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Nitric oxide (NO) has been highlighted as an important agent in cancer-

related events. Although the inducible nitric oxide synthase (iNOS) isoform 

has received most of the attention, recent literature indicates that the 

endothelial isoenzyme (eNOS) can also modulate different tumor processes 

including resistance, angiogenesis, invasion, and metastasis. However, the 

role of eNOS in cancer stem cell (CSC) biology and colorectal cancer (CRC) 

is unknown. Here, we show that eNOS was significantly upregulated in 

intestinal tissue of VilCreERT2Apcfl/+ and VilCreERT2Apcfl/fl mice, which are 

models of intestinal cancer initiation, with an intense immunostaining in 

hyperproliferative crypts. Similarly, the more invasive VilCreERT2Apcfl/+ 

Ptenfl/+ mouse model showed an overexpression of eNOS in intestinal tumors 

whereas this isoform was not expressed in normal tissue. However, none of 

the three models showed substantial iNOS expression. Notably, when 40 

human colorectal tumors were classified into different clinically relevant 

molecular subtypes, high eNOS expression was found in the poor relapse-free 

and overall survival mesenchymal subtype. Similarly, eNOS was found 

highly expressed in non-classified poorly differentiated human colorectal 

tumors. Accordingly, CRC patients with high eNOS and low iNOS 

expression showed a significantly lower 5-year survival rate. Furthermore, 

Apcfl/fl organoids overexpressed eNOS compared with wt organoids and NO 

depletion with the scavenger c-PTIO decreased the proliferation and the 

expression of stem cell markers, such as Lgr5, Troy, Vav3 and Slc14a1, in 

these intestinal organoids. Besides, specific NO depletion also decreased the 

expression of CSC-related proteins in human CRC cells such as β–catenin 

and Bmi1, impairing the CSC phenotype. To rule out the contribution of 

iNOS in this effect, we stablished an iNOS-knockdown CRC cell line and we 

found that NO scavenging in this iNOS-deficient scenario also impaired the 
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expression of CSC-related proteins. To further explore the antitumor capacity 

of NO scavenging-based therapies we performed several in vivo assays. NO-

depleted CRC cells showed a decreased capacity to form tumors in mice and 

c-PTIO treatment in vivo showed an antitumor effect in a CRC cell-line 

derived xenograft mouse model. The anticancer effect of c-PTIO was also 

confirmed in patient derived xenografts (PDXs), where tumor volume was 

notably reduced. On the other hand, we found that NO scavenging sensitized 

both chemo-naive and chemoresistant CRC cells to chemotherapy and 

avoided the CSC-enrichment after the treatment. Depletion of NO also 

resulted in a massive arrest in G2 phase of cell cycle and downregulation of 

cyclin D1 in CRC cells. Interestingly, the treatment with chemotherapeutic 

agents in vivo resulted in a high upregulation of eNOS isoenzyme, suggesting 

a potential adaptive mechanism of chemoresistance. Overall, our data support 

that eNOS upregulation occurs after Apc loss, emerging as an unexpected 

potential new target in poor-prognosis mesenchymal colorectal tumors, where 

NO scavenging could represent an interesting therapeutic alternative to target 

the CSC subpopulation. Besides, the upregulation of eNOS after 

chemotherapy treatment suggests that efficiently targeting NO may sensitize 

both chemo-naive and chemoresistant CRC cells to these agents in vivo. 

 
Keywords: Apc, cancer stem cells, chemotherapy, colorectal cancer, eNOS, 

mesenchymal, nitric oxide.    
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El óxido nítrico (NO) se ha identificado como una importante molécula en 

procesos relacionados con el cáncer. Aunque la isoforma inducible de la 

óxido nítrico sintasa (iNOS) ha sido la más estudiada, trabajos más recientes 

indican que la isoenzima endotelial (eNOS) puede también modular 

diferentes procesos tumorales tales como resistencia, angiogénesis, invasión 

y metástasis. Sin embargo, se desconoce el papel de la eNOS en la biología 

de las células madre tumorales (CSCs) intestinales y en cáncer colorrectal 

(CCR). En el presente estudio la expresión de eNOS se encontró 

significativamente elevada en tejido intestinal de ratones VilCreERT2Apcfl/+ y 

VilCreERT2Apcfl/fl, que son modelos de iniciación de cáncer intestinal, con una 

intensa tinción en las criptas hiperproliferativas. De manera similar, el modelo 

de ratón VilCreERT2Apcfl/+ Ptenfl/+, que presenta un fenotipo más invasivo, 

mostró una alta expresión de eNOS en tumores intestinales, mientras que esta 

isoforma no se expresaba en tejido normal. Sin embargo, ninguno de estos 

tres modelos mostró una expresión apreciable de iNOS. De manera 

destacable, cuando se clasificaron 40 tumores colorectales humanos en 

diferentes subtipos moleculares clínicamente relevantes, se encontró una alta 

expresión de eNOS en el subtipo mesenquimal, con bajas tasas de 

supervivencia global y libre de recidiva. De manera similar, la eNOS se 

encontró altamente expresada en tumores colorectales humanos no 

clasificados y pobremente diferenciados. Consecuentemente, aquellos 

pacientes de CCR con una alta expresión de eNOS y una baja expresión de 

iNOS mostraron una tasa de supervivencia a 5 años significativamente más 

baja. Además, los organoides obtenidos a partir de tejido intestinal de ratones 

Apcfl/fl mostraron una alta expresión de eNOS en comparación con organoides 

silvestres y la eliminación específica de NO con el compuesto c-PTIO 

disminuyó la proliferación y la expresión de marcadores de CSCs, tales como 
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Lgr5, Troy, Vav3 y Slc14a1, en estos organoides intestinales. La eliminación 

