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(NOSTRIN) is an emerging negative regulator
of colon cancer progression
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Abstract

Background: NOSTRIN, abundantly expressed in colon, was reported to be anti-angiogenic, anti-invasive and anti-
inflammatory. NOSTRIN expression was inversely related to survival of pancreatic ductal adeno-carcinoma patients.
Yet its function and regulatory mechanism in CRC remains elusive.

Methods: NOSTRIN's influence on EMT of CRC cells were analysed using realtime PCR array containing the functional
EMT-transcriptome followed by western blotting. Regulation of oncogenic potential of CRC cells by NOSTRIN was
elucidated using soft agar colony formation, trans-well invasion, wound healing and colonosphere formation assays.
Biochemical assays were used to reveal mechanism of NOSTRIN function. Human CRC tissue array was used to test
NOSTRIN mark in control and CRC disease stages.

Results: We showed here that CRC cell lines with less NOSTRIN expression has more invasive and migratory poten-
tial. NOSTRIN affected EMT-associated transcriptome of CRC cells by down regulating 33 genes that were function-
ally annotated to transcription factors, genes important for cell growth, proliferation, migration, cell adhesion and
cytoskeleton regulators in CRC cells. NOSTRIN over-expression significantly reduced soft agar colony formation,
wound healing and cell invasion. In line with this, RNA interference of Nostrin enhanced metastatic potential of CRC
cells. Furthermore, stable overexpression of NOSTRIN in CRC cell line not only curtailed its ability to form colonosphere
but also decreased expression of stemness markers CD133, CD44 and EpCAM. NOSTRIN's role in inhibiting self-
renewal was further confirmed using BrdU incorporation assay. Interestingly, NOSTRIN formed immune-complex with
Cdk1 in CRC cells and aided in increase of inhibitory Y15 and T14 phosphorylation of Cdk1 that halts cytokinesis. These
ex vivo findings were substantiated using human colon cancer tissue array containing cDNAs from patients'samples
with various stages of disease progression. Significant decrease in NOSTRIN expression was found with initiation and
progression of advanced colon cancer disease stages.

Conclusion: We illustrate function of a novel molecule, NOSTRIN in curtailing EMT and maintenance of CRC cell
stemness. Our data validates importance of NOSTRIN mark during onset and disease progression of CRC indicating its
diagnostic potential.
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Background

A highly heterogeneous and the third most prevalent
disease, colorectal cancer (CRC) is globally the fourth
*Correspondence: rupasri@iicb.res.n leading cause of deaths related to cancer [1, 2]. Repro-
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self-renewal and turns on metastatic progression enables
CRC disease progression. Several molecular pathways
and genetic aberrations have already been identified that
contribute to development and metastatic progression of
this disease, yet overall survival rate of colorectal cancer
patients seem to be low [3, 4]. Thus, further identification
of new targets to restrict colon cancer progression as well
as understanding the underlying regulatory mechanisms
that drive metastatic progression and CRC stem cell
self-renewal is a crucial step towards improving patient
outcomes.

NOSTRIN (Nitric Oxide Synthase Trafficking INducer)
is abundantly expressed in colon. It is classically known
as an endothelial cell protein that sequesters eNOS and
inhibits NO production [5]. However, various eNOS
dependent and independent functions of NOSTRIN have
been demonstrated till date [6—9]. Owing to its function
as an adapter protein, NOSTRIN interacts with other
proteins depending on cellular context and exhibits plei-
otropic functions [10-12]. Interestingly, NOSTRIN has
been shown to possess potent anti-angiogenic, anti-inva-
sive and anti-inflammatory functions in endothelial cells
[9]. Besides, NOSTRIN was shown to be involved in inhi-
bition of cell cycle progression [12]. Angiogenesis and
invasion form an integral mechanism of cancer growth
and metastasis [13], and aberrant cell cycle progression
is a hallmark of cancer progression. We, therefore, argued
that NOSTRIN might possess anti-cancer properties in
CRC cells.

Interestingly, NOSTRIN was identified as one of the
36 gene signatures representing prognostic predictor of
clinical outcome in pancreatic ductal adenocarcinoma
(PDAC), wherein NOSTRIN down-regulation was asso-
ciated with poor outcome [14]. Similar results in PDAC
patients were also reported by Wang et al. [15]. In addi-
tion, overexpression of NOSTRIN curtailed cell invasion
and gemcitabine-induced apoptotic cell death in human
pancreatic cancer cell line [15]. NOSTRIN’s ability to
sequester eNOS and consequently its dampening effect
on NO production by endothelial cells has been impli-
cated in cancer progression [16]. Interestingly, com-
bined use of NOS inhibitors with 5-fluorouracil showed
enhanced inhibition of cell proliferation and migration
in CRC cell lines [17]. However, there are no reports
directly linking NOSTRIN with colorectal cancer. Owing
to its abundance in colon and its known functions, we
sought to investigate the role of NOSTRIN in regulating
colorectal cancer.

In this study, we elucidated the role of NOSTRIN using
two CRC cell lines followed by evaluation of NOSTRIN
expression in progressive disease stages of CRC. Two
CRC cell types used in our study reflect molecular altera-
tions and pharmacogenomics of primary tumors [18—20].
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The cell lines belonged to either of the two distinct sub-
groups: a) colon-like (HT29 cells) and b) undifferenti-
ated (HCT116) based on their differential expression in
DNA, RNA and protein levels [21]. HT29 cell line repre-
sent colon-like cell types and are characterized by higher
expression of gastro-intestinal marker genes including
those that represses EMT program and showing more
differentiated property. On contrary, HCT116 cell line
represents undifferentiated subtype and is known to be
more aggressive and poorly differentiated showing up-
regulated EMT signature. Clinically the undifferentiated
subtype is associated with poor prognosis and represents
advanced stages of the disease.

The findings illustrated in this study have broad bio-
logical implications, as enhanced NOSTRIN expression
leading to compromised EMT and decreased stemness
of cancer cells might inhibit tumorigenesis and colorectal
cancer progression. Furthermore, diminished NOSTRIN
mark with CRC disease progression put forth NOS-
TRIN’s potential to be used as a prognostic marker for
CRC.

Methods

Cell culture

Human colorectal cancer cell lines, COLO 205, SW4380,
HCT116, HT29 were obtained from American Type Cul-
ture Collection (USA). HCT116 and HT29 cells were
grown in McCoy’s 5a Medium (Sigma Aldrich, USA);
COLO 205 was grown in RPMI-1640 (Invitrogen, USA)
and SW480 in Lebovitz’s L-15 medium (Sigma Aldrich,
USA) supplemented with 10% Fetal Bovine Serum (Inv-
itrogen, USA) 1% Penicillin-Streptomycin (Invitrogen,
USA) and 1% Glutamax (Invitrogen, USA). These cells
were maintained in presence of 5% CO, at 37°C in a
humidified incubator.

Cloning, characterization of human NOSTRIN cDNA

and generation of stable cell line

RNA was isolated from human term placenta; reverse
transcribed using M-MLV Reverse Transcription kit (Inv-
itrogen, USA). Human term placental tissue sample was
obtained from Calcutta National Medical College & Hos-
pital (CNMC), post-delivery. Full length human Nostrin
(NM_001171631.1) cDNA was amplified from the cDNA
pool using LA-Taq DNA polymerase (TaKaRa, Clontech,
USA). Primers used for full length NOSTRIN were Fwd:
5-AATTAAGCTTATGAGGGACCCACTGACAG-
3’ and Rev.. 5-TAATGGATCCTTATGCCTTTGTAG
CTGTG-3'. The forward primer contained Hind III and
reverse primers contained BamH1 restriction sites. The
amplified cDNAs were cloned using p3XFLAG-CMV-10
(catalogue No.# E7658, Sigma Aldrich, USA) vector fol-
lowing transformation in Mach1™-T1R (Sigma Aldrich,
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USA) cells. Four clones were restriction digested and
confirmed for correct size. Correctness of the sequence
was confirmed by Sanger dideoxy sequencing.

HCT116 cells were transfected with either Nostrin
c¢DNA in p3XFLAG-CMV-10 or the empty vector back-
bone using Lipofectamine (LTX) and Plus reagent (Inv-
itrogen, USA). Transfected cells were grown for 48 h and
were then maintained in 500pg/mlG418 (Invitrogen,
USA) containing complete growth medium for HCT116
cells to select cells with stable Nostrin cDNA integration
followed by cloning of cells using serial dilution method.
Approximately 7-8 clones were then evaluated for Nos-
trin over-expression by quantitative real time PCR. These
clones were then tested for overexpression of NOSTRIN
protein and one of the highest expressing clones were
then selected for further studies. The selected positive
cell clone was cultured for approximately 2months in
300pug/ml G418 containing medium.

Transfection and reagents

NOSTRIN knockdown in HT29 colon cancer cells were
done by transfecting the cells with two pre-validated
silencer select siRNAs targeting the coding region
of human NOSTRIN (Assay ID: s41846 and s41847,
Ambion, USA) using Lipofectamine RNAiMax reagent
(Invitrogen, USA). Cells treated with scramble siRNA
were used as control. siRNA treatment was done in a
dose dependent manner and a concentration of 50nM

Table 1 Primer sequences used for gRT-PCR analysis
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and 100nM were used. Down-regulation was assessed
in transcript level using quantitative real time PCR and
in protein level by western blotting. Further knockdown
experiments were performed using the concentration
showing maximum down-regulation.

RNA isolation & quantitative real-time PCR analysis

Total RNA was isolated from cells using TRIZOL rea-
gent (Invitrogen, USA) as per manufacturer’s proto-
col. Extracted RNA was reverse transcribed using the
M-MLV Reverse Transcription kit (Invitrogen, USA).
Quantitative-real time PCR reaction was set in a 7500
real- time PCR system (Applied Biosystems, USA) with a
10-fold dilution of cDNA and Power SYBR GREEN PCR
Master Mix (Applied Biosystems, USA) using standard
PCR conditions as described previously [9]. Primers used
in this study have been listed in Table 1. Rpl7 was used as
an endogenous control for normalisation of the gene of
interest.

