma level in the same way.
The difference between the observers was averaged.
The final score was classified as negative and positive
expression group in tumor cell using the cut-off value
and as low and high expression group in tumor
stroma using the median value.

Cell lines and cell culture

The CRC cell line HT-29, HCT116, DLD1, SW620
and SW480 cells were purchased from the Cell Bank at
Chinese Academy of Sciences (shanghai, China).
Human colon fibroblast cell line (CCD-18Co) was
obtained from the American Type Culture Collection.
All the cancer cells were cultured in RPMI-1640
medium (Gibco, Grand Island, NY, USA). CCD-18Co
was cultured in Eagle's minimal essential medium.
These media were supplemented with 10% fetal
bovine serum (Gibco, Long Island, NY, USA), 100
U/ml of penicillin (Sigma, St. Louis, MO, USA) and
100 ug/ml of streptomycin (Sigma, St. Louis, MO,
USA). The cells were maintained at 37°C in a
humidified 5% CO; incubator.

NNMT overexpression in SW480 cells and its
downregulation in HT-29 cells and CCD-18Co
cells

The overexpression models of SW480 cells and
the downregulation models of HT-29 cells were
conducted as previously described [10]. Briefly, the
pcDNA3.1/NNMT or pcDNA3.1 vector was
transfected into SW480 cells using Lipofectamine™
2000 (Invitrogen Life Technologies, Carlsbad, CA,
USA), and the transfected cells were cultured in
complete medium containing 600 mg/L geneticin
(G418; Gibco, Grand Island, NY, USA). After G418
selection for two weeks, single colonies were
transferred separately to 96-well plates and allowed to
proliferate, Western blot analysis as described below.
One monoclonal cell strain transfected with the
pcDNA3.1 vector, which is named SW480/Vector,
was used as a negative control. Two monoclonal cell
strains with stable NNMT overexpression, namely
SW480/NNMT-1 and SW480/NNMT-2, were
selected for further analysis. HT-29 and CCD-18Co
cells were seeded in six-well plates and incubated for
24 h. When the cells reached 30-50% confluence, the
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lentivirus containing the NNMT shRNAs (NNMT
shRNA-1, NNMT shRNA-2, shRNA NC, MOI =10 for
HT-29 and CCD-18Co) was added to the cell culture.
Ten hours after co-culturing with the lentivirus, the
supernatant was replaced with fresh medium.
Forty-eight hours after infection, the transduced cells
were using a BD FACS Aria II System (BD
Biosciences, San Jose, CA, USA) sorted to obtain the
GFP-positive cell populations, and these populations
were then subjected to functional assays. The
efficiency of gene silencing was detected by Western
blot analyses as described below. Cells infected with
shRNA NC were used as the negative control.

Western blot analysis

Protein samples were extracted from cells using
RIPA lysis buffer supplemented with a protease
inhibitors cocktail. The protein lysates were separated
by SDS/PAGE and transferred to Immobilon P
transfer membranes (Millipore, Bedford, MA, USA)
that were blocked with skim milk powder at room
temperature for an hour. The blots were then
incubated at 4°C overnight with primary antibodies
targeting NNMT (1E7, 1:1000) and f-actin (Cell
Signaling Technology, #5125). Following incubation
with the secondary antibody at room temperature for
an hour, the bands were visualized using enhanced
chemiluminescence detection reagents (Millipore,
Billerica, MA, USA). Each assay was repeated three
times.

Wound healing assay for assessing cell
migration

Wound healing assay was used to assess the
migration ability of HCT116, SW480 and CCD-18Co
cells. In brief, cells were seeded at a density of 8x10°
cells/well for 24 h and treated with 1-MNA (0, 1.0, 2.0
mM). The confluent monolayer of cells was then
wounded using a p200 pipette tip. The existing media
was replaced with fresh RPMI-1640. For each well,
five images were captured with a microscope for each
group at 0 and 48 h. All experiments were performed
in triplicate.

Transwell assay for assessing cell invasion

Transwell assay was performed using Boyden
chambers (8-um pore filter; Corning Inc., Corning,
NY, USA). The filter surfaces were precoated with
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA).
In brief, cells were seeded at a density of 1x10°
cells/well for 48 h in the upper chamber in RPMI-1640
medium without FBS and RPMI-1640 medium (600 ul)
with 20% FBS was plated in the lower chamber. Then,
cells were treated with ImM or 2 mM 1-MNA or H,O
as control. After 48 h of incubation, non-invading cells
were removed with cotton swabs. The invasive cells

located on the lower side of the chamber were fixed in
paraformaldehyde for 30 min at 37°C and stained with
0.5% crystal violet overnight at room temperature.
Stained cells were counted in five random fields using
fluorescence microscopy (magnification, x40). All
experiments were performed in triplicate.