específica de NO también disminuyó la expresión de proteínas relacionadas 

con CSCs en células de CCR humano tales como β–catenina y Bmi1, 

deteriorando el fenotipo CSC. Para descartar la contribución de iNOS en este 

efecto, se estableció una línea celular de CCR donde se silenció la expresión 

de iNOS y en la que la retirada de NO también impactó negativamente en la 

expresión de proteínas relacionadas con las CSCs. Para explorar la capacidad 

antitumoral de terapias basadas en la retirada de NO, se realizaron varios 

experimentos in vivo. Así, células de CCR a las que previamente se les retiró 

el NO mostraron una menor capacidad para formar tumores en ratones y 

además el tratamiento con c-PTIO in vivo mostró un claro efecto antitumoral 

en un modelo murino de xenoinjerto de línea celular. Este efecto también se 

encontró en modelos de xenoinjertos derivados de pacientes (PDXs), donde 

el volumen tumoral se redujo notablemente. Por otro lado, la eliminación 

específica de NO sensibilizó tanto a células de CCR inicialmente 

respondedoras como a quimiorresistentes a quimioterapia, y evitó el 

enriquecimiento de CSCs tras el tratamiento. La retirada de NO también 

resultó en una detención masiva en la fase G2 del ciclo celular y una 

disminución en la de expresión de la ciclina D1 en células de CCR. 

Inesperadamente, el tratamiento con agentes quimioterápicos in vivo resultó 

en un acusado aumento de la expresión de eNOS, lo que sugiere un potencial 

mecanismo adaptativo de quimiorresistencia. En conjunto, los datos del 

presente estudio apoyan que el aumento de expresión de eNOS ocurre tras la 

pérdida de Apc, emergiendo como una potencial e inesperada nueva diana en 

tumores colorrectales mesenquimales de peor prognosis, donde la retirada de 

NO podría representar una interesante alternativa terapéutica para eliminar la 

subpoblación de CSCs. Además, el aumento de expresión de eNOS tras el 



Abstract 
 

7 

tratamiento con quimioterapia sugiere que la eliminación eficiente de NO 

podría sensibilizar tanto a células tumorales inicialmente respondedoras como 

a quimiorresistentes a estos agentes in vivo. 

 

Palabras clave: Apc, cáncer colorrectal, célula madre tumoral, eNOS, 

mesenquimal, óxido nítrico, quimioterapia.
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1. Colorectal cancer 

1.1. Epidemiology and aetiology 

Advances in knowledge of molecular pathways in colorectal cancer (CRC) 

have resulted in the development of novel targeted therapeutics (1). However, 

CRC remains a major public health problem, representing the third most 

frequent cancer and the fourth leading cause of cancer deaths worldwide (2). 

With an estimated 1.4 million of new cases and 693,900 deaths occurring in 

2012, it is the third most commonly diagnosed cancer in males and the second 

in females worldwide (2). There are geographical variations in incidence and 

mortality rates across the world, where countries with a medium-to-high 

human development index show a rapid increase of these parameters (3). In 

Europe in 2012, CRC was the third most common cancer and 464,000 new 

cases were diagnosed (13% of all cancer cases). Furthermore, it was the 

second most frequent cause of cancer death in both men and women (4). In 

addition to age and gender, there are other risk factors including high 

consumption of alcohol and red and processed meat, obesity, smoking and 

inflammatory bowel disease (5-8). Besides, family history of CRC 

significantly increases the risk of developing the disease, especially for 

relatives of patients diagnosed at young ages and people with two or more 

affected relatives (9). Similarly to other malignancies, metastasis is the main 

cause of cancer-related deaths in CRC patients, where 25% of them already 

present distant metastases at initial diagnoses and 50% of patients will 

develop metastasis as recurrent disease (10). Most patients with distant 

metastases show a poor 5-year survival rate of less than 10%, with 70-80% 

of CRC metastases occurring in the liver (11). By 2030, temporal profiles and 
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demographic projections predict that CRC will increase by 60%, resulting in 

2.2 million new cases and 1.1 million cancer deaths (12). Thus, it becomes 

imperative a better understanding of the underlying mechanisms of CRC 

progression as well as the discovery of novel targets and the development of 

new therapies. 