Quantitative RT? Profiler PCR Array

A quantitative real-time PCR-based human EMT RT?
Profiler PCR array (catalogue No. 330231 PAHS-090ZA,
SABiosciences - Qiagen, Germany) was performed as per
the manufacturer’s instruction. Eighty-four SYBR Green-
optimized primers, related to EMT included in the array,
were assessed in a 96-well format. RNeasy mini kit (Qia-
gen, Germany) was used to purify RNA isolated from

Sl. No. Primer name Sequence (5'to 3') Gene Bank Accession no.

1 Vim Fwd CCAGATTCAGGAACAGCATGTC NM_003380
Rev TCAGCAAACTTGGATTTGTACCA

2 Msn Fwd AAGCCCCGGACTTCGTCTT NM_002444
Rev TTCATCTGCTGCACCTCAATG

3 Stat3 Fwd AGTGACTGGTTGTTTCCATTCAGATC NM_003150
Rev GAGCAGCACCTTCAGGATGTC

4 Smad? Fwd GAAATGCCACGGTAGAAATGACA NM_005901
Rev TAGGGTGCCAGCCATATCTC

5 Col3A1 Fwd CGGAAATGATGGTGCTCCTG NM_000090
Rev TGTCTCCTTTGTCACCACCA

6 F1lr Fwd GACACCACCAGACTCGTTTGC NM_016946
Rev GTTGCCGCCTTCCTCAGA

7 ltgas Fwd CTCAGGAACGAGTCAGAATTTCG NM_002205
Rev GTCCTCTATCCGGCTCTTGCT

8 Vecan Fwd GCGGGATTGAAGACACACAAGA NM_004385
Rev CGCTCTGGAGTTGCTATGACTG

9 Nostrin Fwd CAGCACCTCCTCCTTCTCTGA NM_001171631
Rev TGGCTGGGTTGAGGTCTTTG

10 Rpl7 Fwd AATGGCGAGGATGGCAAGA NM_001363737

Rev AAGGCGAAGAAGCTGCAACA
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stable HCT116 cell lines over-expressing either Nostrin
cDNA or empty vector. This was followed by concen-
tration and quality checking of the RNA using a Nano
Drop 2000 Spectrophotometer (Thermo Fisher Scientific,
USA) and fractionation on formaldehyde gel. Genomic
DNA elimination was followed by cDNA synthesis using
an RT? first strand kit (Qiagen, Germany). The real-time
array was then performed using RT? SYBR Green q-PCR
Master Mix (Qiagen, Germany). House-keeping genes
showing no change in both the groups were used for nor-
malization purpose. Online software provided by SABi-
osciences was used to calculate the fold change in gene
expression.

Cell invasion assay

A two chambered cell invasion assay kit (ECM550,
Chemicon, Merck Millipore, USA) was used to analyze
influence of NOSTRIN on cellular invasive activities of
colon cancer cells ex vivo. CRC cells as per experimen-
tal requirement were treated with 10pg/ml mitomycin
C (Sigma, USA) for 2h to inhibit cell proliferation and
washed extensively. The cells were then seeded onto
ECMatrix " containing trans-well inserts (3 x 10* cells/
insert) in serum-free medium. 10% FBS-containing
medium kept in the lower chamber served as chemo
attractant for the cell migration. Cell migration was
allowed for 24h at 37°C in 5% CO, followed by removal
of non-invaded cells from the interior of the inserts using
cotton-tipped swabs. The staining and quantification
of the invaded cells were done as described previously
[9]. Invaded cells were counted in at least five micro-
scopic fields for each of the three biological replicates.
Data represented as mean £ SEM.

Scratch wound assay

Scratch wound assay in CRC cells was performed as
described previously [9]. CRC cells as per experimen-
tal requirement were treated with 10pg/ml mitomycin
C (Sigma, USA) for 2h to inhibit cell proliferation and
washed extensively and cultured to form a confluent
monolayer, which was wounded by scraping with dispos-
able cell combs (cell comb scratch assay kit, Merck Mil-
lipore, USA) to create a “cell-free” area of comparable
width. Any detached cell in the wound area was removed
by DPBS washing and was cultured for 24 h at 37°C in 5%
CO,. Phase contrast images of wounds in multiple fields
were taken using Leica microscope (Leica Microsys-
tems, USA), at time t=0h, immediately after scratching
and also 24h post scratching. The wound-width were
measured by Leica software (LAS X) and the percent-
age wound healing was calculated using the formula [{(L,
— Lyy)/Lo}x 100] where L, represents the length of the
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wound at time t=0h and L,, is the length of the wound
at time t=24h.

Soft agar colony formation assay

CRC cells as per experimental requirement were sus-
pended in Dulbecco’s minimal media (DMEM) with 0.4%
agar (Cytoselect 96-Well Cell Transformation Assay, Cell
Biolabs, USA) and 1x 10* cells/well were seeded into
96-well culture plates containing 0.6% base agar layer.
The cell agar layer was allowed to solidify on the base
agar layer and was overlaid with 100 pl of culture medium
and incubated at 37°C in 5% CO, for 7 days. Media was
changed every 72h of the incubation period. After 7 days
of incubation colonies were visualized using a Leica
microscope (Leica Microsystems) after staining them
with 0.05% crystal violet for 15min. For fluorimetric
quantification, unstained colonies were solubilised com-
pletely using lysis buffer provided in the kit followed by
staining with CyQuant GR dye (1:400). Fluorescence was
recorded on a microplate reader (Perkin Elmer, USA) at
an excitation wavelength of 485 and emission at 520nm
filter set.

Colonosphere formation assay

For colonosphere formation stable HCT116 cell
lines over-expressing either p3xFLAG-CMV' -10 or
p3xFLAG-CMV "-10-NOSTRIN cDNA were trypsinised
using 0.25% trypsin, resuspended in serum-free sphere
forming medium DMEM/Nutrient Mix F-12HAM(1:1)
(Sigma-Aldrich, USA), supplemented with 1X B27 (Inv-
itrogen, USA), 20ng/ml hEGF (Sigma-Aldrich, USA),
10ng/ml bFGF (Sigma-Aldrich, USA), 5pg/ml insulin
(Sigma-Aldrich, USA) and 1% Penicillin-Streptomycin
(Invitrogen, USA). Cells were cultured in 96 well non-
treated cell culture grade plates (Corning, USA) at a den-
sity of 200 cells/well for 8days. Media was changed on
every 3.5days. Colonospheres were harvested on day 8
and evaluated for their number using light microscope
(Leica microsystems). The number of colonosphere with
diameter greater than 50 um formed using control and
NOSTRIN-overexpressed cells were counted in three
replicate wells and the experiment was repeated using
three biological replicates.

BrdU cell proliferation assay

A BrdU cell proliferation kit from Cell Signalling Tech-
nology was used to evaluate effect of NOSTRIN on
HCT116 cell proliferation as described previously [22].
Stable HCT116 cells over-expressing either the control
vector or the Nostrin cDNA were seeded (1 X10* cells/
well) in triplicates in 96-well plates and cultured for 24 h
in the presence of BrdU solution. Cells were then incu-
bated with a fixing/denaturing solution after removing
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the media, at room temperature for 30 min, followed by
incubation of the cells with detection antibody for 1h.
The cells were washed and incubated with HRP-conju-
gated secondary antibody solution for 30 min. Following
washing cells were incubated with tetramethylbenzidine
(TMB) substrate, and finally the reaction was stopped
after 15 min with a STOP solution. Colorimetric quanti-
fication was done by measuring the absorbance at 450 nm
wavelength using a multimode plate reader (PerkinElmer,
USA).

Protein isolation, western blotting

and immunoprecipitation

Stable HCT116 cell lines over-expressing either Nostrin
c¢DNA or empty vector backbone were lysed in radioim-
mune precipitation buffer supplemented with protease
inhibitor mixture (Sigma-Aldrich, USA). Protein concen-
tration for each sample was estimated by using the Bio-
Rad Protein Assay reagent (Bio-Rad, USA).

Sixty to 100ug of total proteins were fractionated by
10-12% SDS-PAGE (Bio-Rad, USA) under reducing con-
dition and were then transferred to PVDF membranes
(Millipore, USA). Following blocking and incubation
with primary and secondary antibody solution using
standard protocol an ECL reagent, Luminata Forte (Mil-
lipore, USA) was used for chemiluminescence signal
detection using Biospectrum 810 imaging system (UVD,
LLC, Upland, CA). Densitometric analysis was done by
NIH Image] software. Three biological replicates were
used for each experiment.

For immunoprecipitation, cell lysates were incubated
with either control isotype-matched IgG or anti-NOS-
TRIN antibody overnight at 4°C to allow formation of
antigen-antibody complex [22]. The antigen-antibody
complex was incubated with Pure Proteome protein-A/G
mix-magnetic beads (Millipore, USA) for 2h at room
temperature. Elution under denaturing conditions using
SDS-PAGE loading buffer was done before gel loading as
per manufacturer’s protocol.