1-MNA measurement by LC-MS/MS

The 1-MNA was detected by LC-MS/MS with
AB SCIEX Triple QuadTM 4500MD mass
spectrometry system. For intracellular 1-MNA, cells
first were treated with methyl alcohol and the
supernatant was collected by centrifugation at 10,000
rpm for 15min. Then, 250pL of 1% zinc sulfate
solution with stable isotope labelled internal standard
(N-MNA-d4) was added into 50pL cell supernatant or
culture medium. After shaken at 400 rpm for 30 min
and centrifuged at 14,000 rpm for 20 min, the
supernatant sample was transferred to glass vials for
LC-MS/MS. Liquid chromatography separation was
performed by injecting 5pL sample into the Eclipse
XDB-C18 column (4.6x150 mm, 5um; Agilent)
connected to JasperTM (SCIEX) LC system. The
MS/MS detection of 1-MNA and N-MNA-d4 (internal
standard) was performed in multiple reaction
monitoring (MRM) mode. A series of concentration
standards (1-MNA) was used for the quantification of
1-MNA in samples. The final intracellular 1-MNA
concentration is quantified based on the protein of the
cell.

Statistical analysis

Numerical data were presented as mean =
standard error. The student test was wused to
determine the statistical significance of differences
between comparison groups in vitro. The
relationships between NNMT expression and
clinicopathological attributes were analyzed using
Pearson’s x2 test. Heat map was plotted by the
“ComplexHeatmap” R package. The best truncation
of NNMT in the public cohort was determined by the
surviminer R package. Survival curves were plotted
by the Kaplan-Meier method with log-rank test. p <
0.05 was considered statistically significant. All
statistical analyses were carried out using SPSS 21.0, R
4.0 and Graphpad prism?7.0.

Results

NNMT is highly expressed in tumor cell and
stroma in CRC

The expression level of NNMT was examined
using the publicly available TCGA and proteomics
CPTAC database. For TCGA, a public database, we
found that tumor mRNA expression NNMT (n=616)
was higher than ANT (n=73) (Fig 1A, p = 0.0001).
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Similarly, NNMT protein expression was detected
higher in 95 CRC tissue samples than 100 normal
tissues by CPTAC database (Fig 1A, p < 0.0001). To
validate these results, total of 177 patients with CRC
and 18 patients with IN were included. The staining of
NNMT by IHC was majorly covered the stromal cells
characteristically surrounding the epithelial lesions,
and also covered some part of tumor cells. None or
extremely low NNMT expression was observed in the
normal colorectal mucosa (Fig. 1B-D). In addition, by
using the current gene sets of stromal cells from the
xCell R packages, we generated the expression of
stromal cells, such as fibroblasts, endothelial cells, etc.,

>
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Figure 1. NNMT is overexpressed in CRC from public datasets and clinical sample IHC result of our study cohort. (A) Box plots showed higher NNMT
expression in tumor tissue compared to ANT in CRC from TCGA and CPTAC datasets. (B). The almost no or extremely low NNMT staining in ANT tissue was observed at low
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high NNMT staining in tumor tissue was observed at low (%100) and high (*200) magnification, respectively. (E) The relationship of NNMT expression with stroma component
in CRC tissue (TCGA). (F) The quantified results of NNMT expression by IHC in colorectal cancer. (*p<0.05, *¥p<0.01, ***p<0.001, NS=no signification)

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

6175

Table 1. The relationship between positive expression of NNMT
in tumor cell and clinical pathological characteristics in 177
patients with CRC.

Characteristics n Tumor cell

NNMTP (%) Pearsony? P value
Total 177 56(31.6)
Gender 0.655 0.418
Male 119  40(33.6)
Female 58 16(27.6)
Age 0.14 0.708
<61 88 29(33.0)
>=61 89 27(30.3)
TNM 10.573 0.001*
I-1I 104  23(22.1)
m-1v 73 33(45.2)
T 1.746 0.186
Ti1+T2 21 4(19.0)
Ts+Ts 156  52(33.3)
Lymph node metastasis 10.607 0.001*
No 107 24(42.9)
N1z 70 32(57.1)
Distance metastasis 15.259 0.000*
Mo 159 43(27.0)
M 18 13(72.2)
Histology 3.664 0.300
Mucinous adenocarcinoma 23 5(21.7)
Non-Mucinous adenocarcinoma 148  49(33.1)
Squamous cell carcinoma 5 1(20.0)
Signet-ring cell carcinoma 1 1(100.0)