1.2. Molecular genetics of colorectal cancer 

Colorectal adenocarcinoma development can arise from three different 

pathways of genomic instability: chromosomal instability (CIN), 

microsatellite instability (MSI) and CpG island methylator phenotype 

(CIMP) (13). This loss of genomic and epigenomic stability favours the 

acquisition of mutations and epigenetic alterations in oncogenes and tumor 

suppressor genes, driving the malignant transformation of epithelial cells 

from gastrointestinal trait (14). 

The classical CIN pathway is the most common type of genomic instability 

and is associated with a predictable progression of genetic and epigenetic 

alterations described in 1990 by Fearon and Vogelstein (15). In this model, 

the inactivation of the adenomatous polyposis coli (Apc) tumor suppressor 

gene is the primary event that acts as precursor lesion, followed by activating 

mutations in RAS/RAF and loss of p53 function during the subsequent 

malignant transformation (15) (Figure 1). However, it has been shown that 

mutations in all three genes are detected in only 7% of CRCs, which means 

that there are different pathways involved in the tumorigenic process (16). 

Thus, it seems clear that multiple genetic events are required, as well as the 

participation of discrete intermediates during cancer progression. Besides, it 

is also important the temporal acquisition of these genetic alterations since, 

whereas Apc mutations result in adenomas in human and mouse models, 
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Kirsten-RAS (KRAS) activation only can initiate cancer in vivo in combination 

with Apc mutations (17). These sequences of genetic alterations are 

responsible for morphological changes in colorectal tract, where a benign 

polyp evolves into an early adenoma and then progress to an advanced 

adenoma to finally become in CRC (Figure 1) in a process than can take 10-

15 years (18). CIN tumors constitute the 85% of sporadic tumors and also 

include hereditary cases associated with mutations in the Apc gene (familial 

adenomatous polyposis, FAP). This pathway is characterized by an imbalance 

in the chromosome number (aneuploidy) as well as loss of heterozygosity 

(LOH) that inactivates tumor suppressor genes through mutations in the 

remaining wild-type allele (16). Because of the different criteria and 

techniques employed to measure CIN, which include karyotyping, LOH 

detection and fluorescent in situ hybridization among others, it is not that 

simple to catalogue tumors as CIN-positive or CIN-negative (19). 

MSI pathway is a hypermutable phenotype caused by a deficient mismatch 

repair (MMR) system and it is detected in 15% of CRCs (20). Germline 

mutations in MMR genes result in Lynch syndrome, an autosomal dominant 

disorder which represent the 3% of all CRCs (21). The evolutionarily 

conserved MMR system is responsible for the correction of errors introduced 

in repetitive sequences distributed throughout the genome known as 

microsatellites (22). These sequence motifs are particularly susceptible to 

accumulate mutations because DNA polymerase slippage is more likely to 

occur on them during replication. Mutations or transcriptional silencing of the 

MMR genes MLH1, MSH2, MSH6 and PMS2 result in an accumulation of 

errors in these particular regions in a phenomenon known as MSI (23, 24). 

Base-base mismatches and insertion-deletion loops are the main errors related 

with microsatellites and, when occurring in DNA coding regions, it results in 
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frameshift mutations that generate truncated proteins (25). MSI tumors have 

different pathological characteristics from traditional CIN tumors (Figure 1), 

including proximal colon predominance, mucinous histology, poorer 

differentiation and a prominent infiltration of tumor-infiltrating lymphocytes 

(26, 27). The identification of MSI tumors has relevant clinical implications 

since these tumors have been associated with better outcomes (28). 

In 1999, the CIMP pathway was explained by Toyota et al. to describe the 

development of a particular subset of CRCs as a consequence of epigenetic 

instability (29). In general, global DNA hypomethylation and localized 

promoter hypermethylation is detected in cancer (13). This hypermethylation 

occurs in promoter regions known as CpG islands and results in 

transcriptional inactivation of tumor-related genes (29) such as MLH1, 

CDKN2A, MINT1, MINT2 and MINT31, which constitutes the classical panel 

to define CIMP tumors (30-32). This panel can be completed with 

CACNA1G, CRABP1, IGF2, SOCS1, RUNX3, NEUROG1, HIC1, IGFBP3 

and WRN genes (31-33). CIMP-positive tumors typically show serrated 

adenomas as precursor lesions (34) and most of them are characterized by 

MSI and lack of CIN (35) (Figure 1). Besides, these tumors have a proximal 

colon location, show a poor differentiation and mucinous histology, and 

appear more frequently in female gender and older patients (36). 
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Figure 1. The adenoma-carcinoma sequence in CRC. This model is probably an 
oversimplification, but it matches clinicopathological changes with genetic 
alterations in CRC progression. The classical pathway (top) begins with the adenoma 
formation after loss of Apc gene function. Then, early and advanced polyps 
subsequently progress to early cancer and finally advanced tumors. During 
tumorigenesis, genes sequentially acquire mutations or epigenetic alterations, some 
of them are shared among pathways and others are exclusives, such as the CIMP that 
only occurs in the serrated pathway. The arrow width indicates the significance of 
the deregulated signaling pathway in tumor formation. See List of Abbreviations on 
page 133 for the complete names of genes and proteins. Figure from Kuipers et al. 
2015 (37). 