Antibodies

Anti-NOSTRIN (Cat no. ab116374) used at 1:100 dilu-
tion and anti-Versican/VCAN (Cat no. ab19345) anti-
body used at dilution 1:1000 was purchased from abcam,
USA. Anti-SNAI2/SLUG (Cat no. 9585), anti-SMAD?2
(Cat no. 5339), anti-STAT3 (Cat no. 4904), anti-Calde-
smon-1/CALD1 (Cat no. 12503), anti-Jaggedl/JAG1
(Cat no. 2620), anti-Moesin/MSN (Cat no. 3150), anti-
Vimentin/VIM (Cat no. 5741), anti-Integrina5/ITGa5
(Cat no. 4705), anti-E-cadherin/CDH1 (Cat no. 3195),
anti-Integrin-linked protein kinasel/ILK1 (Cat no. 3856),
anti-CD44 (Cat no. 5640), anti-EpCAM (Cat no. 36746),
anti-CD133 (Cat no. 86781) and anti-GAPDH (Cat no.
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2118) antibodies were purchased from Cell Signaling
Technology, USA and was used at 1:1000 dilution. Those
procured from Santa Cruz Biotechnology, USA were
used at 1:250 dilution, which included anti-Collagen type
III Alpha 1 chain/COL3A1 (Cat no. sc-514601), anti-Reg-
ulator of G-protein signalling 2/RGS2 (Cat no. sc-100761)
and anti-Occludin/OCLN (Cat no. sc-133256). anti-Des-
moplakin/DSP (Cat no. A303-355A) and anti-Junctional
adhesion molecule A/F11R (Cat no. A302-891A) anti-
bodies were from Bethyl lab, USA. HRP-conjugated goat
anti-rabbit and goat anti-mouse antibodies purchased
from Bethyl lab, USA were used at 1:10000 dilutions.

Colon cancer stage-specific cDNA array using clinical
samples

Clinical samples across all stages of the disease were
acquired from Origene (USA) as Tissue scan colon cancer
¢DNA array V (Cat No. HCRT105). Colon cancer cDNA
array included 48 samples covering 6 normal, 3 stage I, 14
stage IIA, 2 stage IIB, 8 stage I1IB, 8 stage IIIC and 7 stage
IV whose clinical and pathological features are available
at https://www.origene.com/catalog/tissues/tissuescan/
hcrt105/tissue scan-colon cancer-cdna array-v. Quantita-
tive real-time PCR was performed to measure the expres-
sion of Nostrin in these samples. f-actin was used as an
endogenous control and primers used for B-actin were
Fwd: 5-CAGCCATGTACGTTGCTATCCAGG-3’ and
Rev.: 5-AGGTCCAGACGCAGGATGGCATG-3'. Three
individual array plates were used for assessing transcript
levels of Nostrin. The gene expression of Nostrin among
the different stages of the disease and the normal sample
is represented as 2 Y where ACt = Ctyogrrin - Ctg_actin
for each well.

Statistical analysis

All data were analyzed by unpaired 2-tailed Student’s
t-tests to compare between two independent means,
using at least three independent biological replicates.
Statistical evaluations were done using Graph pad prism
(Version 6.0) software. For all experiments, value of
p<0.05 was considered to be statistically significant.

Results

Colon cancer cell aggressiveness is inversely related

to NOSTRIN expression

Anti-angiogenic potentials of NOSTRIN in endothe-
lial cells [9], its high abundance in colon and its role in
negatively regulating pancreatic ductal cancer aggres-
siveness [15] prompted our investigation on association
of NOSTRIN expression with colon cancer aggressive-
ness. Different CRC cell lines like COLO 205, HT29,
HCT116 and SW480, which serve as effective cellular
model systems [23] were screened for basal NOSTRIN
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expression levels. COLO 205 and HT29 cells have been
categorised as colon like cell types, that expressed higher
levels of gastro-intestinal marker genes, along with the
miRNA known to repress EMT program [21]. HCT116
and SW480 cells however belonged to an undifferenti-
ated category, characterized by upregulation of EMT and
TGEFp induced genes, known to increase tumor initiating
potential of CRC cells [21]. NOSTRIN expression was
higher in differentiated and colon like cell lines COLO
205 and HT29 compared to the undifferentiated HCT116
and SW480 cells (Fig. S1). Based on the miRNA, mRNA
and protein expression studies HCT116 cell line was pre-
viously reported to be more aggressive and undifferenti-
ated compared to HT29 cell line [21, 24]. HCT116 cells
with reduced NOSTRIN expression and HT29 with max-
imum (>2 fold) NOSTRIN expression were chosen for
further studies. Expression of Nostrin transcripts were
approximately 7-fold lower in the more aggressive colon
cancer cell line HCT116 compared to the less aggressive
HT?29 cells (Fig. 1A). Reduced NOSTRIN protein expres-
sion in HCT116 cells compared to HT29 cells corrobo-
rated the transcript levels (Fig. 1B). Biological functional
assays were performed to further ascertain degree of
aggression in HCT116 and HT29 cells.

Invasive capability of cells towards chemo-attractant
was assessed by cell invasion assay. Both the cell lines
were plated separately on trans-well inserts pre-coated
with ECM proteins, collagen & elastin and their ability to
invade the matrix and attach to the bottom of the insert
membrane was scored and quantified. Total number of
invaded cells was less using HT29 cell line compared to
HCT116 as evident from the representative photographic
image (Fig. 1C). There was significant (p <0.05) decrease
of approximately 12% in HT29 cells invasion as com-
pared to HCT116 cells (Fig. 1D). Data is representative
of average cell count per field analysed out of total 5 fields
calculated from each well using three biological repli-
cates. Colorimetric quantification of the stained invaded
cells also showed 50% reduction in absorbance in case of
HT29 compared to the HCT116 cells (Fig. 1E).

Migration potential of both the cancer cell lines was
evaluated using wound healing assay. Photo micro-
graphic images depicting wound at the time of scratching
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(Oh) and 24 h post-wounding in cells are shown in Fig. 1F.
HCT116 cells showed approximately 58% wound heal-
ing following 24 h of scratch wounding compared to only
7.5% healing of HT29 cells (Fig. 1G).

Both the cell lines were further assessed for their
anchorage independent growth potentials by soft agar
colony formation assay. HCT116 cells were found to form
more colonies (Fig. 1H) than HT29. Fluorimetric quanti-
fication of the stained soft agar colonies showed around
97% increase in fluorescence in HCT116 cells compared
to HT29 (Fig. 11).

Functional transcriptome analysis reveals the importance
of NOSTRIN in regulating Epithelial-Mesenchymal
Transition (EMT) associated genes in cancer cells
Our further investigations focused on delineating the
function of NOSTRIN in affecting colon cancer by over-
expressing it in the aggressive HCT116 cell line. HCT116
cells stably over-expressing human Nostrin cDNA or the
corresponding control with empty vector backbone was
established. NOSTRIN over-expression in the HCT116
stable lines was confirmed both in transcript (Fig. 2A)
and protein levels (Fig. 2B) which showed significant
increase in NOSTRIN expression in the over-expressed
group as compared to the control vector expressing ones.
One of the signature events in cancer progression
is EMT, an important contributor towards increased
cancer invasiveness, migration and metastasis [25]. To
assess the downstream effectors of NOSTRIN in EMT
regulation we performed a real-time PCR based human
EMT RT? Profiler Array comparing HCT116 cells over-
expressing NOSTRIN versus control vector. Scatter plot
showed changes in expression patterns of eighty-four
different genes analysed, which are known to promote
EMT (Fig. 2C). Out of the total analysed genes 57 tran-
scripts met the recommended cut-off readings (C, <30)
in one of the two groups. Around 33 transcripts showed
significant change (Fold change >2, p<0.05) between
the two groups analysed in the array (Table 2). The array
showed that there was an overall down-regulation of
the EMT regulators in NOSTRIN over-expressing cells
compared to the control group. The few genes showing
up-regulation in the scatter plot (Fig. 2C) did not meet

(See figure on next page.)

Fig. 1 NOSTRIN expression is inversely related to aggressiveness of colon cancer cells. A Quantitative real time PCR analysis of Nostrin transcript

in colon cancer cell lines HT29, HCT116. B Western blot analysis of NOSTRIN protein levels in colon cancer cell lines HT29, HCT116. The bar graph
adjacent to the blot represents quantification of NOSTRIN protein levels normalized to endogenous control GAPDH using NIH Imagel software. Full
length blots are shown in Fig. S3. C Photomicrograph of invaded HT29 and HCT116 cells from cell invasion assay. Scale bar: 100 um, Magnification:
100X. D Invaded cell count per microscopic field. E. Colorimetric quantification of the invaded cells at the lower surface of the membrane

(n=3). F Representative photo-micrographic images depicting wound closure ability of HT29 and HCT116 cell lines. Magnification used, 50X. G
Quantification of percentage wound closure from a minimum of 5 measurements in each experiment using three different biological replicates. H
Photomicrographs of colonies formed in soft agar by HT29 and HCT 116 cells. Scale bar: 100 um, Magnification: 50X. I Fluorometric quantification of
relative colony formation ability in soft agar of HT29 and HCT116 cells. Data is representative of three independent biological replicates. Error bars
represent standard error of mean from three biological replicates. *p <0.05, ** p<0.01, ***p <0.001
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the recommended cut-off in either the C, values or the
fold regulation and hence was not considered for further
analysis. Only significant up-regulation in the epithe-
lial marker E-cadherin or CDH1 was observed. Based

on the functional annotation, differentially expressed
transcripts were categorised into five major groups that
included a) transcription factors, molecules related to b)
cell migration and motility, c) cytoskeletal regulators, d)
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extracellular Matrix (ECM) & cell adhesion and e) cell
growth and proliferation as summarised in Fig. 2D.

Array data were validated using quantitative real time
PCR taking representative markers from each group
described above (Fig. S2).

