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ABSTRACT
◥

Metastasis is the major cause of cancer-related death in patients
with colorectal cancer. Although inducible nitric oxide synthase
(iNOS) is a crucial regulator of cancer development and progression,
its roles in epithelial–mesenchymal transition (EMT) and the path-
ogenesis of metastatic colorectal cancer have not been fully inves-
tigated. Primary colorectal cancer and liver metastatic tissue speci-
mens were analyzed showing 90% of liver metastatic colorectal
cancer with reduced expressions of iNOS compared with 6% of
primary colorectal cancer. The Cancer Genome Atlas database
analyses via cBioPortal reveal that mRNA expression of iNOS
negatively correlatedwith selected EMTmarkers in colorectal cancer
in a cancer type–dependent manner. The transcriptomic profiling

(RNA sequencing data) indicates that iNOS knockdown in SW480
colorectal cancer cells induced an EMT program with upregulated
expression of selected stem-cell markers. iNOS knockdown did not
alter E-cadherin mRNA expression but re-localized it from mem-
brane to cytoplasm through iNOS-GATA4-Crb2-E-cadherin path-
way. iNOS knockdown induced a change in cell morphology, and
promoted cell invasion andmigration in vitro, andmetastasis in vivo.

Implications: iNOS downregulation-induced pathway networks
mediate the EMT program and metastasis. As an EMT inducer,
the reduced-iNOS may serve as a potential therapeutic target for
patients with colorectal cancer.

Introduction
Colorectal cancer is the third leading cause of cancer-related

deaths and also the third most common cancer in the United
States. About 60% of patients diagnosed with colorectal cancer will
develop colorectal cancer liver metastases (CRLM). The process of
epithelial–mesenchymal transition (EMT) is important in the path-
ogenesis of CRLM as it can convert epithelial cells into a mesen-
chymal phenotype and acquire the ability to migrate during
embryogenesis. Cancer cells can reactivate EMT programs, which
induce subpopulation of cancer stem cells (CSC), invasiveness, drug
resistance, and metastasis (1). EMT also gives rise to a variety of
intermediate states between the epithelia and the mesenchyme
(called hybrid EMT; refs. 1, 2). Colorectal cancer cells undergoing
EMT increase its motility with invasion and cell resistance to
apoptosis, and initiates metastasis (3).

EMT is activated in response to signals that induce its transcription
factors (EMT-TFs) including SNAIL1/2, TWIST1/2, ZEB1/2, and
others, which down- or upregulate transcription of epithelial and
mesenchymal markers, respectively (4). Normally, each EMT-TF

selectively regulates the expression of its target genes, such as, E-cad-
herin, N-cadherin, and others (5). However, the physiological roles of
EMT-TFs are common in embryogenesis, organism development, and
recurrence in cancer cells (5). Expression of EMT-TFs can overlap and
formnetworks (4, 6). Hence, EMT is not simply a single, linear process,
but is highly variable and modular (7). In cancer, EMT-TFs are often
activated partially and transiently, creating a metastable window for
the induction of key cancer-relevant traits (6). The transcription of
EMT markers is regulated by multiple signaling pathways (5).

The inducible nitric oxide synthase (iNOS, also called NOS2)
transcript or protein does not appear to be present under normal
conditions in most cells. iNOS induction and the subsequent produc-
tion of gaseous free radical nitric oxide (NO) fights certain infections
and has antitumor effects in innate immunity (8, 9). In many tumors,
iNOS expression is high; however, the role of iNOS during tumor
development is complex with both promoting and inhibiting carci-
nogenesis (10). Despite considerable progress in iNOS/NO biological
research, the role of iNOS/NO on EMT andmetastasis still needs to be
clarified. NO can promote or inhibit tumor metastasis, depending
on the concentration, lesion stage and organs involved (9, 11–13).
The objective of this study is to determine whether iNOS/NO intrin-
sically regulates EMT and metastasis in colorectal cancer. Our results
demonstrate that iNOS expression was reduced in the tissues of
colorectal metastatic cancers. The Cancer Genome Atlas (TCGA)
database analysis and RNA sequencing (RNA-seq) indicate that iNOS
inversely correlates with the expression of select EMT markers.
Knockdown of iNOS induced a hybrid EMT in part through the
activation of iNOS-GATA4-CRB2-E-cadherin pathway. Downre-
gulation of iNOS is essential for colorectal cancer cells to mediate
EMT, invasion, dissemination, and metastasis.

Materials and Methods
Cell culture and reagents

The human cancer cell lines SW480, (ATCC, catalog no: CCL-228,
RRID:CVCL_0546) SW620, (ATCC, catalog no: CCL-227, RRID:
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CVCL_0547) DLD1, (ATCC, catalog no: CCL-221, RRID:
CVCL_0248) RKO, (ATCC, catalog no: CCL-2577, RRID:CVCL_
0504) HT-29, (ATCC, catalog no: HTB-38, RRID:CVCL_0320)
HCT116, (ATCC, catalog no: CCL-247, RRID:CVCL_0291) and HEK
293T (ATCC, catalog no: CCL-3216, RRID:CVCL_0063) cells were
purchased from ATCC. SW480 cells were derived from a patient with
primary colorectal cancer, while SW620 cells were obtained from
lymph node metastatic cancer of the same patient. SW480, SW620,
and 293T cells were cultured in DMEM medium as described
in (14). HT-29 and HCT116 cells were cultured in McCoy’s 5A
medium. DLD1 and RKO cells were cultured in RPMI1640 and
Eagle Minimum Essential Medium, respectively. Bulk frozen stocks
of SW480, SW620, DLD1, RKO, HT-29, HCT116, and 293T cells
were used after authentication by morphologic inspection and
confirmed Mycoplasma negative by PCR ELISA Kit (Roche). iNOS
inhibitor, L-NIL [L-N6-(1-iminoethyl)-lysine], and NO donor,
SNAP (s-nitroso-n-acetyl penicillamine) were obtained from Cay-
man Chemical.