1.3. Molecular signaling pathways in colorectal cancer 

The adult intestinal epithelium is organized in a single sheet of columnar 

epithelial cells to form the crypt-villus axis, which constitute the basic 

functional unit of the intestine (38). Epithelial stem and progenitor cells are a 

particular population with pluripotency and self-renewal capacity located at 

the bottom of the crypt, and they are responsible for the colonic epithelium 

regeneration. Thus, these cells migrate along the crypt-villus axis meanwhile 

differentiate into all colon cell types: colonocytes or absorptive cells, peptide 

hormone-secreting endocrine cells, Paneth cells and mucus-secreting goblet 
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cells. The process ends up at the top of the villus where cells undergo 

apoptosis (39, 40) (Figure 2). There are 107 crypts along the human colon, 

each one consisting of 1,000-4,000 cells (41). Gastrointestinal epithelium is 

renewed every 2-3 days (42) and protein gradients, such as Wnt, BMP and 

TGF-β, and molecular pathways have evolved to control the regeneration of 

such a huge amount of dividing cells and avoid malignant aberrations. Thus, 

the alteration of these gradients and molecular signaling pathways have been 

shown to be related to CRC (43, 44).  

 

Figure 2. The organization of the intestinal crypts. Left side panel shows a 
schematic representation of both colon and small intestinal crypts. The stem cell 
compartment is located at the bottom of the crypt from where the rest of lineages 
originates. Whereas Paneth cells move down to the bottom, the other cell types move 
up until shed into the lumen to finally undergo apoptosis. Although Paneth cells are 
not detected in colon crypts, it has been suggested that a Paneth-like cell is present 
at the bottom of the crypt. Other rare cell types such as tuft cells and microfold (M) 
cells are not shown. Right panel shows (A) hematoxylin and eosin staining of the 
intestinal epithelium as well as (B) periodic acid-Schiff-stained goblet cells, (C) 
lysozyme-stained Paneth cells, (D) chromogranin-stained enteroendocrine cell, (E) 
alkaline phosphatase-stained enterocytes, (F) DCAMKL1-stained tuft cell, and (G) 
spi-B expression in M cells. Figure adapted from Medema and Vermeulen 2011 and 
Clevers 2013 (45, 46). 
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Table 1 summarizes the most commonly deregulated signaling pathways 

in CRC and the best studied are discussed in more detail below. 

Table1. CRC-related signaling pathways and their most commonly altered effectors. 

Pathway Altered effector References 

Wnt Apc, Wnt (47) 

EGFR EGFR, KRAS, BRAF, MEK (48-50) 

PI3K PI3K, mTOR, Akt (51) 

TGFβ TGFβ2 (52) 

VEGF VEGFR, VEGF (53) 

HGF HGF (54) 

IGF IGF-1 (55) 

 

Wnt/Apc/β-catenin pathway is an evolutionarily conserved signaling 

cascade that manages tissue development and homeostasis by controlling cell 

fate determination, cell proliferation, cellular polarity, cell cycle arrest and 

apoptosis (56). In absence of Wnt ligands, β-catenin is bound to the 

destruction complex, comprising Apc (adenomatous polyposis coli), Axin 

(axis inhibition protein 1) and GSK3β (glycogen synthase kinase 3β) proteins, 

and is continuously phosphorylated and degraded by the proteasome in the 

cytoplasm. When Wnt ligands bind to the Frizzled receptor, β-catenin is 

stabilized and translocates to the nucleus where regulates the expression of 

hundreds of genes implicated in controlling cell proliferation (41) (Figure 3). 
Mutations in Apc gene are the earliest genetic event in CRC (57) and it has 

been shown that up to 70% of sporadic colorectal tumors bear inactivating 

alterations of this gene (58). When Apc mutations occur in germline linage it 
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results in the previously mentioned inherited disorder FAP, which eventually 

progresses to CRC (59).  

 

Figure 3. Wnt/Apc/β-catenin signaling pathway. (A) In the absence of Wnt 
signaling, β-catenin is continuously phosphorylated by CK1 and GSK3β, what 
results in the binding of βTRCP and subsequent ubiquitylation and degradation by 
the proteasome. Besides, co-repressors including GRG/TLE, CTBP and HDACs 
proteins are bound to TCF molecules, inhibiting the expression of Wnt target genes 
in the nucleus. Furthermore, ICAT prevents the binding of β–catenin to TCF. Finally, 
DKK1 can inhibit the Frizzled receptor complex. (B) Wnt binding to the receptor 
triggers the cascade through the phosphorylation of LRP by CK1 and GSK3β, what 
results in the recruitment of Axin1 to the plasma membrane. The phosphorylation of 
β-catenin is then inhibited and it translocates to the nucleus where it activates the 
transcription of Wnt target genes. See List of Abbreviations on page 133 for the 
complete names of genes and proteins. Figure from Staal et al. 2008 (60). 