Ectopic over-expression of NOSTRIN down regulates
Epithelial-Mesenchymal transition (EMT) signature
proteins in HCT116 cells

Differentially expressed genes identified from the real
time PCR array were further validated by evaluating

protein levels using immuno-blot assay. Proteins corre-
sponding to sixteen out of the thirty-three transcripts in
the array were found to be differentially regulated at the
protein level upon NOSTRIN over-expression in all three
biological replicates (Fig. 3). NOSTRIN over-expression
(Fig. 3A) was found to negatively regulate expression
of the transcription factors SMAD2, SLUG (SNAI2)
and STAT3 (Fig. 3B), that are known to regulate several
EMT related gene expression. There was a simultane-
ous down-regulation of EMT related proteins associated
with cell growth and proliferation that included Integrin
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Table 2 NOSTRIN-induced alteration of transcripts associated with epithelial mesenchymal transition in HCT116 cells

SINo. Genesymbol Accession No. Mean Ct Control Mean Ct NOSTRIN Fold change Gene description

1 COL3A1 NM_000090 2260 25.36 -8.2861 Collagen, type Ill, alpha 1

2 F11R NM_016946 26.56 29.08 -7.0037 F11 receptor

3 CAV2 NM_001233 2646 28.64 -5.5639 Caveolin 2

4 FGFBP1 NM_005130 26.63 28.64 -4.9563 Fibroblast growth factor binding protein 1

5 FN1 NM_002026 26.83 28.63 -4.286 Fibronectin 1

6 PTK2 NM_005607 24.69 26.46 -4.1783 PTK2 protein tyrosine kinase 2

7 MSN NM_002444 2531 2693 -3.7788 Moesin

8 CTNNB1 NM_001904 25.11 26.73 -3.7641 Catenin (cadherin-associated protein), beta 1

9 VIM NM_003380 26.83 28.29 -3.3633 Vimentin

10 TGFB1 NM_000660  26.54 27.96 -3.2979 Transforming growth factor, beta 1

11 TIMP1 NM_003254 25.99 27.38 -3.2095 TIMP metallopeptidase inhibitor 1

12 BMP1 NM_006129 27.88 29.26 -3.1974 Bone morphogenetic protein 1

13 SMAD2 NM_005901 2423 25.60 -3.1776 SMAD family member 2

14 RGS2 NM_002923 23.02 2435 -3.0905 Regulator of G-protein signaling 2

15 SNAI2 NM_003068 29.77 27.95 -2.8814 Snail homolog 2 (Drosophila)

16 BMP7 NM_001719 2859 29.81 -2.846 Bone morphogenetic protein 7

17 ILK1 NM_004517 25.50 26.69 -2.7951 Integrin-linked kinase

18 COL5A2 NM_000393 27.79 2897 -2.778 Collagen, typeV, alpha 2

19 CALD1 NM_004342 2513 26.28 -2.7295 Caldesmon 1

20 OCLN NM_002538 23.79 24.94 -2.7118 Occludin

21 ERBB3 NM_001982 275 2861 -2.6688 V-erb-b2 erythroblastic leukemia viral oncogene
homolog 3 (avian)

22 AHNAK NM_024060 2828 29.38 -2.6367 AHNAK nucleoprotein

23 MAP1B NM_005909 26.82 2791 -261 Microtubule-associated protein 1B

24 ITGAV NM_002210  25.71 26.78 -2.5859 Integrin, alpha V (vitronectin receptor, alpha polypep-
tide, antigen CD51)

25 JAGI1 NM_000214 26.34 2741 -2.567 Jagged 1

26 DSC2 NM_004949 268 2778 -24298 Desmocollin 2

27 KRT19 NM_002276 19.42 20.38 -2.3906 Keratin 19

28 STAT3 NM_003150 24.57 25.53 -2.3831 Signal transducer and activator of transcription 3
(acute-phase response factor)

29 NUDT13 NM_015901 2844 29.38 -2.3525 Nudix (nucleoside diphosphate linked moiety X)-type
motif 13

30 [TGa5 NM_002205 26.88 27.768 -2.2717 Integrin, alpha 5 (fibronectin receptor, alpha poly-
peptide)

31 DSP NM_004415 239 24.74 -2.2066 Desmoplakin

32 VCAN NM_004385 24.34 25.10 -2.0792 Versican

33 CDH1 NM_004360 2763 2573 4.5952 Cadherin 1, type 1, E-cadherin (epithelial)

(See figure on next page.)

Fig. 3 NOSTRIN down-regulates proteins associated with epithelial-mesenchymal transition (EMT) in HCT116 cells. Western-blot analysis of A
NOSTRIN and B-F the differentially regulated EMT marker genes in control and NOSTRIN over-expressing HCT116 cells. Western blots are grouped
based on functional annotation. B Transcription factors: SMAD2, SNAI2 and STAT3. C Proteins involved in cell growth and proliferation, ILK1, RGS2
and OCLN D Proteins involved in cell migration and motility, JAGT, MSN and CALD1 E Proteins associated with extracellular matrix and cell adhesion
molecules COL3AT, ITGa5, F11R, Versican (VCAN) and E-cadherin (CDH1). F Cytoskeleton regulating proteins, Vimentin (VIM) and desmoplakin
(DSP). Quantification of the proteins relative to GAPDH using three biological replicates using NIH ImageJ software has been shown in adjacent bar
graphs. Error bars represent standard error of mean from three independent biological replicates. *p <0.05, **p <0.01. Full length blots are shown in
Fig.S3
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linked kinasel (ILK1), Regulator of G-protein signalling
2 (RGS2) and Occludin (OCLN) (Fig. 3C), along with
those that are involved in cell migration and motility
comprising of Caldesmon (CALD1), Jaggedl (JAG1) and
Moesin (MSN) (Fig. 3D). NOSTRIN over-expression led
to down-regulation of ECM and cell adhesion proteins
that included Collagen type III alphal (COL3A1), Inte-
grin alpha5 (ITGa5), Junctional adhesion molecule A
(F11R) and Versican (VCAN) (Fig. 3E). NOSTRIN over-
expressed HCT116 cells showed increased expression of
the key epithelial marker E-cadherin (CDH1) (Fig. 3E)
belonging to the functional group of ECM and Cell adhe-
sion molecule. Potent mesenchymal marker and cytoskel-
eton regulator Vimentin (VIM) and Desmoplakin (DSP)
were down regulated in NOSTRIN over-expressing cells
(Fig. 3F). NOSTRIN over-expression thus seemed to sup-
press overall molecular signatures of EMT in colon can-
cer cells.

Oncogenic potential of HCT116 cells is abrogated

by NOSTRIN over-expression

Ability of NOSTRIN to down-regulate EMT-associ-
ated genes led to investigation on NOSTRIN’s impact
in regulating the colon cancer cells to undergo malig-
nant transformation. To assess influence of NOSTRIN
on anchorage independent growth soft agar colony for-
mation assay was used. NOSTRIN over-expression in
HCT116 cells was found to inhibit colony growth sig-
nificantly unlike the control group (Fig. 4A). Fluorimetric
quantification of the stained soft agar colonies showed
around 29% reduction in fluorescence upon NOSTRIN
over-expression (Fig. 4B).

NOSTRIN curbed the invasion ability of colon cancer
cells towards chemo-attractant. HCT116 cells ectopically
over-expressing NOSTRIN or the control vector were
plated on Transwell inserts pre-coated with ECM pro-
teins, collagen and elastin. The ability of cells to invade
the matrix and attach to the underside of the trans-well
membrane was scored as well as quantified. Representa-
tive photo-micrographic images of stained cells under-
side the trans-well are shown in Fig. 4C. There was
significant (p<0.01) reduction (19%) in total number of
invaded cells upon NOSTRIN over-expression as com-
pared to control (Fig. 4D). Colorimetric quantification
of the stained invaded cells also showed ~34% reduc-
tion in the absorbance upon NOSTRIN over-expression
(Fig. 4E).

NOSTRIN’s impact on migration potential of the can-
cer cells was assessed by scratch wound assay. Repre-
sentative photo micrographic images depicting wound
at the time of scratching (0h) and 24 h post-wounding in
control vector and NOSTRIN over-expressing HCT116
cells are shown in Fig. 4F. Following scratch wounding,

Page 11 of 20

cells expressing control vector migrated into the wound
and closed nearly 50% of it by 24h whereas, cells over-
expressing NOSTRIN were relatively sluggish and
approximately 39% wound was closed by 24 h (Fig. 4G).

RNA interference of NOSTRIN in HT29 cells enhances its
metastatic potential

Two pre-validated Silencer Select siRNAs targeting
human NOSTRIN coding regions were used to down
regulate Nostrin in HT29 cells. A cocktail of 50nM
(25nM of each siRNAs) was found to be as effective
(60%) as 100nM (50nM each) in down regulating Nostrin
(Fig. 5A). The dosage of 50nM was therefore used in fur-
ther experiments. HT29 cells possess low levels of migra-
tion capacity owing to its low levels of mesenchymal
marker expression [26]. Therefore, the expression levels
of the mesenchymal marker Vim and the cell migration
and motility marker Msn were evaluated by Nostrin RNA
interference in HT29 cells. Reduced Nostrin expression
led to an increase in transcript levels of Vim (25%) and
Msn (40%) in HT29 (Fig. 5B).

The invasive potential of the HT29 cells upon Nos-
trin down-regulation showed remarkable increase as
compared to the control group (Fig. 5C). The no. of
invaded cells increased by 29.6% in Nostrin down-regu-
lated group (Fig. 5D). Colorimetric quantification of the
stained invaded cells also showed a significant (p <0.05)
increase in the absorbance upon Nostrin down-regu-
lation (Fig. 5E). However, migration potential of HT29
cells upon Nostrin down-regulation increased margin-
ally (16%) as compared to control group (8%) as demon-
strated by scratch wound assay (Fig. 5F and G).

Loss of epithelial marker and gain in mesenchymal
markers along with enhanced invasive/migration abil-
ity are hallmarks of EMT. To further analyse the influ-
ence of reduced Nostrin expression on the EMT status of
the HT29 cells, expression levels of few EMT signature
markers were evaluated. NOSTRIN downregulation led
to an increase in the major transcription factors SMAD2
and STAT3 and the potent cell migration and motil-
ity marker MSN (Fig. 5H, I). There was a simultaneous
significant (p<0.001) decrease in the epithelial marker
CDH1 (Fig. 5H, I). Our findings thus clearly confirm role
of NOSTRIN down-regulation in enhancing the meta-
static potential of HT29 cells.