Western blot
Western blot procedure was performed according to the method as

previously described (14). The primary antibodies E-cadherin (BD
Biosciences, catalog no: 610181 RRID:AB_397581), N-cadherin (BD
Biosciences, catalog no: 610920 RRID:AB_398236), Vimentin (BD
Biosciences, catalog no: 550513 RRID:AB _393716), iNOS (BD Bio-
sciences, catalog 610332, RRID:AB_397722), b-actin (Sigma-Aldrich,
catalog no: MAB1501 clone C4; catalog no: A2066 RRID:AB_476693),
Cleaved caspase-9 (Cell Signaling Technology, catalog no: 9502 RRID:
AB_2068621); (Cell Signaling Technology, catalog no: 7237 RRID:
AB_10895832), Fibronectin [Cell Signaling Technology, catalog no:
26836 Fibronectin/FN1 (E5H6X) Rabbit mAb], Gata4 (Cell Signal-
ing Technology, catalog no: 36966 RRID:AB_2799108), Lamin A/C
(Cell Signaling Technology, catalog no: 4777, RRID:AB_10545756),
Snail2 (Cell Signaling Technology, catalog no: 9585, RRID:
AB_2239535), Twist1 (Cell Signaling Technology, catalog no:
69366, RRID:AB_2891135), Zeb2 [Santa Cruz Biotechnology,
catalog no: sc-271984 (E-11)], CD45 (Miltenyi Biotec, catalog no:
130–115–938, RRID:AB_2751284), EpCam (Invitrogen, catalog
no: MA5–13917 RRID:AB_11001308); (Novus Biologicals, catalog
no: NBP2–27107), CRB2 (ThermoFisher Scientific, catalog no:
PA5–25628, RRID:AB_2543128).

qRT-PCR and RT-PCR
Total cellular or tissue RNA was isolated with TRIzol Reagent

(Invitrogen, Carlshbad, CA) or RNeasy Kit (Qiagen) and reversely
transcribed into cDNA using Sprint RT Complete Products kit
(Clontech, Mountain View, CA). RT-PCR was analyzed by using
TITANIUM one-step RT-PCR kit (BD Biosciences). qRT-PCR
was analyzed by using StepOnePlus Real-Time PCR System using
SYBR-Green Mastermix Kit (Applied Biosystems; ref. 15). Each
sample was tested in triplicate. PCR product specificity was confirmed
by a melting-curve analysis. GAPDH was used as an endogenous
control. The fold change of mRNA expression was calculated by using
2�ΔΔCt method. For qRT-PCR, human Snail2 primers sense, 50-
ATCTGCGGCAAGGCGTTTTCCA-30 antisense 50-ATCTGCGG-
CAAGGCGTTTTCCA-30; human iNOS primers Sense 50-ACAAG
CTGGCCTCGCTCTGGAAAGA-30 Antisense: 50-TCCATGCAGA
CAACC TTGGG GTTGA AG-30 human GAPDH: sense 50-GGGAA
GCTTG TCATC AATGG-30, antisense 50-CATCG CCCA CTTGA
TTTTG-30; RT-PCR was analyzed by using TITANIUM one-step
RT-PCR Kit (BD Biosciences). For RT-PCR, human iNOS primers:

sense 50-ACAAG CTGGC CTCGC TCTGG AAAGA-30, antisense
50-TCCAT GCAGA CAACC TTGGG GTTGA AG-30, and human
b-actin: sense 50-ATGGA TGATG ATATC GCCGC GCT-30,
antisense 50-GACTC GATGC CCAGG AAGGA-30. The primers
were manufactured from Invitrogen.

Immunofluorescence staining
Cancer cell lineswere cultured on coverslips, washed twice with cold

PBS, fixed with 2% paraformaldehyde in PBS for 30 minutes, permea-
bilized with 0.1% Triton X-100 and 10% FBS in PBS for 30 minutes at
room temperature, and incubated with the specific primary antibodies
for iNOS, E-cadherin, N-cadherin, TWIST1, SNAIL2, and GATA4.
Vimentin, Fibronectin, CD45, Epcam, and ZEB2. The nuclear DNA
was stained with Hoechst dye (bis-benzimide; blue). Immunofluores-
cence staining was conducted according to the procedures described
previously (14).

RNA-seq, data analysis, and cBioPortal TCGA data analysis
Total RNA from 1�106 SW480-shiNOS1/2 or SW480-shControl

cells were collected for by using TRIzol (Invitrogen, Carlshbad, CA)
following the manufacturer’s instructions. RNA libraries were
prepared for sequencing using standard Illumina protocols on Next-
Seq 500 sequencer. RNA-seq was performed by the University of
Pittsburgh Health Sciences Core Research Facilities (HSCRF) shared
Genomics Research Core. Ingenuity Pathway Analysis (IPA) was used
for pathway analysis.

RNA-seq data per library was processed by the following steps:
quality control by FastQC, adapter sequences and low-quality read
trimming by Trimmomatic, alignment to hg38 reference and gene
quantification by STAR aligner. Eventually read counts per gene
per sample were collected for downstream statistical analysis.
Differential expression analysis was performed by R package
DESeq2 (16) and differentially expressed genes (DEG) were defined
by FDR ¼ 5% and fold-change ≥ 1.5. DEGs were applied into IPA
to detect the enriched the pathways. Significant pathways were
defined by FDR ¼ 5%.

The adenomatous polyposis coli (APC) mutation and the
correlations between the mRNA expression of iNOS and represen-
tative EMT markers were analyzed via cBioPortal (http://www.
cbioportal.org) using TCGA databases included colorectal adeno-
carcinoma, 524 samples; skin cutaneous melanoma, 363 samples;
stomach adenocarcinoma, 407 samples; liver hepatocellular carci-
noma (HCC), 348 samples; pancreatic adenocarcinoma, 168 sam-
ples and breast invasive carcinoma, 994 samples. Genomic profiles
included mutation, copy-number and mRNA expression were
selected.