Other aberrant activation of Wnt signaling pathway includes activating 

mutations in β-catenin gene (CTNNB1), which avoid Apc-mediated 
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degradation. However, these mutations may not probably evolve to 

carcinoma since they appear more frequently in adenomas (12,5 %) than 

invasive cancer (1,4%) (61). Besides, Wnt signaling may also be abnormally 

activated by Wnt ligands dysregulation, such as Wnt-2, whose expression has 

been found increased in tumor tissues (62). All these alterations in the Wnt 

pathway impose a crypt-progenitor phenotype in CRC cells (63). Because of 

the universal role of Wnt signaling in CRC initiation, it seems crucial to find 

out how to efficiently target this pathway to manage its dysregulation during 

carcinogenesis. 

Epidermal Growth Factor Receptor (EGFR): RAS/RAF/MAPK and 

PI3K/AKT/mTOR pathways. The EGFR is a transmembrane tyrosine kinase 

protein that has been shown to play key roles in malignant growth of different 

tumors, including CRC (64). EGFR overexpression is found in about 50% of 

CRC patients (65, 66) and is associated with different clinical characteristics, 

including poor prognosis, disease progression and reduced sensitivity to 

chemotherapy (66). Previously described ligands include epidermal growth 

factor (EGF), transforming growth factor-α (TGF-α), epiregulin, 

amphiregulin, epigen, betacellulin and heparin-binding EGF (58). Ligand 

binding to EGFR results in the autophosphorylation of several tyrosine 

residues in the intracellular domain, triggering the EGFR-mediated signaling 

(58). Among the different downstream signaling pathways activated by 

EGFR, the RAS/RAF/MAPK pathway is one of the most relevant. RAS family 

consist of KRAS, NRAS and HRAS isoform proteins which act as guanosine 

diphosphate (GDP)/guanosine triphosphate (GTP)-regulated signal switch 

molecules, modulating cell proliferation, differentiation and survival (67, 68). 

KRAS activating mutations in codons 12 or 13 have been found in 40% of 

CRC patients. These alterations impair the hydrolysis of KRAS-bound GTP 
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and result in a constitutive EGFR signaling during CRC carcinogenesis (69). 

Thus, given that KRAS is an EGFR downstream effector, mutations in this 

gene are clinically relevant since they hamper the effectiveness of EGFR-

target therapies and have been associated with resistance in CRC (70). The 

RAF kinase family are the next effector activated by RAS proteins in the 

EGFR signaling pathways (71) and mutations in BRAF V600E are found in 

about 10% of CRC patients, what result in a poorer prognosis in the metastatic 

setting (72, 73). This mutation constitutively activates BRAF kinase, which 

in turn phosphorylates and activates MEK kinases. The activation of these 

proteins results in the phosphorylation of ERK kinases which trigger a 

cellular response implicated in cell proliferation and survival (74). However, 

despite targeting BRAF mutations represent a promising therapeutic option, 

it has been shown the ineffectiveness of BRAF inhibition in CRC because of 

a rapid feedback activation of EGFR (75). 

The EGFR cascade can also signals through PI3K-Akt-mammalian target 

of rapamycin (mTOR) pathway which modulates cell size, cell proliferation 

and differentiation, apoptosis, motility and metabolism (76). Upon receptor 

activation, PI3K protein is activated and generates the potent secondary 

messenger phosphatidylinositol-3,4,5-triphosphate (PIP3) (77). About the 

15% of CRC patients bear mutations in the gene encoding the catalytic 

subunit of this kinase (PIK3CA) (78). The tumor suppressor PTEN 

(phosphate and tensin homolog deleted on chromosome 10) antagonizes the 

activity of PI3K by dephosphorylating PIP3 (79) and loss of PTEN function 

has been associated with poor survival and liver metastasis in CRC patients 

(80). The secondary messenger PIP3 triggers the activation of AKT (81) 

which subsequently phosphorylates multiple downstream targets, finally 
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promoting cell survival (82). A major AKT downstream effector is mTOR, a 

key metabolic sensor that integrates growth factor signals in cells (83).  

 

Figure 4. EGFR signaling pathways. Downstream signaling through EGFR is 
mediated by different signal transduction cascades. In RAS/RAF/MAPK cascade, 
the activation of EGFR results in the phosphorylation of RAS, which binds to RAF 
and triggers the phosphorylation of MEK1/2 and ERK1/2. Once phosphorylated, 
ERK translocates into the nucleus and activates different EGFR target genes. In 
PI3K-Akt-mTOR cascade, EGFR activates PI3K protein which catalyses the 
formation of PIP3. This molecule activates Akt which has effects both in cytoplasm 
and nucleus, including the inhibition of proapoptotic factors and the activation of 
mTOR, which is crucial in stimulating different cellular functions. Other EGFR 
mediated cascades include JAK-STAT and PLC-γ1 cascades. See List of 
Abbreviations on page 133 for the complete names of genes and proteins. Figure 
from Nyati et al. 2006 (84). 
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There are 802 proteins that interact in the PI3K-mediated pathway (85) and 

more than 2,000 interactions related to MAPK proteins (86). Besides, it exists 

a crosstalk between PI3K and MAPK pathways through different 

mechanisms which include cross-activation, cross-inhibition and pathway 

convergence on substrates (87). These numbers illustrate the massive 

interactome that result from EGFR signaling and the huge complexity in 

understanding and targeting this pathway. 