NOSTRIN imparts compromised self-renewal ability

of colon cancer cells and promotes inhibitory CDK
phosphorylation

During cancer progression, a population of cancer cells
possessing self-renewal potentials referred to as cancer
stem cells (CSC) exist that contributes to cancer drug
resistance and disease recurrence [27]. Previous reports
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Fig.4 NOSTRIN curtails invasiveness of colon cancer cells. A Photomicrographs of colonies formed in soft agar by control and NOSTRIN
overexpressing HCT 116 cells. Scale bar: 100 pm, Magnification: 50X. B Fluorometric quantification of relative colony formation ability in soft agar of
control and NOSTRIN over-expressing HCT116 cells. Data is representative of three independent biological replicates. Error bars represent standard
error of mean. C Photomicrograph of invaded control and NOSTRIN over-expressing HCT116 cells from cell invasion assay. Scale bar: 100 um,
Magnification: 100X. D Invaded cell count per microscopic field. E Colorimetric quantification of the invaded cells at the lower surface of the
membrane (n=3). F Representative photo micrographic images depicting wound closure ability of control and NOSTRIN over-expressing HCT116
cells. Magnification: 50X. G Quantification of percentage wound closure from a minimum of 5 measurements in each experiment using three
different biological replicates. Error bars represent standard error of mean from three biological replicates. **p < 0.01, ***p <0.001

(See figure on next page.)

Fig. 5 NOSTRIN down-regulation potentiates the metastatic potential of HT29 cells. A Quantitative real time PCR analysis of Nostrin using RNA from
HT29 cells transfected with either scramble or a cocktail of two Nostrin siRNAs (50 nM or 100 nM). B Quantitative real time PCR analysis of Vimentin
(Vim) and Moesin (Msn) using RNA from HT29 cells transfected with either scramble or 50 nM Nostrin siRNA cocktail. GAPDH was used as an
endogenous control for normalization. C Photo-micrographic images of invaded HT29 cells transfected with either scramble or 50nM Nostrin siRNA
cocktail from cell invasion assay. Scale bar: 100 um, Magnification: 100X. D Invaded cell count per microscopic field. E Colorimetric quantification

of the invaded cells (n = 3). F Representative photo-micrograph depicting wound closure ability of HT29 cells transfected with either scramble or
50nM Nostrin siRNA cocktail. Magnification used, 50X. G Quantification of percentage wound closure 24 h post scratching from a minimum of 5
measurements in each experiment using three different biological replicates. H Western-blot analysis of EMT-associated proteins in control and
NOSTRIN down-regulated HT29 cells. Full length blots are shown in Fig. S3. 1 Quantification of the proteins relative to GAPDH using three biological
replicates using NIH ImageJ software. Error bars represent standard error of mean from three biological replicates. *p < 0.05, **p <0.01, ***p <0.001
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on association of NOSTRIN with Cdkl/cdc2 leading
to inhibition of cell cycle progression [12] prompted
our investigation on effect of NOSTRIN in regulating
stemness of colon cancer cells using colonosphere forma-
tion assay. NOSTRIN abrogated colonosphere formation
ability of HCT116 cells as shown in representative photo
micrographic image (Fig. 6A). Quantification of colono-
sphere formation showed that there was 60% reduction in
sphere formation in NOSTRIN over-expressing HCT116
cells as compared to controls (Fig. 6B).

CSCs are characterized by expression of surface mark-
ers that includes CD133, CD44 and EpCAM which are of
specific relevance to colorectal cancer [27]. NOSTRIN
over-expression was found to down-regulate the potent
CSC surface markers CD133, CD44 and EpCAM (Fig. 6C
and D) in HCT116 cells compared to the control cells.

Cancer cells are characterized by abnormal cell cycle
leading to enhanced cell proliferation and uncontrolled
growth. To assess the effect of NOSTRIN on proliferative
potential of colon cancer cells, BrdU incorporation assay
was performed. Ectopic over-expression of NOSTRIN
in HCT116 cells significantly (p <0.001) decreased BrdU
incorporation by 44% as compared to control (Fig. 6E).

To elucidate the mechanism by which NOSTRIN
might inhibit colon cancer cell proliferation, it was found
NOSTRIN might halt cytokinesis owing to its structural
similarities with Hofl [28]. Besides, previous report
[12] demonstrated that in differentiating trophoblast
cells NOSTRIN interacts with Cdkl, which is a com-
ponent of mitosis promoting factor [29]. Physical inter-
action of NOSTRIN with Cdkl was therefore, tested
in colon cancer cells using immunoprecipitation with
anti-Cdk1 (Cdc2) antibody followed by western blotting
using anti-NOSTRIN antibody. NOSTRIN was found to
form immune-complex with Cdkl and this interaction
was augmented in HCT116 cells overexpressing NOS-
TRIN (Fig. 6F). Phosphorylation on T14 and Y15 resi-
dues of Cdk1 arrests mitosis [30]. In line with this, it was
observed that phosphorylation of both T14 and Y15 resi-
dues of Cdk1 significantly (p<0.001) increased in NOS-
TRIN over-expressing HCT116 cells compared to the
control vector (Fig. 6G and H). Thus, interaction between
NOSTRIN and Cdkl indicated a plausible mechanism
behind increased inhibitory effect on Cdkl and the pro-
liferative potentials of colon cancer cells.

Colon cancer progression through various stages

is associated with reduced NOSTRIN mark

To corroborate our ex vivo findings with in vivo colon
cancer progression, we performed a real time PCR based
human colon cancer cDNA array (OriGene, USA) con-
taining ¢cDNAs from different stages of colon cancer
patients including those from normal colon samples,
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comparing changes in Nostrin transcripts among those
patient samples. Onset of the CRC was found to be asso-
ciated with significantly (p <0.05) reduced Nostrin tran-
scripts as compared to control samples (Fig. 7). Nostrin
transcripts were found to decrease with advancement
of the disease stages reaching its minimal level at stage
IIB (p<0.001), following which it plateaued over stages
IIIB, IIIC and IV. Thus, stages beyond IIB showed similar
reduction in Nostrin levels as stage IIB compared to nor-
mal colon.

Taken together, our findings demonstrate high NOS-
TRIN expression can reduce aggressiveness of colorectal
cancer (CRC) cells through attenuation in the EMT pro-
gramme and their metastatic potentials. Increased NOS-
TRIN expression leads to decreased stemness of cancer
cells. Interaction of NOSTRIN with Cdkl is associated
with increased inhibitory Cdk phosphorylation thereby
restricting cancer cell proliferation. Onset of CRC as well
as disease progression is associated with highly reduced
Nostrin transcripts. The overall regulatory effect of NOS-
TRIN on CRC progression is represented schematically
in Fig. 8.

Discussion

Induction of EMT not only plays an important role
in cancer progression but also is associated with gen-
eration of cancer stem cells [31, 32]. It is evident that a
myriad of genes participates and cooperates with each
other throughout cancer progression. Although the rel-
evance of decreased NOSTRIN expression with disease
progression in pancreatic adenocarcinoma has been well
documented [15], role of NOSTRIN in CRC has not been
reported despite its abundance in colon. Association of
NOSTRIN expression with aggressiveness of colon can-
cer cell lines, the genetic profile of EMT regulated by
NOSTRIN in CRC cells as well as NOSTRIN’s ability in
regulating stemness of CRC are yet to be elucidated. In
this report, we concisely illustrated the regulatory role
of NOSTRIN in CRC progression ex vivo using relevant
CRC cells lines and also elucidated the correlation of
NOSTRIN expression with progression of CRC using
normal colon tissue as control.

Reduced expression of NOSTRIN in the aggressive
HCT116 cells belonging to the undifferentiated cate-
gory compared to the colon-like subtype HT29 cells was
evident from our data. Interestingly, this ex vivo data,
clearly recapitulated with NOSTRIN mark in the patient
samples using cDNA array data. HCT116 represents a
highly aggressive and most commonly used cell line with
no ability to differentiate [24] and hence was chosen to
delineate effect of NOSTRIN over-expression in combat-
ing the disease aggressiveness. Our data clearly put forth
the ability of NOSTRIN in repressing the EMT program.
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Fig.6 NOSTRIN attenuates self-renewal ability of colon cancer cells and promotes inhibitory CDK phosphorylations. A Representative
photomicrographs of colonospheres, (magnification 100X, scale bar= 100 um) formed by control and NOSTRIN over-expressing HCT116 cells. B
Quantification of number of colonospheres formed by control and NOSTRIN over-expressing HCT 116 cells. C Immunoblotting for cancer stem
cell markers CD133, CD44 and EpCAM using proteins from control and NOSTRIN over-expressing HCT 116 cells. Full length blots are shown in Fig.
S3. D Quantification of blots in C using using NIH Image J software. GAPDH was used as endogenous control. E BrdU incorporation assay scoring
cell proliferation in control and NOSTRIN over-expressing HCT116 cells. F Immuno-precipitation (IP) with anti-CDK1 antibody followed by western
blotting using anti-NOSTRIN antibody in control and NOSTRIN over-expressing HCT116 cells. Full length blots are shown in Fig. S3. G Western blot
analysis of p-T14-CDK1, p-Y15-CDK1 and CDK1 using control and NOSTRIN over-expressing HCT 116 cells. GAPDH was used as an endogenous
control. Full length blots are shown in Fig. S3. H Quantification of the phosphoproteins (T14 & Y15) relative to basal CDK1 levels from blots in G

using NIH Image J software. Full length blots are shown in Fig. S3. Error bars represent standard error of mean from three independent biological
replicates. ***p <0.001
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Fig. 7 Expression of Nostrin transcripts in colon cancer patients at
different stages of disease progression. Quantitative real time PCR
analysis of Nostrin transcripts with 144 clinical samples stratified
based on tumour stage using TissueScan'" qPCR array. B-actin was
used as an endogenous control. *p <0.05, ***p <0.001

Our data showed that NOSTRIN effectively repressed
expression of EMT-inducing transcription factors.
SNAI2 was shown to impart 5-FU chemotherapy resist-
ance in CRC patients [33]. Our data on NOSTRIN-
induced suppression of SNAI2 and elevation of
E-cadherin (CDH1) in CRC cells is supported by SNAI2’s
ability to repress transcription of E-cadherin (CDHI)
[34]. STAT3, known to positively regulate EMT enhances
proliferation or reduces apoptosis in various types of can-
cer [35—37] thereby promoting cancer progression. Con-
stitutive activation of STAT3 in colon cancer cells leads
to cell proliferation and tumor growth [38]. Thus, NOS-
TRIN-mediated decrease in STAT3 expression could be
just another step towards reduced colon cancer aggres-
siveness. Activation of TGF-Pl-mediated SMAD2/3
signalling has been reported to induce EMT thereby
promoting carcinogenesis in Oesophageal Squamous
Cell Carcinoma patients [39]. Our data on NOSTRIN-
mediated down regulation of SMAD?2 thereby indicates
significance of NOSTRIN in down-regulating EMT in
CRC cells.