NNMT?: NNMT positive expression

The association of NNMT expression with
clinicopathologic features and survival in CRC

To further explore the role of NNMT expression
in CRC tumor, we analyzed the relationships between
NNMT expression in tumor cells or stroma cells and
clinicopathologic characteristics of CRC patients in
our CRC cohort presented in Table 1 and Table 2.
According to the cutoff value (score 20) for
distinguishing tumor cell from normal colorectal
tissue by NNMT expression in tumor cells, patients
were classified into two groups, NNMTN group with
score less than 20 and NNMT? group with score more
than 20. As shown in Table 1, the positive percentages
of NNMT in the tumor cell were 31.6% (56/177).
Strikingly, the positive expression of NNMT in tumor
cell was significantly correlated with advanced TNM
stage (p=0.001), lymph node metastasis (p=0.001), and
distant metastasis (p=0.000), while had no significant
related with age, gender, and histology (p > 0.05,
Table 1). In consideration of especially high
expression of NNMT in stroma of tumor, patients
were classified by the median value (score 100) of
NNMT expression in stroma of tumor. Therefore, the
score 0-99 was considered as low expression
(NNMT"L), whereas 100-300 as high expression
(NNMTH). As shown in Table 2, the high percentages
of NNMT in the tumor stromal cells were 50.3%
(89/177). And, the high expression of NNMT in tumor

stromal cells was significantly correlated with
advanced TNM stage (p=0.026), lymph node
metastasis (p=0.036), and distant metastasis (p=0.050),
while had no significant related with age, gender, and
histology (p > 0.05, Table 2).

In addition, in the public TCGA cohort, higher
NNMT mRNA expression was significantly related
the poor OS and DFS (all p < 0.05, Fig. 2A-B). Given
that GSE33113 and GSE17538 datasets, higher NNMT
mRNA expression also significantly related with poor
DFS (all p < 0.05, Fig. 2C-D). Similarly, the OS of the
patients with positive NNMT expression in tumor cell
was significantly shorter than that of patients with
low NNMT expression group (p=0.029) in our clinical
study. The survival of the patients with high NNMT
expression in tumor stroma was significantly shorter
than that of patients with low NNMT expression
(p=0.033) (Fig. 2E-F). All of this bioinformatical
analysis, which was consistent with our results and
strongly indicated that high NNMT expression in
CRC is associated with short survival.

Table 2. The relationship between positive expression of NNMT
in tumor stroma and clinical pathological characteristics in 177
patients with CRC.

Characteristics n Stroma

NNMTH (%) Pearsony? P value
Total 177 89(50.3)
Gender 0.003 0.985
Male 119 60(50.4)
Female 58 29(50.0)
Age 0.051 0.821
<61 88 45(51.1)
>=61 89 44(49.4)
TNM 4.961 0.026*
I-1I 104 45(43.3)
m-1v 73 44(60.3)
T 1.287 0.257
Ti1+T2 21 13(61.9)
Ta+T4 156 76(48.7)
Lymph node metastasis 4.374 0.036*
No 107 47(43.9)
Ni2 70 42(60.0)
Distance metastasis 3.858 0.050*
Mo 159 76(47.8)
M 18 13(72.2)
Histology 4.557 0.207
Mucinous adenocarcinoma 23 9(39.1)
Non-Mucinous adenocarcinoma 148 79(53.4)
Squamous cell carcinoma 5 1(20.0)
Signet-ring cell carcinoma 1 0(0.0)

NNMTH: NNMT high expression

The construction of cell models with NNMT
overexpression in SW480 cells and NNMT
downregulation in HT-29 cells

To better demonstrate the role of NNMT in

metastasis of CRC, we firstly detected the expression
of NNMT in five CRC cell lines (DLD1, SW480,
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SW620, HCT116 and HT-29) by Western blot. HT-29
cells showed high expression of NNMT, while DLD1,
SW480, SW620 and HCT116 cells showed no NNMT
expression (Fig.S1A). The cell lines HCT116 and
SW480 those lack constitutive NNMT expression and
HT-29 that has high endogenous NNMT expression
were selected as the candidate for further study. Then,
SW480 cells were transfected with pcDNA3.1-NNMT
vector (SW480/NNMT-1, SW480/NNMT-2) or
pcDNA3.1 control vector (SW480/Vector), whereas
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NNMT enhances the invasion capacity in CRC
cells