The p53 pathway plays a central part in the cell cycle where initiates cell 

arrest, senescence or apoptosis under stress conditions (88). Thus, it is not 

surprising that the TP53 tumor suppressor gene has been considered as the 

guardian of human genome (89). Upon DNA damage, oncogene activation or 

other stress signals, p53 arrests the cell cycle and increases the expression of 

DNA repair genes, inducing apoptosis if finally there is no chance to fix the 

DNA damage in order to preserve the tissue homeostasis (90). Mutations in 

TP53 occurs in about 50% of sporadic CRC (91) and critically participates in 

the transition from adenoma to carcinoma (15). In fact, it has been shown that 

p53 counteracts the invasive phenotype that results from the aberrant Wnt/β-

catenin signaling activation in the early stages of CRC tumorigenesis (92). 

Besides, TP53 mutations not only results in a loss of tumor suppressor 

function but mutant p53 can also induce the expression of hundreds of genes 

involved in cell growth, survival and adhesion, increasing oncogenic 

properties (93). Although the restoration of p53 activity is an attractive 

therapeutic strategy in CRC, most of molecules have only been tested in in 

vitro and preclinical models (94). 



Introduction 
 

23 

2. Molecular classification of colorectal cancer 

Setting an accurate classification is a key challenge in the diagnosis, 

treatment and prediction of cancer progression. Classically, it was thought 

that different tumors with the same origin share a common pathogenic 

process, so tumor classification was set according to anatomic location and 

histological appearance (95). Thus, based on the classification that the 

pathologist Cuthbert Dukes (1890-1977) suggested more than half a century 

ago (96-98), the TNM (Tumor, Node, Metastasis) staging system classifies 

CRC according to local invasion depth (T stage), lymph node status (N stage) 

and distant metastasis appearance (M stage), and divides patients into four 

groups (stages I to IV) with valuable prognostic and therapy response 

information (99, 100) (Figure 5). Nevertheless, tumors with similar histology 

show significantly different clinical outcomes and drug response (101). 

Important genetic events such as RAS and RAF mutational status and MSI 

only partially explain these differences, since these biomarkers cannot mirror 

the great complexity of tumor heterogeneity (102). During the last decades, 

the development of high throughput molecular tools has allowed to obtain 

massive data of gene and proteomic profiles from numerous tumors, resulting 

in the categorization into molecular subtypes. This molecular classification 

theoretically results in a better reflect of the behavior of each tumor (95). 

Several gene expression-based CRC classifications have been shown and 

divided the disease into different clinically relevant CRC subtypes (103-107). 

Because of the differences in methods, analysis platforms employed and 

algorithms applied, the classifications differ in some aspects, particularly in 

the number of suggested subtypes (102).  
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Figure 5. TNM staging system. TNM classification has a significant impact on 
cancer care depending on the patient stage. Stage 0: carcinoma in situ where tumor 
is limited to the mucosa without invasion of lamina propria; stage I: tumor invades 
the submucosa but no lymph nodes; stage II: tumor invades the muscularis propria; 
stage III: tumor invades the muscularis propria into subserosa or into 
nonperitonealized pericolic or perirectal tissues; stage IV: tumor invades other 
organs or structures. Figure from Jhmicall.org. 

Among the most recent classifications, De Sousa E Melo and colleagues 

identified three colon cancer subtypes (CCS) based on their genetic, 

epigenetic and clinical characteristics: CCS1, CCS2 and CCS3 (107). Table 
2 shows the main characteristics of each subtype. The relevance of their 

publication was the identification of the CCS3 tumors, which did not match 

with any previously described subtype and present unfavorable prognosis and 

resistance to anti-EGFR therapies (107). That same year, an independent 

study by Sadanandam and colleagues described five molecular subtypes 

whose expression profiles were related with the expression patterns of the 
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different colon cell types: enterocyte, inflammatory, goblet, transit-

amplifying (TA) and stem cell (Table 2) (106). Despite the difference in the 

number of suggested subtypes, these authors also identified a group of tumors 

with worse prognosis and shorter survival: the stem-like subtype. The next 

year, to reconcile the differences in the stratification of CRC subtypes, 

Sadanandam and De Sousa E Melo analysed both data sets and found that the 

subtypes and their classifiers were closely related (108). Thus, the poor-

prognosis CCS3 matched with the stem-like subtype. To definitely resolve 

the inconsistencies among the different CRC classifications and simplify a 

potential clinical translation it was created the international CRC Subtyping 

Consortium (CRCSC) to re-analyse a total of 18 published datasets (n = 4.151 

patients) (109). They identified four consensus molecular subtypes (CMSs) 

with different characteristics (Table 2): CMS1 (microsatellite instability 

immune), CMS2 (canonical), CMS3 (metabolic) and CMS4 (mesenchymal). 