Regulators of cell growth and proliferation plays a very
important role in inducing EMT that includes Integrin
linked kinasel (ILK1), Occludin (OCLN) and Regulator
of G-protein signalling 2 (RGS2). ILK1 over-expression
has been reported to be responsible for aggressive fea-
tures and chemo-resistance in human colon cancer [40].
Inhibition of Occludin led to decreased cell proliferation,
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invasion, migration and induced apoptosis in lung can-
cer cells [41]. Similarly, RGS2 was shown to be up-reg-
ulated in the patients with early onset colorectal cancer
[42]. Our data on NOSTRIN-induced down-regulation
of ILK1, Occludin and RGS2, therefore, re-confirm NOS-
TRIN’s role in suppressing CRC progression.

EMT is characterized by significant changes in
cytoskeletal organization accompanied by enhanced
expression of actin associated proteins that regulate vari-
ous functions of cell motility. Caldesmon (CALD1) is one
such actin linked regulatory protein that is up-regulated
following EMT induction [43]. Enhanced expression of
CALD1 imparts resistance to chemotherapeutic drug
(5-FU) and radiation treatment in colorectal cancer cells
[44]. Moesin (MSN) belonging to ERM family of pro-
teins has been shown to be associated with progression
of different cancer types including papillary thyroid car-
cinomas [45], glioblastoma tumors [46], pancreatic can-
cers [47] and colorectal carcinoma [48]. Elevated JAG1
leads to abnormal up-regulation of its receptor Notch-1
accompanied by inhibition of tumor cell apoptosis, devel-
opment and metastasis of tumors [49]. In line with this,
our data on NOSTRIN-induced down- regulation of
CALD1, JAG1 and MSN indicate NOSTRIN's inhibitory
function in CRC.

Extracellular matrix (ECM) proteins play a very impor-
tant role in regulating EMT program affecting tissue
remodelling and cancer tumorigenesis [50]. Collagen
type III (COL3A1) has been reported to promote cell
proliferation, metastasis and invasion [51, 52] and is
increased in colorectal cancer patients [53]. Similarly,
Integrin alpha 5 (ITGa5) expression is enhanced with
higher CRC progression, metastasis, decreased cell apop-
tosis [54] and increased EMT [55]. RNA-Seq data of the
Cancer Genome Atlas cohort correlated high expression
of ITGa5 with poor overall survival in colorectal adeno-
carcinoma that was further confirmed in an independent
study of 355 patients [56]. Junctional adhesion molecule
A or F11R being an important junctional adhesion mol-
ecule is known to play a vital role in cell migration, inva-
sion and adhesion contributing to carcinogenesis [57]
and has been reported to be over-expressed in kidney,
lung, and breast tumor tissues [58]. Another important
ECM protein, Versican (VCAN) is known to be up-
regulated in a wide range of cancers [59] and has been
reported as a strong prognostic marker in stages II and
III colon cancer [59, 60]. NOSTRIN-mediated down-reg-
ulation of these important ECM and cell adhesion mol-
ecules as evident from our present study clearly indicates
the significance of NOSTRIN in limiting the EMT pro-
gram in CRC cells.

Mesenchymal marker Vimentin up-regulation is
considered to be one of the best indicators of EMT in
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relation with the colon cancer aggressiveness and hence ectopic over-expression of NOSTRIN leads to reduction in their aggressive phenotype
as evident from alterations in the EMT programme, invasive, migratory and stemness properties. Interaction of NOSTRIN with CDK1 leading to

increased inhibitory CDK1 phosphorylation stalls aberrant cell cycle proliferation in colon cancer cells and presumably their stemness. Reduced

Nostrin mark is a hallmark of CRC disease progression

tumorigenesis [61]. Evidences support role of Vimentin
over-expression in stimulating metastasis and invasion
in colorectal cancer [62]. Our data showing NOSTRIN-
induced suppression of the mesenchymal marker Vimen-
tin further confirms NOSTRIN-mediated suppression of
EMT in CRC cells.

Ectopic over-expression of NOSTRIN in HCT116 cells
not only restricted the EMT program, but also reduced
the oncogenic potentials of the cells. Thus, NOSTRIN
over-expression led to decrease in the migration, inva-
sion and the anchorage independent growth potentials
of the aggressive HCT116 cells. The protective role of
NOSTRIN was further re-affirmed by RNA interfer-
ence of Nostrin in HT29 cells. Functional assays reported

here demonstrated that Nostrin down-regulation could
effectively enhance the aggressiveness of the HT29 cells.
NOSTRIN down-regulation caused up-regulation of the
mesenchymal markers with decrease in the potent epi-
thelial marker CDHI1. Thus, NOSTRIN expression level
determines the extent of CRC aggressiveness.

A direct link between EMT and gain of epithelial stem
cell property has been reported earlier [32]. EMT and
cancer stem cells together contribute to a more aggres-
sive, metastatic tumor progression [63, 64]. Interestingly,
our data demonstrated that NOSTRIN over-expression
not only suppressed EMT program, but it also led to
reduction in colonosphere forming ability and cancer
stem cell marker expression in the colon cancer cells.
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CD44, a cancer stem cell marker has been reported to get
over-expressed in colorectal adenomas thereby driving
them towards carcinoma [65, 66]. Another well known
CSC marker is EpCAM expressed by cancers of epithe-
lial origin and its over-expression is associated with poor
survival and advanced disease stage [27]. EpCAMhigh/
CD44" population were shown to be more effective in
developing tumours in non-obese diabetic/SCID mice
[65]. Our data corroborates with these findings demon-
strating that NOSTRIN could effectively down-regulate
expression of both these potent stem cell markers, CD44
and EpCAM. These observations clearly suggest potential
role of NOSTRIN in negatively regulating colon cancer
progression by suppressing both the EMT program and
the colon cancer stem cell properties.

Our data on NOSTRIN’s ability to decrease the pro-
liferative potential of HCT116 colon cancer is rather
intriguing. Structural similarity of NOSTRIN with yeast
E-BAR protein HOF1, a potent cytokinesis and mitosis
promoting complex inhibitor [27] supports our observa-
tion. This is in line with our data on NOSTRIN’s ability
to interact with Cdkl and thereby increase in inhibitory
phosphorylation of T14 and Y15 residues of Cdkl. This
data signifies destabilising effects of NOSTRIN over-
expression on mitosis promoting complex.

Our data on human patient samples established a
negative correlation between NOSTRIN expression and
advanced disease stages of colon cancer. Patients with
early stage colon cancer i.e. stage I & IIA, where accord-
ing to the surgical stage grouping the cancer is restricted
to the walls of the colon and has not spread to nearby
lymph nodes or distant organs, showed higher NOS-
TRIN expression compared to advanced disease stages
i.e. stage IIB, IIIB, IIIC (our data), where the tumor has
spread to nearby lymph nodes & stage IV where the
tumor has also spread to some distant organs along with
the lymph nodes. The array data further established that
there is remarkable decrease in NOSTRIN expression
right at the onset of the disease as it was evident from
our results that early stages of the colon cancer showed
reduced NOSTRIN expression compared to the normal
colonic samples indicating its probable role as a marker
of disease aggressiveness.

Conclusion

This report established a significant role of NOSTRIN
in inhibiting a) EMT, b) metastatic potential and c) self-
renewal of CRC cells. It can be inferred from our data
that remarkable down-regulation of NOSTRIN expres-
sion marks the onset of CRC. In addition, CRC disease
progression is associated with very low levels of NOS-
TRIN expression. We predict that NOSTRIN mark may
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be used as an early marker for colorectal cancer progres-
sion and metastasis.

Abbreviations

NOSTRIN: Nitric-Oxide Synthase trafficking inducer; CRC: Colorectal cancer;
EMT: Epithelial-mesenchymal transition; CD133: Prominin-1; CD44: CD44
molecule (Indian Blood Group); EpCAM: Epithelial cell adhesion molecule;
BrdU: Bromodeoxyuridine; Cdk1: Cyclin-dependent kinase-1; Y15: Tyrosine-15;
T14: Threonine-14; cDNA: complimentary DNA; eNOS: Endothelial Nitric Oxide
Synthase; NO: Nitric oxide; PDAC: Pancreatic ductal adenocarcinoma; CO,:
Carbon dioxide; M-MLV: Moloney Murine Leukemia virus; G418: Geneticin;
PCR: Polymerase chain reaction; Fwd: Forward; Rev.: Reverse; ECM: Extracellular
matrix; FBS: Fetal bovine serum; SEM: Standard error mean; DPBS: Dulbecco's
phosphate buffered saline; TMB: Tetramethylbenzidine; ECL: Enhanced chemi-
luminiscence; IP: Immunoprecipitation; VCAN: Versican; SNAI2: Snail family
transcriptional repressor 2; SMAD2: SMAD family member 2; STAT3: Signal
transducer and activator of transcription 3; CALD1: Caldesmon 1; JAG1: Jag-
ged1; MSN: Moesin; VIM: Vimentin; CDH1: Cadherin1; [TGa5: Integrina5; ILK1:
Integrin-linked protein kinase1; COL3A1: Collagen type Il Alpha 1 chain; RGS2:
Regulator of G-protein signalling; OCLN: Occludin; DSP: Desmoplakin; F11R:
Junctional adhesion molecule A; HRP: Horseradish peroxidase; miRNA: Micro
RNA; CSC: Cancer stem cell; Cdc2: Cell division cycle protein 2; Hof1: Homo-
logue of fifteen; FU: Fluorouracil; SCID: Severe combined immunodeficiency.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512885-022-09670-6.