Short hairpin RNA knockdown assay
Short hairpin RNA (shRNA)-iNOS versus its control RNA con-

struct were purchased from (Qiagen, catalog no: KH00173N). The Pre-
Designed shRNA plasmids specifically knockdown the expression of
hiNOS gene by RNA interference. shRNA sequence for iNOS is
GCAGGTCGAGGACTATTTCTT and control sequence for nonspe-
cific and off-target effects is GGAATCTCATTCGATGCATAC. The
vector contains the shRNA under control of the U1 promoter and
neomycin resistance gene. The shRNA-iNOS and control vectors
were transiently transfected into SW480 cells separately using Lipo-
fectamine 2000 (Invitrogen) for 72 hours. The stably transfected cells
were selected with G418. Four hairpins targeting human iNOS were
screened and one that reduced mRNA and protein levels by >80% was
identified (14).
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Cell invasion, migration, and wound-healing assays
Cell invasion, migration and wound-healing assays were con-

ducted using SW480-shiNOS1/2 and SW480-shControl cell lines
according to the published article (17). Briefly, invasion and migra-
tion assays were performed using Boyden chambers (BD Biosciences)
and 8-mm pore size membrane with Matrigel (for invasion assays) or
withoutMatrigel (for migration assays). Cells (1�105 cells/well) were
seeded in the top chamber of the trans-well. After 4-hour incubation,
cells that had completely migrated to the bottom chamber were
counted.

SW480 cell lines (1�106 cells/well) were grown in 6-well plates for
24 hours. A wound on the monolayers was scratched with a 10-mL
pipette tip. Images were captured using an inverted digital camera at 0,
18, and 36 hours after the wound generated. Using Image J software,
cell migration was quantified by measuring the number of cells that
migrated into the wound area at each time point. Each assay was
replicated 3 times.

In vivo tumorigenesis and metastasis assays
Female SCID mice (strain no: 001303, RRID:IMSR-JAX:001303;

6 weeks) purchased from Jackson Laboratory were used in these
studies, and all protocols were approved by the University of
Pittsburgh Committee on Animal Care and Use Committee, and
experiments were carried out in adherence to the NIH Guidelines for
the Use of Laboratory Animals. Animals were raised in plastic cages
under specific pathogen-free conditions. Animals were fed a standard
diet and had free access to water in an animal facility of the University
of Pittsburgh. Mice were anesthetized with isoflurane. SW480-shi-
NOS2 or SW480-shControl cells (2 � 106 cells/mouse) in PBS, were
injected into spleen or inner canthus. The mice were sacrificed 4-week
post-injections. The organs were collected, frozen with OCT, and 5-
mm sections cut for hematoxylin and eosin (H&E) stains. Established
metastatic colon and rectal tumors in lymph nodes, stomachs, and
other organs as previously described (18).

Circulating tumor cells isolation and culture
For specific isolation of peripheral blood circulating tumor cell

(CTC), a Ficoll-Paque density gradient was used as previously
described (19) with modifications. Briefly, whole blood with PBS
buffer (total volume should be exactly 30 mL) was gently added to
10 mL the Ficoll-Paque solution to obtain two clearly defined layers.
After centrifugation at 930 g for 25 minutes, four layers can be
discerned: red blood cells at bottom, followed by Ficoll solution, white
blood cells, and blood plasma and CTCs. The CTCs were recovered
and washed twice with PBS (pH 7.4) by centrifugation at 800 g for
15 minutes, and finally were suspended in 10 mL DMEM medium,
then seed to the culture plate for growth.

Tissue specimens of primary and metastatic colon cancer
Fifty tissue specimens of patients with primary colon cancer were

collected from two tissue arrays, Abcam (178133; Cambridge, MA)
and Novus Biologicals (NBP2–42074; Centennial, CO). Fifty tissue
specimens of CRLM and 5 paired tissue specimens of primary colo-
rectal cancer and normal tissues were obtained from patients who
underwent surgical resection at the UPMC Liver Cancer Center and
the tissue bank of the department of pathology, respectively with
institutional review board (IRB) approval.

Statistical analysis
Data are presented as themean� SD. Experiments were carried out

in duplicate or triplicate, and each was conducted a minimum of three

times. Data were analyzed by the Student t test or ANOVA where
appropriate by using Graphpad Prism (RRID:SCR_002798) versions 8
and 9.x2 test was analyzed by using an onlinex2 calculatorP< 0.05was
considered statistically significant.

Ethics approval and consent to participate
The ethics for animal research were reviewed and approved by the

Animal Care and Use Committee of the University of Pittsburgh
(Protocol 18012053 and protocol 21018530). Human tissue samples
were obtained in accordance with the University of Pittsburgh IRB
approved protocol (No. MOD08010372/PRO08010372).

Availability of data and materials
The RNA-seq data generated in this study are publicly available in

Gene ExpressionOmnibus (GEO) at GSE178862. Raw sequencing and
read count data can be downloaded from https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc¼GSE178862. Script for differential expres-
sion analysis was available at Code Ocean: https://codeocean.com/
capsule/5406760/tree.

Results
Downregulation of iNOS/NO is related to EMT andmetastasis in
colorectal cancer

To explore the impact of iNOS expression on colorectal cancer
metastasis, we examined iNOS expression in primary colon cancer
SW480 and metastatic colorectal cancer SW620 cell lines. Immu-
nofluorescence staining showed higher iNOS expression in SW480
than in SW620 cells (Fig. 1A). qRT-PCR and Western blot further
demonstrated iNOS mRNA and protein higher expression in
SW480 than SW620 cells (Fig. 1B). Moreover, representative
immunofluorescence staining of clinical tissues showed that iNOS
strongly expressed in primary colorectal cancer tumors compared
with CRLM which exhibited low iNOS expression (Fig. 1C). Next,
we examined primary colorectal cancer and CRLM tissue speci-
mens from patients and found that 90% of CRLM showed relatively
low iNOS expression, whereas only 6% of the primary colorectal
cancer had low iNOS expression (P ¼ 0.0034; Fig. 1D). Hence, the
primary colorectal cancer tumors had high iNOS expression, but
the CRLM did not. Another study has shown that iNOS expression
is decreased with increasing tumor stage (Dukes’ A-D) and was
lowest in colon metastases to liver and lung (20). In addition, we
analyzed tissue specimens from 5 additional patients comparing
iNOS expression in the primary colorectal cancer, CRLM, and
background normal colon. iNOS mRNA expression was very low in
CRLM, undetectable in normal colon, and high in the primary
colorectal cancer tumor (Fig. 1E). Many studies have indicated that
cancer metastasis is driven by EMT program which provides the
ability of migration and invasion to cancer cells and mediates
cancer cellular plasticity during cancer progression (1). These
results led us to hypothesize that iNOS downregulation might be
essential for triggering colorectal cancer metastasis via activation of
EMT. To determine correlations between the mRNA expressions of
iNOS and 11 selected canonical-EMT markers among 7 types of
cancers, TCGA databases were analyzed with cBioPortal. The
selected 11 EMT markers were SNAI1, SNAI2, TWIST1, TWIST2,
ZEB1, ZEB2, GSC, CDH1, CDH2, VIM, and FN1. The results of
correlation analyses are shown in Fig. 1F including colorectal
cancer, stomach, and lung cancer with 3 EMT markers, and more
detailed analytic results of 7 types of cancers with 11 EMT markers
displayed in Supplementary Table S1. The TCGA databases showed
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Figure 1.