The previously described stem-like subtype matches with the CMS4 group, 

which shows the worst relapse-free and overall survival (109). The molecular 

classification of CRC tumors may contribute to find subtype-specific targets 

that may help in the development of more effective therapies. 

 

 

 

 

 

 



Introduction 

26 

Table 2. Most recent CRC classification into different subtypes and their main 
characteristics. 

Classification Characteristics 
De Sousa E Melo (107)  

CCS1 (49%) KRAS and TP53 mutations, strong CIN, high Wnt 
signaling activity 

CCS2 (24%) MSI/CIMP enriched, high inflammatory cell infiltration, 
right colon 

CCS3 (27%) MSI and CIN, EMT-related genes overexpression, TGF-β 
pathway activated, BRAF and PI3KCA mutations 

Sadanandam (106)  

Stem-like High Wnt signaling, mesenchymal stem-cell features, low 
differentiation markers 

Goblet-like High mRNA expression of goblet-specific MUC2 and 
TFF3 

Transit-amplifying Heterogeneous group, variable expression of stem cell-
related genes and Wnt pathway 

Inflammatory High expression of genes related to interferon and 
cytokines 

Enterocyte High expression of specific genes of enterocytes cells 

CRCSC (109)  

CMS1 Hypermutated with low prevalence of SCNAs, 
MSI/CIMP, immune infiltration, BRAF mutations 

CMS2 MSS, CIN, strong Wnt/Myc signaling activation, EGFR 
amplification or overexpression and mutant TP53 

CMS3 
Low CIN, about 30% hypermutated, CIMP, moderate 

Wnt/Myc activation, metabolism signatures enrichment, 
KRAS and PI3K mutant, IGFBP2 overexpression 

CMS4 
CIN heterogeneous, mesenchymal characteristics, TGF-β 

activation, active angiogenesis and matrix remodelling 
and complement-mediated inflammation, stages III-IV 
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3. The cancer stem cell model 

Despite the relevant contributions reached in last decades that have shed 

light to the understanding of tumor formation and spreading resulting in the 

development of targeted therapies, metastasis and cancer recurrence still 

remain as a major clinical challenge (110). This suggest that research needs 

to focus on the driving force of these phenomena in order to finally reach the 

final goal: cancer eradication (111). It has been traditionally considered that 

tumors follow a stochastic model where every tumor cell has the same 

probability to be the cell of origin and where it will occur the sequential 

accumulation of previously mentioned mutations, finally promoting the 

initiation and progression of the tumor (15, 112). However, there is a growing 

body of evidences that support the idea that cancer is a stem cell disease. This 

cancer stem cell (CSC) model states that only a subpopulation of tumor cells, 

known as CSCs or tumor initiating cells, possess self-renewal and pluripotent 

capacity and are responsible for initiating and maintaining the tumor growth, 

ultimately resulting in tumor spreading and metastasis (113). Thus, this 

cellular subset with tumor initiating properties constitutes the driving force 

behind tumor growth and is responsible for evading conventional therapies 

and contributes to adverse survival rates (114). John Dick and colleagues 

were the first that proved the existence of the CSC subset in acute myeloid 

leukemia, reporting that only tumor cells expressing stem cell markers retain 

the capacity to be serially transplanted in immunocompromised mice (115). 

The existence of CSCs was also demonstrated in breast (116) and brain (117) 

cancer, and subsequently in virtually all solid malignancies (111). 

In this regard, since colonic crypts are stem cell-maintained proliferative 

compartments, the intestinal tract is the solid organ where stem cell biology 
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has been more deeply studied (118). It has been reported two functionally 

different stem cell populations capable of replacing and maintaining the 

intestinal epithelium (119). Cheng and Leblond were the first in 

demonstrating the existence of continuously cycling cells, the so-called crypt 

base columnar (CBC) cells, located at the bottom of the crypt between Paneth 

cells (120). Actually, these CBC cells were already drawn by Paneth almost 

a century earlier (121) (Figure 6A-6C). Later on, Barker and colleagues 

showed by lineage-tracing experiments that the leucin-rich repeat-containing 

G-protein coupled receptor 5 (Lgr5), one of the receptors of the Wnt signaling 

enhancer R-spondin protein, was an excellent marker for CBC cells (Figure 
6D-6F) (122, 123). Thus, it was demonstrated that a single Lgr5 expressing 

cell was able to form crypt-villus structures with all intestinal cell lineages in 

3D in vitro cultures (124) (Figure 6G-6I).  
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Figure 6. Paneth cells and Lgr5+ CBC cells. (A-C) Location of CBC cells next to 
Paneth cells at the base of the crypt. (A) Hand-drawn crypt by Paneth in 1887. S, 
“schmale Zellen” or small/narrow cells, separated by large white Paneth cells (121). 
(B) First image by electro-microscopy of a CBC cell (120) and (C) confocal 
microscopy of Lgr5-GFP CBC cells (green cells) and large Paneth cells (dark cells). 
(D-E) Intestinal lineage tracing experiment. (D) Analysis of LacZ-labelled CBC 
cells activity after 1 day of induction, (E) 5 days of induction and (F) 60 days of 
induction. (G-I) Single Lgr5+ cells form crypt-villus organoids in vitro. (G) 
Organoids derived from single isolated crypts. (H) Organoids derived from single 
Lgr5+-GFPhi cells and (I) a higher magnification with Lgr5+-GFP+ cells in green and 
Paneth cells (white arrows) at the bottom of the crypt. Scale bars, 50 µm. Figure 
adapted from Clevers 2013, Barker et al. 2007 and Sato et al. 2009 (46, 122, 124). 