Additional file 1: Fig. S1. NOSTRIN protein expression in various CRC
cell lines. A. Western-blot analysis of NOSTRIN in different CRC cell lines. B.
Quantification of the protein bands from (A) using NIH Image J software.
GAPDH was used as endogenous control. Error bars represent standard
error of mean from three independent biological replicates. **p <0.01,
05 20,001,

Additional file 2: Fig. S2. Influence of NOSTRIN on EMT signature tran-
scripts in HCT116 cells. A. Quantitative real time PCR analysis of Smad?,
Stat3, Vim, Msn, Col3al, Itgas, F11rand Vcan using RNA from HCT116 cells
transfected with either control vector of Nostrin cDNA. GAPDH was used
as an endogenous control for normalization. Error bars represent standard
error of mean from three independent biological replicates. *p < 0.05,
***p<0.001.

Additional file 3: Fig. S3. Original full-length blots are compiled and
shown along with their corresponding cropped versions.

Acknowledgements

This work was supported by seed grant from Council of Scientific and Indus-
trial Research-Indian Institute of Chemical Biology. Financial support from
Department of Biotechnology-Research Associateship programme in Biotech-
nology and Life Sciences to Dr. Madhurima Paul is gratefully acknowledged.

Authors’ contributions

MP and RA designed research. MP performed the experiments with help of
TKG. PD helped MP in doing experiments during revision of the manuscript.
Research funding was provided by RA. Data were analysed by MP and RA. First
draft of the manuscript was written by MP. Manuscript was revised and final-
ized by RA. All authors read and approved the final version of the manuscript.

Funding

Fellowship of MP was provided by Department of Biotechnology-Research
Associateship programme. Fellowship of TKG and PD were provided by
Council of Scientific and Industrial Research fellowship and University Grants
Commission, respectively. Research funds were provided by seed grant to RA
from Council of Scientific and Industrial Research-Indian Institute of Chemical
Biology. The funding bodies played no role in the design of the study and col-
lection, analysis, and interpretation of data and in writing the manuscript.


https://doi.org/10.1186/s12885-022-09670-6
https://doi.org/10.1186/s12885-022-09670-6

Paul et al. BMC Cancer (2022) 22:594

Availability of data and materials
Data and materials are available on request from the corresponding author.

Declarations

Ethics approval and consent to participate

Written informed consent was obtained from the donor. All experimental
protocols that used human tissue were approved by Institutional Ethics
Committee for Human Research, Calcutta National Medical College, India in
accordance with the relevant guidelines and regulations set forward by Indian
Council of Medical Research (http://icmr.nic.in/human_ethics.htm).

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no conflict of interest that would prejudice
the impartiality of this scientific work.

Received: 25 July 2021 Accepted: 17 May 2022
Published online: 31 May 2022

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.
2020;70:7-30.

2. Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, et al.
Cancer incidence and mortality worldwide: sources, methods and major
patterns in GLOBOCAN 2012. Int J Cancer. 2015;136:E359-E86.

3. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D,
et al. ESMO consensus guidelines for the management of patients with
metastatic colorectal cancer. Ann Oncol. 2016;27:1386-422.

4. KatoT,YasuiK, Hirai T, Kanemitsu Y, Mori T, Sugihara K, et al. Therapeutic
results for hepatic metastasis of colorectal cancer with special reference
to effectiveness of hepatectomy: analysis of prognostic factors for 763
cases recorded at 18 institutions. Dis Colon Rectum. 2003;46:522-31.

5. Zimmermann K, Opitz N, Dedio J, Renne C, Muller-Esterl W, Oess S.
NOSTRIN: a protein modulating nitric oxide release and subcellular
distribution of endothelial nitric oxide synthase. Proc Natl Acad Sci U S A.
2002;,99:17167-72.

6. Icking A, Matt S, Opitz N, Wiesenthal A, Muller-Esterl W, Schilling K. NOS-
TRIN functions as a homotrimeric adaptor protein facilitating internaliza-
tion of eNOS. J Cell Sci. 2005;118:5059-69.

7. Schilling K, Opitz N, Wiesenthal A, Oess S, Tikkanen R, Mdiller-Esterl W,
et al. Translocation of endothelial nitric-oxide synthase involves a ternary
complex with caveolin-1 and NOSTRIN. Mol Biol Cell. 2006;17:3870-80.

8. ChoiYJ, Cho SY, Kim HW, Kim JA, Bae SH, Park SS. Cloning and characteri-
zation of mouse disabled 2 interacting protein 2, a mouse orthologue of
human NOSTRIN. Biochem Biophys Res Commun. 2005;326:594-9.

9. Chakraborty S, Ain R. Nitric-oxide synthase trafficking inducer is a pleio-
tropic regulator of endothelial cell function and signaling. J Biol Chem.
2017;292:6600-20.

10. Kovacevic |, Hu J, Siehoff-Icking A, Opitz N, Griffin A, Perkins AC, et al.
The F-BAR protein NOSTRIN participates in FGF signal transduction and
vascular development. EMBO J. 2012;31:3309-22.

11. Kovacevic |, Miller M, Kojonazarov B, Ehrke A, Randriamboavonijy V,
Kohlstedt K, et al. The F-BAR Protein NOSTRIN Dictates the Localization of
the Muscarinic M3 Receptor and Regulates Cardiovascular Function. Circ
Res. 2015;117:460-9.

12. Chakraborty S, Ain R. NOSTRIN: A novel modulator of trophoblast giant
cell differentiation. Stem Cell Res. 2018;31:135-46.

13. Nishida N, Yano H, Nishida T, Kamura T, Kojiro M. Angiogenesis in cancer.
Vasc Health Risk Manag. 2006;2:213-9.

14. Haider S, Wang J, Nagano A, Desai A, Arumugam P, Dumartin L, et al.

A multi-gene signature predicts outcome in patients with pancreatic
ductal adenocarcinoma. Genome Med. 2014;6:105.

15. Wang J,Yang S, He P, Schetter AJ, Gaedcke J, Ghadimi BM, et al.

Endothelial Nitric Oxide Synthase Traffic Inducer (NOSTRIN) is a

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 19 of 20

Negative Regulator of Disease Aggressiveness in Pancreatic Cancer.
Clin Cancer Res. 2016;22:5992-6001.

. Glynn SA. Emerging novel mechanisms of action for nitric oxide in

cancer progression. Curr Opin Physiol. 2019;9:18-25.

. GaoY, Zhou S, Xu'Y, Sheng S, Qian SY, Huo X. Nitric oxide synthase

inhibitors 1400W and L-NIO inhibit angiogenesis pathway of colorectal
cancer. Nitric Oxide. 2019;83:33-9.

. Ahmed D, Eide PW, Eilertsen IA, Danielsen SA, Eknaes M, Hektoen M,

et al. Epigenetic and genetic features of 24 colon cancer cell lines.
Oncogenesis. 2013;2:e71.

. Mouradov D, Sloggett C, Jorissen RN, Love CG, Li S, Burgess AW, et al.

Colorectal cancer cell lines are representative models of the main
molecular subtypes of primary cancer. Cancer Res. 2014;74:3238-47.
Lind GE, Thorstensen L, Lavig T, Meling GI, Hamelin R, Rognum TO, et al.
A CpG island hypermethylation profile of primary colorectal carcino-
mas and colon cancer cell lines. Mol Cancer. 2004;3:28.

Berg KCG, Eide PW, Eilertsen IA, Johannessen B, Bruun J, Danielsen

SA, et al. Multi-omics of 34 colorectal cancer cell lines - a resource for
biomedical studies. Mol Cancer. 2017;16:116.

Chakraborty S, Bose R, Islam S, Das S, Ain R. Harnessing Autophagic
Network Is Essential for Trophoblast Stem Cell Differentiation. Stem
Cells Dev. 2020;29:682-94.

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson
C, et al. The consensus molecular subtypes of colorectal cancer. Nat
Med. 2015;21:1350-6.

Yeung TM, Gandhi SC, Wilding JL, Muschel R, Bodmer WF. Cancer stem
cells from colorectal cancer-derived cell lines. Proc Natl Acad Sci U S A.
2010;,107:3722-7.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
J Clin Invest. 2009;119:1420-8.

Druzhkova I, Shirmanova M, Ignatova N, Dudenkova V, Lukina M,
Zagaynova E, et al. Expression of EMT-Related Genes in Hybrid E/M
Colorectal Cancer Cells Determines Fibroblast Activation and Collagen
Remodeling. Int J Mol Sci. 2020;21:8119.

Munro MJ, Wickremesekera SK, Peng L, Tan ST, Itinteang T. Cancer stem
cells in colorectal cancer: a review. J Clin Pathol. 2018;71:110-6.
Meitinger F, Boehm ME, Hofmann A, Hub B, Zentgraf H, Lehmann WD,
et al. Phosphorylation-dependent regulation of the F-BAR protein Hof1
during cytokinesis. Genes Dev. 2011;25:875-88.

Wang M, Nishihama R, Onishi M, Pringle JR. Role of the Hof1-Cyk3
interaction in cleavage-furrow ingression and primary-septum forma-
tion during yeast cytokinesis. Mol Biol Cell. 2018;29:597-609.

Potapova TA, Daum JR, Byrd KS, Gorbsky GJ. Fine tuning the cell cycle:
activation of the Cdk1 inhibitory phosphorylation pathway during
mitotic exit. Mol Biol Cell. 2009;20:1737-48.