iNOS expression was downregulated in patients with metastatic colorectal cancer and cell line and correlated with the selected EMT markers in colorectal cancer.
A, representative images of immunofluorescence staining are shown to compare iNOS expression between the SW480 and SW620 cells. Green and red signal
represents the staining of iNOS and F-actin, respectively (scale bars, 20 mm). B, total RNAs and protein collected from cultured SW480 and SW620 cells were
analyzed for the expression of iNOS by qRT-PCR: ���� , P < 0.0001 (top), andWestern blot (bottom), respectively. C, tumor tissueswere collected from patients with
primary and metastatic colorectal cancer. H&E staining is shown (top; scale bars, 50 mm). Representative images of Immunofluorescence staining are shown to
compare iNOS expressions between the primary and the metastatic colorectal cancer. Green signal represents the staining of iNOS (bottom; scale bars, 50 mm).
D, immunofluorescence staining analyses of the tissue specimens from 50 patients with primary and equal metastatic colon cancer were performed to compare the
iNOSexpression. Immunofluorescence staining scores for the iNOSexpressionweregenerated andx2 testwas used,P¼0.0034.E, total RNAs collected fromnormal,
primary, andmetastatic colorectal cancer tissueswere subjected to RT-PCR for iNOS expression normalized tob-actin.F, the representative images of the cBioPortal
TCGA database analysis showed the correlations of the mRNA expressions between iNOS and selected EMT markers in the indicated cancer types.
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that only in colorectal adenocarcinoma iNOS negatively correlated
with 10 EMT markers except CDH1. In contrast to colorectal
cancer, lung adenocarcinoma, liver HCC, and breast invasive
carcinoma, iNOS positively correlated with 9, 8, and 9 of the
selected EMT markers, respectively (Supplementary Table S1).
While iNOS expression had no correlation with 9 EMT markers
except for CDH2 and GSC with negative correlations in stomach
adenocarcinoma (Fig. 1F; Supplementary Table S1). For pancreatic
adenocarcinoma, iNOS positively correlated with 6 of the EMT
markers and no-correlation with the others. Whereas in skin
cutaneous melanoma, iNOS did not correlate with 6 EMT markers,
but positively with 4 and negatively with 1 EMT marker (Supple-
mentary Table S1). Together, these findings indicate that iNOS
downregulation is associated with colorectal cancer metastasis, and
the cBioPortal analysis of TCGA support that iNOS gene expression
negatively correlates with selected-EMT markers in colorectal can-
cer. Thus, iNOS downregulation might play critical roles in induc-
tion of EMT and metastasis in colorectal cancer.

Knockdown of iNOS regulated the expressions of EMT markers
in SW480 cells

To further determine the roles of iNOS in colorectal cancer EMT
and metastasis, we chose human SW480 cells (harboring APC muta-
tion) with iNOS gene knockdown as our cell models. The iNOS
knockdown with > 80% efficiency at protein and mRNA levels was
confirmed by Western blot and qRT-PCR, respectively with strong
knockdown of iNOS expression using SW480-shiNOS2 transduction
(Fig. 2A, top and bottom).

Next, transcriptomic profilingwas analyzed byRNA-seq to discover
the alteration of gene expressions in SW480-shiNOS2 versus SW480-
shControl cells. No significant differences in reference genes, including
GAPDH, ACTB, B2M, and LDHA were found (Supplementary
Table S2). We selected some of EMT markers from RNA-seq data
by volcano plot (Fig. 2B). The gene expressions of iNOS and epithelial
markers, such as CK8 (cytokeratin 8), CK20, CLDN3, (Claudin 3),
CLDN4, CLDN19, CTNNA1 (a-catenin), JUP (g-catenin) and the
others were decreased with Log2 fold change ≤�1.5, and the adjusted
P value (Adj-P) < 0.05 (Fig. 2B; Supplementary Table S3). More
importantly, the reduced co-expression of CK8 and CK20 indicates an
EMT representing a critical step in the development ofmore aggressive
colorectal cancers (21). For mesenchymal markers, the gene expres-
sions ofCDH2 (N-cadherin),CDH12 (cadherin 12),MMP16,COL3A1
(a1 type3 collagen), COL4A1 (a1 type4 collagen), COL4A5 (a5 type4
collagen), COL4A6 (a6 type4 collagen), and others were upregulated
with Log2 fold change ≥ 1.5, andAdj-P < 0.05 (Fig. 2B; Supplementary
Table S3). EMT-TFs are key components in initiation and regulation of
EMT (22), and therefore we examined the role of iNOS/NO in the
regulation of EMT-TFs. RNA-seq data indicated that iNOS knock-
down upregulated EMT-TFs and EMT inducers, including SNAIL2,
ZEB2, TWIST1, ALX1, E2–2 (TCF4), FOXC1 (23), GSC (gooscoid),
ID1, KLF8, SIX1, TWIST2, and other EMT inducers, GATA4,
GATA6 (22) and TUSC3 (Fig. 2B; ref. 24). These findings elucidate
that iNOS knockdown regulated EMT mainly through activating
EMT-TFs and their networks. Heatmap (Fig. 2C) shows the compo-
nents involved in the regulation of iNOS knockdown-induced EMT
pathway, which supports that iNOS knockdown induces EMT through
activating EMT pathways by targeting the expression of EMT-TFs,
N-cadherin, and others. Moreover, it also suggests that iNOS knock-
down can intrinsically trigger EMT by activating mitogenic growth
factors and their receptors signaling pathway, especially FGFs and
EGFs through autocrine stimulation loops.