According to the correlation between NNMT
expression and lymph node metastasis and distant
metastasis in CRC, we carried out the transwell assay
to determine whether NNMT expression affects the
cell invasion in CRC cells. As shown in (Fig.3),
SW480/NNMT-1 and SW480/NNMT-2 with NNMT
overexpression showed the significant larger number
of invasion cells than that of SW480/Vector cells,
whereas HT-29/NNMT shRNA-1 and HT-29/NNMT
shRNA-2 with NNMT downregulation showed the
significant smaller number of invasion cells compared
with HT-29/NC cells. The relative invasiveness in
SW480/NNMT-1 and SW480/NNMT-2 cells were
higher than in SW480/Vector cells. Moreover, the
relative invasiveness of SW480/NNMT-2 cells is
approximately twice as much as SW480/ Vector cells.
In contract, the relative invasiveness of HT-29/
NNMT shRNA-1 and HT-29/ NNMT shRNA-2 cells
were significantly lower than HT-29/NC cells and the
relative invasiveness of HT-29/NNMT-2 cells are
approximately half of HT-29/NC cells (Fig.3). These
results revealed that NNMT promoted the invasion of
CRC cells in vitro.

Tumor stromal cells with high NNMT secret

1-MNA to promote cell migration and invasion
of CRC cells

Our previous study has reported the effect of
NNMT on promotion of cell cycle progression in CRC
cells due to the concentration of 1-MNA [23].

Therefore, we hypothesized that tumor stromal cells
with high NNMT could secrete 1-MNA to promote
cell migration and invasion of CRC cells. To confirm
this hypothesis, we first purchased the only human
colon fibroblast cell line CCD-18Co from ATCC and
found CCD-18Co showed high NNMT expression.
Second, we found downregulation of NNMT
inhibited the migration of CCD-18Co cells, which is
consistence with the result of CRC cells (Fig. 4A and
B). Third, 1-MNA levels were increased in the
medium with CCD-18Co culture and downregulation
of NNMT decreased intracellular 1-MNA levels of
CCD-18Co cells (Fig. 4C). The same happened in
SW480 and HT-29 cell models (Fig. 4D). These results
showed that tumor stomal cells with high NNMT
increased intracellular 1-MNA levels and secreted
1-MNA, which could promote cell migration and
invasion of CRC cells.

Then, we assessed the effect of 1-MNA on CRC
cell migration and invasion instead of NNMT
overexpression using wound healing and transwell
assays. We found that the SW480 and HCT116 cells
with 1-MNA (ImM and 2mM) treatment significantly
increased cell migration compared with each control
group SW480 and HCT116 cells (Fig.5). The transwell
assay also showed that the SW480 and HCT116 cells
with 1-MNA incubation exhibited significantly the
improved capacity of invasion compared with each
control without 1-MNA (Fig. 6).

Taken together, our results demonstrated that
tumor stromal cells with high NNMT secret 1-MNA
to promote cell migration and invasion of CRC cells in
vitro.
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Figure 6. 1-MNA promotes the invasion in CRC cells by transwell assay. (A) The invasion was significantly increased in SW480 cells after pre-treatment at a final
concentration of ImM or 2mM [-MNA for 48 h by transwell assay. (B) The invasion was significantly increased in HCT116 cells after pre-treatment at a final concentration of
ImM or 2mM 1-MNA for 48 h by transwell assay. The images are representative results of three independent experiments. The quantitative results were calculated by three

independent experiments. (***p<0.001, ****p<0.0001)

Discussion

CRC is one of the most frequently diagnosed
gastrointestinal cancers and one of the leading causes
of cancer-related deaths worldwide [34]. There are
several conventional methods for CRC treatment
including surgical resection, radiation therapy,
chemotherapy, immunotherapy and targeted therapy
[35]. Despite great advancement in therapeutic
approaches, the recurrence and distant metastasis still
are major causes of mortality in CRC [36].

Increasing lines of evidence showed that NNMT
is significantly overexpressed in various malignancies
[8, 9, 11, 15, 18, 19, 21, 22]. Interestingly, we showed
that NNMT is also highly expressed in CRC, especial
in tumor stroma, but is hardly found to be expressed
in ANT, which indicated that NNMT is mainly
resided in the tumor stroma of CRC. In addition, the
moderate elevated expression of NNMT in stroma of
IN tissues also indicated that NNMT expression in
stroma may be associated with cancerous
transformation process. Then, we found that high
expression of NNMT both in tumor cell and stroma
are associated with advanced TNM stage, lymph node
metastasis and distant metastasis, as well as poor OS,
which indicated NNMT may play a vital role in
metastasis of CRC. Consistence with our results, the
recent study utilized laser capture microdissection
(LCM) method to confirm that the expression of
NNMT in the CAFs is significantly higher than that in
tumor cells and leads to ovarian cancer progression
by metabolic regulation of histone methylation, which
causes transcriptional and epigenetic changes in
stromal cells to promote cancer cell migration and
metastasis [18].