. Singla M, Kumar A, Bal A, Sarkar S, Bhattacharyya S. Epithelial to

mesenchymal transition induces stem cell like phenotype in renal cell
carcinoma cells. Cancer Cell Int. 2018;18:57.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The
epithelial-mesenchymal transition generates cells with properties of
stem cells. Cell. 2008;133:704-15.

Findlay VJ, Wang C, Nogueira LM, Hurst K, Quirk D, Ethier SP, et al. SNAI2
modulates colorectal cancer 5-fluorouracil sensitivity through miR145
repression. Mol Cancer Ther. 2014;13:2713-26.

Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev
Cancer. 2007;7:415-28.

Benekli M, Xia Z, Donohue KA, Ford LA, Pixley LA, Baer MR, et al.
Constitutive activity of signal transducer and activator of transcription
3 protein in acute myeloid leukemia blasts is associated with short
disease-free survival. Blood. 2002;99:252-7.

Niu G, Bowman T, Huang M, Shivers S, Reintgen D, Daud A, et al. Roles
of activated Src and Stat3 signaling in melanoma tumor cell growth.
Oncogene. 2002;21:7001-10.

Masuda M, Suzui M, Yasumatu R, Nakashima T, Kuratomi Y, Azuma

K, et al. Constitutive activation of signal transducers and activators

of transcription 3 correlates with cyclin D1 overexpression and may
provide a novel prognostic marker in head and neck squamous cell
carcinoma. Cancer Res. 2002;62:3351-5.


http://icmr.nic.in/human_ethics.htm

Paul et al. BMC Cancer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2022) 22:594

Corvinus FM, Orth C, Moriggl R, Tsareva SA, Wagner S, Pfitzner EB, et al.
Persistent STAT3 activation in colon cancer is associated with enhanced
cell proliferation and tumor growth. Neoplasia. 2005;7:545-55.

Pang L, Li Q Wei C, Zou H, Li SG, Cao W, et al. TGF-31/Smad signaling
pathway regulates epithelial-to-mesenchymal transition in esophageal
squamous cell carcinoma: in vitro and clinical analyses of cell lines and
nomadic kazakh patients from Northwest Xinjiang, China. PLoS One.
2014;9:2112300.

Tsoumas D, Nikou S, Giannopoulou E, Tsaniras SC, Sirinian C, Maroulis |,
et al. ILK expression in colorectal cancer is associated with EMT, cancer
stem cell markers and chemoresistance. Cancer Genomics Proteomics.
2018;15:127-41.

Wang M, Liu'Y, Qian X, Wei N, Tang Y, Yang J. Downregulation of occludin
affects the proliferation, apoptosis and metastatic properties of human
lung carcinoma. Oncol Rep. 2018;40:454-62.

Zhao B, Baloch Z, Ma Y, Wan Z, Huo Y, Li F, et al. Identification of potential
key genes and pathways in early-onset colorectal cancer through bioin-
formatics analysis. Cancer Control. 2019;26:1073274819831260.

Nalluri SM, O'Connor JW, Virgi GA, Stewart SE, Ye D, Gomez EW. TGF@31-
induced expression of caldesmon mediates epithelial-mesenchymal
transition. Cytoskeleton (Hoboken). 2018;75:201-12.

Kim KH, Yeo SG, Kim WK, Kim DY, Yeo HY, Hong JP, et al. Up-regulated
expression of /-caldesmon associated with malignancy of colorectal
cancer. BMC Cancer. 2012;12:601.

Brown LM, Helmke SM, Hunsucker SW, Netea-Maier RT, Chiang SA, Heinz
DE, et al. Quantitative and qualitative differences in protein expression
between papillary thyroid carcinoma and normal thyroid tissue. Mol
Carcinog. 2006;45:613-26.

Zhu X, Morales FC, Agarwal NK, Dogruluk T, Gagea M, Georgescu MM.
Moesin is a glioma progression marker that induces proliferation and
Wnt/f-catenin pathway activation via interaction with CD44. Cancer Res.
2013;73:1142-55.

Piao J, Liu S, XuY,Wang C, Lin Z, QinY, et al. Ezrin protein overexpression
predicts the poor prognosis of pancreatic ductal adenocarcinomas. Exp
Mol Pathol. 2015;98:1-6.

Kim CY, Jung WY, Lee HJ, Kim HK, Kim A, Shin BK. Proteomic analysis
reveals overexpression of moesin and cytokeratin17 proteins in colorectal
carcinoma. Oncol Rep. 2012;27:608-20.

RodillaV, Villanueva A, Obrador-Hevia A, Robert-Moreno A, Fernandez-
Majada V, Grilli A, et al. Jagged1 is the pathological link between Wnt
and Notch pathways in colorectal cancer. Proc Natl Acad Sci U S A.
2009;106:6315-20.

Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in devel-
opment and disease. Nat Rev Mol Cell Biol. 2014;15:786-801.

Maehata Y, Takamizawa S, Ozawa S, Izukuri K, Kato Y, Sato S, et al. Type Il
collagen is essential for growth acceleration of human osteoblastic cells
by ascorbic acid 2-phosphate, a long-acting vitamin C derivative. Matrix
Biol. 2007;26:371-81.

Su B, Zhao W, Shi B, Zhang Z, Yu X, Xie F, et al. Let-7d suppresses growth,
metastasis, and tumor macrophage infiltration in renal cell carcinoma by
targeting COL3A1 and CCL7. Mol Cancer. 2014;13:206.

Wang XQ, Tang ZX, Yu D, Cui SJ, Jiang YH, Zhang Q, et al. Epithelial but not
stromal expression of collagen alpha-1(lll) is a diagnostic and prognostic
indicator of colorectal carcinoma. Oncotarget. 2016;7:8823-38.

Yu M, Chu S, Fei B, Fang X, Zhuo L. O-GIcNAcylation of ITGAS facilitates
the occurrence and development of colorectal cancer. Exp Cell Res.
2019;382:111464.

Nam EH, Lee Y, Moon B, Lee JW, Kim S. Twist1 and AP-1 cooperatively
upregulate integrin a5 expression to induce invasion and the epithelial-
mesenchymal transition. Carcinogenesis. 2015;36:327-37.

Lu L, Xie R, Wei R, Cai C, Bi D, Yin D, et al. Integrin a5 subunit is required
for the tumor supportive role of fibroblasts in colorectal adenocarci-
noma and serves as a potential stroma prognostic marker. Mol Oncol.
2019;13:2697-714.

Zhao C, Lu F, Chen H, Zhao X, Sun J, Chen H, et al. Dysregulation of JAM-A
plays an important role in human tumor progression. Int J Clin Exp
Pathol. 2014;7:7242-8.

McSherry EA, McGee SF, Jirstrom K, Doyle EM, Brennan DJ, Landberg G,
et al. JAM-A expression positively correlates with poor prognosis in breast
cancer patients. Int J Cancer. 2009;125:1343-51.

59.

60.

61.

62.

63.

64.

65.

66.

Page 20 of 20

Ricciardelli C, Sakko AJ, Ween MP, Russell DL, Horsfall DJ. The biological
role and regulation of versican levels in cancer. Cancer Metastasis Rev.
2009;28:233-45.

Chida S, Okayama H, Noda M, Saito K, Nakajima T, Aoto K, et al. Stromal
VCAN expression as a potential prognostic biomarker for disease recur-
rence in stage Il-ll colon cancer. Carcinogenesis. 2016;37:878-87.
Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transi-
tions. J Clin Invest. 2009;119:1429-37.

Rashed HE. Prognostic significance of the genetic and the immunohisto-
chemical expression of epithelial-mesenchymal-related markers in colon
cancer. Cancer Biomarkers. 2017,20:107-22.

Boesch M, Spizzo G, Seeber A. Concise review: aggressive colorectal
cancer: role of epithelial cell adhesion molecule in cancer stem cells

and epithelial-to-mesenchymal transition. Stem Cells Transl Med.
2018;7:495-501.

Zheng HC. The molecular mechanisms of chemoresistance in cancers.
Oncotarget. 2017,8:59950-64.

Dalerba P, Dylla SJ, Park IK, Liu R, Wang X, Cho RW, et al. Phenotypic char-
acterization of human colorectal cancer stem cells. Proc Natl Acad Sci U S
A.2007;104:10158-63.

Du L, Wang H, He L, Zhang J, Ni B, Wang X, et al. CD44 is of func-

tional importance for colorectal cancer stem cells. Clin Cancer Res.
2008;14:6751-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Nitric-Oxide Synthase trafficking inducer (NOSTRIN) is an emerging negative regulator of colon cancer progression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture
	Cloning, characterization of human NOSTRIN cDNA and generation of stable cell line
	Transfection and reagents
	RNA isolation & quantitative real-time PCR analysis

	Quantitative RT2 Profiler PCR Array
	Cell invasion assay
	Scratch wound assay
	Soft agar colony formation assay
	Colonosphere formation assay
	BrdU cell proliferation assay
	Protein isolation, western blotting and immunoprecipitation
	Antibodies
	Colon cancer stage-specific cDNA array using clinical samples
	Statistical analysis

	Results
	Colon cancer cell aggressiveness is inversely related to NOSTRIN expression
	Functional transcriptome analysis reveals the importance of NOSTRIN in regulating Epithelial-Mesenchymal Transition (EMT) associated genes in cancer cells
	Ectopic over-expression of NOSTRIN down regulates Epithelial-Mesenchymal transition (EMT) signature proteins in HCT116 cells
	Oncogenic potential of HCT116 cells is abrogated by NOSTRIN over-expression
	RNA interference of NOSTRIN in HT29 cells enhances its metastatic potential
	NOSTRIN imparts compromised self-renewal ability of colon cancer cells and promotes inhibitory CDK phosphorylation
	Colon cancer progression through various stages is associated with reduced NOSTRIN mark

	Discussion
	Conclusion
	Acknowledgements
	References