To confirm iNOS knockdown-induced changes in gene expres-
sion result in cellular changes, we experimentally observed the
transition of mesenchymal cell features. As expected, iNOS knock-
down altered cell morphology from more epithelial features
of SW480-shControl to more mesenchymal pattern of SW480-
shiNOS1/2 (Fig. 2D). The cellular architecture was reorganized,
a spindle-shaped mesenchymal morphology and motility might be
acquired in the SW480-shiNOS1/2 cells undergoing EMT. Togeth-
er, iNOS downregulation, as an EMT-inducing signal is essential to
regulate epithelial–mesenchymal plasticity (EMP) in SW480 cells
through the EMT-TFs networks representing by EMT markers
which define and constitute various epithelial and mesenchymal
cell characteristics (22).

Downregulation of iNOS induced EMT in a cell type–dependent
manner and stem-cell properties

Next, we confirmed the expression of the representative EMT-TFs
by Western blot, qRT-PCR, and immunofluorescence staining in our
cell models. iNOS knockdown increased the expressions of SNAIL2
and TWIST1 at mRNA and nuclear protein levels (Fig. 3A and B). To
further detect iNOS/NO involved in the regulation of EMT-TFs, we
treated DLD1 and HT-29 colon cancer cells with NO donor SNAP, or
iNOS inhibitor L-NIL and analyzed expression of SNAIL2 byWestern
blot and qRT-PCR. The results indicate that SNAP decreased, but L-
NIL increased the nuclear SNAIL2 (Fig. 3C, top) and the mRNA
expression in DLD1 and HT-29 cells, both harboring APC mutation
(Fig. 3C, bottom). To determine whether iNOS downregulation
induced EMT-TFs is cell type–dependent, we selected HCT116 and
RKO cell lines, both with APC wild-type. Surprisingly, addition of the
NO donor upregulated and iNOS inhibitor downregulated SNAIL2
protein (Fig. 3C, top) and mRNA expression (Fig. 3C, bottom) in
these HCT116 and RKO cells. Hence, NO-mediated downregulation
of EMT-TF SNAIL2 occurs in an APC-dependent manner. To further
confirm these findings, we treated HT-29 (APC-mutant) and HCT-
116 (APC-WT) cells with different doses of SNAP and found that
SNAP decreased SNAIL2 expression in HT-29 cells, but increased
SNAIL2 expression in HCT116 cells in a dose-dependent manner
(Fig. 3D). Moreover, the analysis of TCGA database found APC with
differentmutation rates among the selected cancer types (Fig. 3E), and
only colorectal cancer with a higher APC mutation rate (76.34%)
compared with the other cancer types (6.74%–20.94%) negatively
correlated with the expressions of selected-EMT markers (Fig. 1G;
Supplementary Table S1). Collectively, these results indicate that iNOS
downregulation promoted EMT at least by activating EMT-TFs and
implies that iNOS/NO regulates cancer transformation, EMP, and
metastasis dependent of APC mutation status in colorectal cancer.

Emerging data shows that EMT is linked to stemness of normal and
CSCs and tumor cells, with the highest stem-cell capabilities residing in
a hybrid E/M state (1). As mentioned above, iNOS downregulation is
required for EMT, so we tested whether iNOS downregulation influ-
ences stemness associating signals in colorectal cancer. Among the
selected CSC markers (25, 26), our RNA-seq data indicate LGR5
(leucine-rich-repeat-containing G-protein-coupled receptor 5), MSI1
(musashi-1), LIN28B, VAV3, and HOPX (the homeobox only protein
homeobox) were upregulated (Fig. 3F; Supplementary Table S4),
which revealed the acquisition of some CSC-like characteristics in
SW480 cells with iNOS knockdown signature. The mechanisms of
iNOS knockdown promoted cancer cell stemness might be provided
by the downregulation of FAT1 gene expression (Fig. 3G), as recent
data show,FAT1 gene deletion enhanced hybrid EMT, tumor stemness
andmetastasis (27). Because LGR5 is a well-known intestinal stem-cell
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marker and its positivity defines stem-like cells in colorectal can-
cer (28, 29), we further analyzed our RNA-seq data and found at least
two putative mechanisms involved in upregulating LGR5 by down-
regulating HNF4A and upregulating GATA6 expression (Fig. 3G;

refs. 30, 31). Together, these results show that iNOS knockdown
promotes the expressions of some key stem-cell markers and suggests
that iNOSdownregulationmay be an intrinsic inducer of stem cell–like
features in colorectal cancer cells.

Figure 2.

iNOS knockdown mediated EMT in SW480 cells. A, SW480-shiNOS and SW480-shControl cells were cultured for 36 hours. iNOS expressions at mRNA and protein
level between SW480-shiNOS and SW480-shControl cells were evaluated byWestern blot (A, top) and qRT-PCR (A, bottom): ���� , P <0.0001. B, the RNA-seq data
were analyzed and the gene expressions of the selected EMTmarkers demonstrated in volcano plot.C, theRNA-seqdatawere analyzedby using IPA, heatmap shows
that EMT-pathway geneswere mediated by iNOS knockdown (n¼ 2).D, SW480-shiNOS and SW480-shControl cells were cultured for 48 hours, the representative
images were taken (Scale bars, 50 mm).
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Knockdown of iNOS induced E-cadherin translocation by
activating GATA4-CRB2 pathway

Although CDH1 (E-cadherin gene) expression was not altered in
RNA-seq (Supplementary Table S3), Western blot analysis showed

the increased expression of E-cadherin in cytoplasm in SW480-
shiNOS1/2 cells (Fig. 4A). As expected, iNOS knockdown increased
N-cadherin expression (Fig. 4A and B). The representative images
of immunofluorescence staining demonstrates that iNOS

Figure 3.