Furthermore, we found that most CRC cell lines
do not have high NNMT expression except HT-29
cells by detecting NNMT expression in five CRC cell
lines, which strongly answers the question why the
IHC showed NNMT overexpression in few cases of
tumor cells, but largely high expression in
surrounding stroma. To validate the function of
NNMT in metastasis of CRC, we upregulated NNMT
expression by a pcDNA3.1/NNMT plasmid into
SW480 cells and downregulated NNMT by a shRNA
lentiviral vector against NNMT into HT-29 cells,
respectively. The overexpression of NNMT
significantly promotes the invasion of SW480 cells
(Fig. 3A). Conversely, knockdown of NNMT
significantly reduces the invasion of HT-29 cells (Fig.
3B). Our results are consistent with the reports
derived from squamous cell carcinoma cells [37],
esophageal squamous cell carcinoma cells [19],
hepatocellular carcinoma cells [21], gastric cancer cells
[15, 16], which strongly suggests that the cellular
enzyme NNMT serves a crucial role in the migration
and invasion of cancer cells.

As we know, 1-MNA is the product of NNMT in
the process of catalyzing methyl transfer to
nicotinamide, which is significantly positive
correlated with NNMT expression [18, 23, 38-40]. The
previous studies consistently reported that 1-MNA
could be secreted into extracellular space and detected
in plasma and somehow substitute the biological
function of NNMT in cancers [41-43]. In our study, we
also found the tumor stromal cells with high NNMT
increased intracellular 1-MAN and secreted 1-MNA
to culture medium. Our previous study has reported
the effect of NNMT on promotion of cell cycle
progression in CRC cells due to the concentration of
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1-MNA [23]. This reminder us whether exogenous
1-MNA from tumor stromal cells led to an increased
capacity of invasion and migration of CRC cells. To
gain an insight into the potential mechanism of
1-MNA on tumor progression, we incubated SW480
and HCT116 cells with certain concentration of
1-MNA to analyze the change of migration and
invasion capacity. Our results are reasonable to
believe that NNMT enhances the cell invasion and
migration capacity via 1-MNA (Fig. 5 and 6), which is
similar with the results concluded by Olesya A.
Ulanovskaya [39]. In addition, both clinical and
experimental data suggest that cancer cells gain
increased metastatic potential by undergoing EMT.
Moreover, previous study showed that cancer cells
contacted with CAFs have decreased E-cadherin
expression, which reveals that CAFs may regulate the
invasion and migration of cancer cells by EMT [44].
Combing with our results, the tumor stroma with
high NNMT expression may promote migration and
invasion of cancer cells in CRC through secreting
1-MNA. Interestingly, it was latest research implied a
model whereby tumor and CAFs cells could secrete
1-MNA into the extracellular tumor
microenvironment and increased proportion of T cells
in ovarian cancer [45], which is consistence with our
result.

Our study clearly revealed the feature of NNMT
expression in tumor cell and stromal cells in CRC and
the mechanism of metastasis. However, our study still
has some limitations. Firstly, the larger numbers of
cases with long term follow up are necessary to assess
the prognostic value of NNMT expression in tumor
cells and stromal cells. Second, we did not
successfully obtain the CAFs directly from CRC
patients to assess the effect of high NNMT expression
on migration and invasion of CRC cells by co-culture,
which could deepen our study.

Conclusions

In summary, based on various profile datasets
and integrated bioinformatics analysis, we proved
that NNMT is highly expressed in CRC tissue than in
ANT. Moreover, high NNMT expression in CRC was
associated with poor OS and DFS. Our clinical
samples revealed that NNMT is highly expressed in
tumor of CRC tissue, especially in tumor stroma. The
positive expression of NNMT in tumor cell and high
expression of NNMT in tumor stroma are correlated
with advanced TNM stage, lymph node metastasis,
distant metastasis and poor OS. Further functional
study verified that the NNMT and its product 1-MNA
both play an important role in migration and invasion
of CRC cells. Collectively, our serial experiments
taken together may open a promising research area of

mechanisms underlying the cross-talk between
stroma and tumor cell in CRC, which deepens our
understanding of tumor progression and offers a new
idea for different cancer therapeutic strategies.
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