iNOS knockdown regulated the expressions of EMT-TFs and enhanced stem-cell properties.A and B, SW480-shiNOS and SW480-shControl cells were subjected to
culture for 36 hours, and nuclear proteinswere harvested forWestern blot with the indicated antibodies, Lamin A/C as loading control (top); and the total RNAswere
extracted, and SNAI2 expressionwas analyzed by qRT-PCR: �, P < 0.05; �� , P < 0.01 (bottom); the cells for Immunofluorescence staining (B), the corresponding color
represents the staining of TWIST1 andSNAIL2 as indicated. (Scale bars, 20mm).C,DLD1, HT-29, HCT116 andRKOcellswere subjected to seed for 24 hours, and treated
with SNAP, a NO donor (100 mmol/L), or L-NIL, an iNOS inhibitor (100 mmol/L) for 24 hours. Nuclear proteins were harvested for Western blot with the indicated
antibodies (top). Total RNAwas extracted for qRT-PCR: � ,P<0.05; �� ,P<0.01; ��� ,P<0.001; and ���� ,P<0.0001 (bottom).D,HT-29 andHCT116 cellswere subjected
to seed for 24 hours, and treated with SNAP (0, 50, 100, 300, and 500 mmol/L) for 24 hours. Nuclear proteins were harvested for Western blot with the indicated
antibodies. E,APCmutation rates among the selected cancer types based on the analyses of cBioPortal TCGA databases. F, the RNA-seq datawere analyzed and the
expressions of the selected stem-cell markers displayed in volcano plot. G, RNA-seq indicates that knockdown iNOS regulated the gene expressions of promoting
hybrid EMT, cancer stemness, and LGR5 expression.
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knockdown promoted E-cadherin translocation from membrane to
cytoplasm (Fig. 4B). Cytoplasmic re-localization of E-cadherin
implies an early feature of EMT initiation in various EMT mod-
els (22, 32, 33) and the targeting cells might undergo a hybrid

EMT (31). Human GATA4 and GATA6 can also induce an epithelial
to nonpolarized migratory cell transition by downregulation of
apical-protein crumbs2 (CRB2), and similarly this occurs in an
E-cadherin transcription independent manner in a Drosophila

Figure 4.

iNOS knockdown induced E-cadherin translocation from membrane to cytoplasm via iNOS-GATA4-Crb2-E-cadherin pathway. A, SW480-shiNOS and SW480-
shControl cells were cultured for 36 hours, Western blots show the change of E-cadherin localization and N-cadherin expression. B, SW480 cells treated as in A,
immunofluorescence stainingwas conductedwith the indicated antibodies. The representative images show the corresponding color signal representing the staining
of iNOS, E-cadherin, and N-cadherin as indicated in the SW480-shiNOS cells compared with their controls (Scale bars, 25 mm). C, SW480, SW620, SW480-shiNOS,
and SW480-shControl cells were cultured for 36 hours, nuclear or total protein was extracted for Western blot analysis with the indicated antibodies. D, RNA-seq
indicates that the listed gene expressions were regulated by iNOS knockdown. E, 293 cells was transfected with GATA4 gene (2 mg) for 6 h in 35-mm dish, then the
cells treated with SNAP (100 mmol/L) or L-NIL (100 mmol/L) for 24 hours. Representative Immunofluorescence staining images show the green and red signal
representing the staining of GATA4 and SNAIL2, respectively. (Scale bars, 25 mm). F, 293 cells were treated as in E, nuclear or total proteins were collected for
Western blot.
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endodermal-EMT study model (32). Our Western blot analyses
indicate that iNOS downregulation upregulated nuclear GATA4
and downregulated CRB2 expression in SW620 and SW480-
shiNOS2 cells, but not in SW480 and SW480-shControl cells
(Fig. 4C). Similarly, iNOS knockdown transcriptionally upregulated
GATA4 and GATA6, and downregulated CRB2 by RNA-seq (Figs. 3G
and 4D). To further confirm the relationship between iNOS/NO and
GATA4, SNAIL2, TWIST1, andCRB2, we overexpressedGATA4 gene
in 293 cells. The enforced GATA4 can at least induce SNAIL2 and
TWIST1 expressions. This observation implies that iNOS downregu-
lation might induce SNAIL2, TWIST1 and probably the other EMT-
TFS through the activation of GATA4 pathway. We then treated the
overexpressed GATA4 cells with SNAP or L-NIL. SNAP decreased
GATA4, SNAIL2, and TWIST1, but increased CRB2 expression, while
L-NIL increased GATA4, SNAIL2, and TWIST1, but decreased CRB2
expression by immunofluorescence staining (Fig. 4E) and Western
blot (Fig. 4F). These results imply that iNOS knockdown induced
GATA4 and GATA6might depend upon transcriptional repression of
CRB2 expression, leading to disruption of the apico-basal polarity
complex and allowing the E-cadherin translocation frommembrane to
cytoplasm (32). The role of specific GATA factors as EMT inducers
are characterized by affecting E-cadherin localization rather than
transcription, thus, iNOS downregulationmight induce a hybrid EMT
in SW480 cells (33).

Downregulation of iNOS prevented colorectal cancer cells from
anoikis and promoted cell migration and invasion

Cancer cells undergoing EMT and inducing expression of stemness
markers acquire mechanisms to develop anoikis-resistance and met-
astatic potential (34). SW480-shiNOS2 and SW480-shControl cells
were cultured in a suspension culture system and cleaved caspase-9
was used as a marker to evaluate anoikis-induced cell death (35). To
determine the role of iNOS knockdown in preventing anoikis, we
examined for cleaved caspase-9 expression. The detached SW480-
shiNOS2 cells lost the ability to express cleaved caspase-9 compared
with control cells at 72 hours (Fig. 5A). These results demonstrate that
iNOS downregulation-induced EMT might be one mechanism for
colorectal cancer cells to alter cell-fate, resist anoikis, and enhance
aggressive ability.

Next, we explored the characteristics of colorectal cancer
cell movement driven by iNOS/NO in SW480-shiNOS1/2 and
SW480-shControl cells. Unidirectional migration was observed in
wound-healing assay. Typical wound healing at different time points
are shown. iNOS knockdown SW480 cells more likely migrated
compared with their controls in the wound-healing assay with a
time-course manner (Fig. 5B). iNOS knockdown also promoted
migration (Fig. 5C and D) and invasion (Fig. 5C and E) of SW480
cells in Boyden Chamber culture system. Collectively, these results
suggest that iNOS downregulation not only prevents colorectal cancer

Figure 5.

iNOSDownregulation prevented SW480 cells from anoikis and promoted cell migration and invasion.A, SW480-shiNOS and SW480-shControl cellswere subjected
to suspended culture with shaking for 0, 4, 8, 24, 48, and 72 hours, and harvested for Western blot with the indicated antibodies. b-actin as loading controls.
B, confluent monolayers of SW480-shiNOS versus SW480-shControl cells were wounded as shown for 0, 18, and 36 hours to compare the cell motility (scale bars,
25 mm). C, colon cancer cell migration and invasion were regulated by downregulated iNOS gene. The representative images of the migration and invasiveness of
SW480-shiNOS versus SW480-shControl cells, whichwere cultured using Boyden chambers for 4 hours (Scale bars, 200 mm).D and E, the numbers of cell migration
and invasion: �� , P < 0.01 and ��� , P < 0.001 in a comparison of the SW480-shiNOS treated groups with SW480-shControl. This representative experiment was
selected from three with the similar results.
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cell death but promotes cell mobility. These characteristics acquired
from downregulation of iNOS may be beneficial for colorectal cancer
metastasis.

Downregulation of iNOS related to induction of EMT and tumor
metastasis in vivo.

Following local invasion, tumor cells can enter the vasculature and
become CTCs. To determine the relationship between iNOS and EMT
markers inCTCs, we collected and analyzed theCTCs samples from15
patients with CRLM. Immunofluorescence staining show the expres-
sion of EpCAM (epithelial cell adhesion molecule) on the surfaces of
CTCs compared with SW480 cells (Fig. 6A), which reveals that the
CTCs derived from epithelial cells (36). Interestingly, CTCs also
expressed lower iNOS than SW480 cells (Fig. 6A). Of 15 CTC speci-
mens, 14 expressed lower iNOS (Fig. 6B), which indicates that
relatively low iNOS expressionmight be required for CTCs.Moreover,

we detected the expressions of representative EMT markers. CTCs
with the EpCAM signature, CD45-negative and reduced-iNOS
(CTCEpCAMþ/CD45-/iNOS-low) upregulated SNAIL2, TWIST1, ZEB2,
vimentin, fibronectin, and N-cadherin (Fig. 6C). These results suggest
concurrent presence of EMT signature, which might be conferred
stem-cell properties (1), and the relatively low iNOS in the CTCs
implied that iNOS downregulation was also required for the formation
of CTCs and tumor cell migration. As mentioned above, SW480 cells
with iNOS knockdown induced an EMT and acquired stem-cell
properties, colorectal cancer cells in patient might rely on the same
mechanisms to acquire the potential with highly invasive and meta-
static competency to lymph nodes and other organs.

The results of IPA show the transcriptomic profiling of the
components of metastatic pathway including downregulation of
iNOS in heatmap (Fig. 6D). Importantly, this analysis displays
iNOS knockdown correlating with the increased expression of

Figure 6.

iNOS Downregulation promoted EMT and metastasis in vivo. A, SW480 cells and CTCs were cultured on slides for 36 hours and followed Immunofluorescence
staining. The green and red signal represents the staining of iNOS and EpCAM, respectively (Scale bars, 25 mm). B, the percentages of iNOS gene expression among
the CTC samples, n ¼ 15. C, cells treated as in A, the representative images are shown for immunofluorescence staining with the indicated antibodies. EpCAM and
CD45 are the epithelial and immune cell marker, respectively. The corresponding color signal represents the staining as indicated (Scale bars, 25 mm).D, the RNA-seq
data were analyzed by using IPA, heatmap shows the transcriptomic profiling of colorectal cancer metastatic signaling induced by iNOS knockdown.
E, representative H&E images of section from SCID mouse lymph node and stomach bearing metastatic colon cancer of SW480-shiNOS (n ¼ 10) and SW480-
shControl cells (n¼ 10). (Scale bars, 50 mm). F, the statistics of themetastatic tumors between the two groups of experimental mice, P < 0.0055 by Fisher exact test.
G, RNA-seq shows the selected metastasis suppressors were downregulated by iNOS knockdown.
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vascular endothelial growth factor C (VEGFC) and COX2 (PTGS2).
The significance of activating these pathways is considered
to promote angiogenesis, lymphangiogenesis, and metastasis by
orthotopic colorectal tumors in mice (37, 38). To determine
whether primary colon cancer cells with iNOS gene knockdown
(SW480-shiNOS2) triggered colorectal cancer metastasis, we gen-
erated SCID mice models with iNOS knockdown by injecting
SW480-shiNOS2 or SW480-shControl cells. The lymph nodes,
stomach, and other organs were examined 4 weeks after injection.
The representative images of H&E stains of the lymph nodes and
stomach from SW480-shiNOS2 injected mice showed more met-
astatic colon cancers than the control mice, P ¼ 0.0055 (Fig. 6E
and F). These results imply that SW480 cells with iNOS knockdown
undergoing EMT and acquiring colorectal cancer stem-cell prop-
erties are capable of initiating tumors when inoculated into mice.

Metastasis suppressors are recognized by their ability to inhibit
cancer metastasis (39). RNA-seq confirmed iNOS knockdown-
reduced the expressions of a group of metastasis suppressors, such
as CD82 (KAI1), CD44, CDH11 (cadherin 11), GSN (gelsolin),
KISS1, OAS1, and TIMP2 (Fig. 6G). Together, these results dem-
onstrate that iNOS downregulation-induced EMT promotes colo-
rectal cancer cells to acquire more features of CSC to facilitate local
tissue invasion and distant organ metastasis through not only
activating metastasis-promoting processes, but also inhibiting
metastasis suppressors (Fig. 7).

Discussion
Our data with gene expression profiling and other experiments

highlight the following key findings. First, iNOS gene expression is
reversely correlated with colorectal cancer EMT markers in a cancer
type–dependent manner. To our knowledge, this relationship has
not been previously described. Second, downregulation of iNOS

induces a hybrid EMT at least through regulating E-cadherin by
iNOS-GATA4-CRB2-E-cadherin pathway, rather than abolishing
CDH1 expression. Cancer cells undergo a hybrid EMT by the
progressive acquisition of intermediate aspects of EMT which is
controlled by distinct transcriptional and signaling path-
ways (40, 41). Metastatic ability peaks at specific late-hybrid EMT
states, which are aggressively selected from a predominately epi-
thelial ancestral pool (42). Third, downregulation of iNOS increases
cancer cell stemness by inducing CSC-like marker expression. iNOS
knockdown induced-hybrid EMT programs may link to cancerous
epithelial stem cells and allow colorectal cancer cells to acquire stem
cell–like properties (1). LGR5 is an important intestinal stem-cell
marker gene (28). Human LGR5þ colorectal cancer cells serve as
CSCs in growing cancer tissues (29) and reveal self-renewal and
differentiation capacity (43). CSC is also called tumor initiating
cell (TIC), and every cancer cell can become a TIC, which is critical
for metastasis formation (44). Fourth, downregulation of iNOS
promotes colorectal cancer metastatic seeding, tumor formation,
and metastatic growth through upregulating EMT-inducing net-
works, which may play crucial roles in not only promoting colo-
rectal cancer stemness and metastasis, but also contributing to cell
death resistance.

It is interesting that colorectal cancer cells with APC mutation
expressed nuclear-SNAIL2 under the conditions of iNOS inhibition,
but not in colorectal cancer cells with APC wild-type. However,
under the treatment with NO donor, colorectal cancer cells with APC
wild-type expressed nuclear-SNAIL2, but not in the colorectal cancer
cells with APC mutation. On the basis of these analyses we proposed
iNOS downregulation-induced EMT in an APC mutant cell type–
dependent manner.APCmutation plays a key role for the activation of
Wnt/b-catenin pathway for tumorigenesis (45). TCGA database anal-
ysis indicated that APC inactivating mutations have been found in
76.34% primary colorectal cancer samples, compared with 6.74% to

Figure 7.

iNOS Downregulation promotes colorectal cancer EMT
and metastasis. Schematic mechanisms of iNOS down-
regulation promotes colorectal cancer EMT and metas-
tasis based on the current study findings and the path-
wayanalysis of theRNA-seqdataby IPA. In this chart, the
arrow indicates activation, while flat-end line shows
inhibition in signaling pathways. Prior studies showed
that APCmutation inducedWnt/b-catenin pathway was
key for inhibit NF-kB signaling andmaintain iNOS/NO at
a low level Low iNOS expression activates growth factor
pathways (as IPA indicated, the results published by
others are shown in the white background) and Smad4
to upregulate the expression of EMT-TFs and EMT indu-
cers leading to activate EMT. EMT plays key roles for the
induction of cancer cell stemness and anoikis resistance,
all which contribute to cancer metastasis. Meanwhile,
low iNOS/NOalso inhibitsmetastatic suppressors, which
removes the brake on metastases.
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20.94% in other types of cancers (Fig. 3E). iNOS negative correlation
with gene expression of the selected EMT markers has been showed
in colorectal cancer, but not in the other selected cancer types.
Apparently, APC genotype reflecting the phenotypic heterogeneity
of these various hybrid E/M states is seen within the originating
primary tumors. Concerning the relationship between iNOS and
APC, our previous study shows that cytokines did not induce iNOS
expression of SW480 cells, however, reintroducing a wild-type APC
(full length) into SW480 cells, iNOS expression was able to be
induced by cytokines (46). These results imply that APC mutation
activated Wnt/b-catenin pathway, which inhibits NF-kB activity
may be one of the mechanisms contributing to downregulation of
iNOS in colorectal cancer (9, 46). Therefore, we propose that APC
mutation-related downregulation of iNOS induces cancer EMT in a
cell- and/or cancer type–dependent manner.

Gene expressions of epithelial and mesenchymal markers were
likely regulated by EMT-TFs (4). Expression profiling revealed that
at least 14 EMT-TFs and EMT inducers were highly induced following
iNOS knockdown (Fig. 2B). The activated EMT-TFs play oncogenic
roles (40) and compose their networks thereby allowing cells to acquire
mesenchymal characteristics, which involves the simultaneous
decrease or re-localization of membrane E-cadherin and enhanced
expression of N-cadherin (47). This cadherin switch disrupts adherens
junctions and alters cadherin-associated signaling pathways (48).
Alterations in E-cadherin localization and the expression of other
epithelial and mesenchymal markers allow cells to invade, migrate to
the front of cancer and enter the blood circulation, and eventually settle
at distant metastatic sites. The pathway analysis by using IPA shows
that growth factors, especially FGFs/FGFRs signaling pathway exerted
a role in activating EMT-TFs and their pathway networks to regulate
the initiation of EMT and its related CSC-like features, anoikis
resistance and metastasis in colon cancer cells undergoing down-
regulation of iNOS. NO has been shown to attenuate several EMT
transcription factors, growth factors and other signaling molecules
whichmaintain the epithelial morphology and suppress cell migration
and invasion (12).When iNOS is downregulated, the functions of these
signaling components are restored. RNA-seq conferred the gene
expression profiles of iNOS knockdown induced-EMT outline the
intrinsic molecular mechanisms for the initiation of EMT and
metastasis at the gene expression level (Fig. 7), although some
types of EMP stimuli are derived from tumor microenvironment,
cell–cell interactions, therapeutic agents, and the others are from
tumor cells, such as tumor metabolism and genomic or epigenomic

factors (49). However, EMT-induced by a spectrum of therapeutic
agents and modalities had consequences for treatment resis-
tance (49), downregulation of iNOS-induced EMT might be syner-
gized with these therapeutic reagents to further increase therapeutic
resistance. Collectively, this study provides a genomic landscape
of downregulation of iNOS promoting colorectal cancer EMT,
stemness, invasion, and metastasis. The implication of this study
suggests that NO donors might be beneficial to inhibit EMT and
metastasis in APC-mutant colorectal cancer tumors. Another study
indicated that local nitric oxide (NO) production by tumor-
infiltrating myeloid cells is important for adoptively transferred
CD8þ cytotoxic T cells to destroy tumors. These myeloid cells are
phenotypically like iNOS- and TNF-producing dendritic cells (DC),
or Tip-DCs (50). Also, depletion of immunosuppressive colony-
stimulating factor 1 receptor (CSF-1R)-dependent arginase 1þ
myeloid cells enhanced NO-dependent tumor killing. Tumor elim-
ination via NOS2 required the CD40-CD40 L pathway (50).
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