On the other hand, in 1978 Potten’s group found rare DNA label-retaining 

cells (LRCs) located just above the Paneth cell, the so called +4 position (125, 

126). The capacity to retain the DNA labelling typically occurs under mitotic 
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quiescence and it has been considered as a surrogate stem cell marker (46). 

The slow-cycling/quiescent LRCs have been shown to express different stem 

cell markers such as Tert (127), Hopx (128), and Lrig1 (129), and the 

expression of the member of chromatin-silencing polycomb-repressing 

complex1 Bmi1 has been used to identify these particular cells (130). It has 

been postulated that Lgr5 and Bmi1 discriminate two functionally different 

populations where Lgr5+ stem cells are mitotically active, participate in the 

intestinal homeostasis and are ablated by irradiation whereas Bmi1+ stem 

cells are quiescent and are both resistant and activated under high-dose 

radiation injury, suggesting that these cells are more implicated in epithelial 

repair than basal homeostasis (119). Tian and colleagues showed the 

interrelationship between these populations, suggesting something more 

complex than a single-lineage stem-cell model. The authors demonstrated that 

normal intestinal homeostasis was not compromised after Lgr5+ cells ablation 

and, in absence of these cells, Bmi1+ cells replenished the Lgr5-expressing 

cells, acting as an alternative stem cell pool (131). The plasticity of the system 

reconciles both stochastic and hierarchical models. 

Aberrant activation of different signaling pathways has been found in CSC 

population, particularly those implicated in stem cell self-renewal control, 

embryonic development and cell differentiation, such as Wnt, Notch and 

Hedgehog (Hh) pathways (132). As mentioned above, activating alterations 

along the Wnt signaling axis initiate colorectal tumorigenesis and result in a 

crypt-progenitor phenotype (63). In this regard, normal stem cells have been 

shown to be more susceptible to transformation after Apc deletion than 

transient amplifying cells or differentiated cells (133). Preclinical data from 

different malignancies have suggested the promotion of Wnt signaling in CSC 

population maintenance (134). Actually, Wnt signaling upregulates the 
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expression of Bmi1 and high Wnt activity correlates with tumor-initiating 

capacity in xenograft experiments (135, 136). Similarly to Wnt pathway, 

Notch signaling is another key evolutionarily conserved pathway which plays 

a fundamental role in development and tissue homeostasis (137). It is 

implicated in cell fate determination and related with CSC biology, 

angiogenesis and tumor immunity (134). Transmembrane ligands (such as 

DLL1 or DLL4) interaction of one cell with a Notch receptor of a neighbour 

cell results in a proteolytic cleavage of Notch intracellular domain (NICD) 

which activates target gene transcription after nuclear translocation (46). 

Thus, Notch signaling affects stem and progenitor cell functions in different 

systems and organs, including intestine (138). Clevers group demonstrated 

that Notch signaling blockade induces goblet cell differentiation in adenomas 

from Apc-mutated mice, suggesting that the activation of both Wnt and Notch 

cascades are required to maintain a proliferative undifferentiated state in 

crypts and adenomas (139). The Hh signaling pathway also plays a 

fundamental role controlling homeostasis, regeneration and tissue-patterning 

events during embryogenesis (140). This pathway is activated upon Hh 

ligands binding (such as Sonic hedgehog, Indian hedgehog and Desert 

hedgehog) to Patched receptor, releasing the inhibition on Smoothened 

transmembrane protein. This initiates a cascade that ends up with the 

translocation of GLI transcription factor to the nucleus and the expression of 

Hh target genes implicated in cell proliferation, differentiation and survival 

(141). The aberrant activation of Hh signaling has been found in epithelial 

and stem cells from human colon carcinomas. This pathway is fundamental 

in promoting growth, stem cell self-renewal and metastatic behaviour in 

advanced colon tumors (142). All these three embryonic pathways can 

interact with other signaling cascades such as MAPK, PI3K and NFkB, what 
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makes them attractive as therapeutic targets against CSC generation and 

maintenance and tumor progression (132). 

The CSC model have critical consequences in the management of 

therapeutic strategies since most of them target fast-cycling cells through 

standard anti-proliferative chemotherapy, what results in remarkable but 

frequently transient responses (143). Accumulated evidences have pointed 

out that quiescent CSCs are responsible for cancer recurrence after standard 

chemotherapy (144, 145). In addition to the previously mentioned self-

renewal signaling dysregulation, these cells show resistance against 

apoptosis, active DNA repair systems, high expression of drug efflux pumps 

such as adenosine triphosphate-binding cassette (ABC) transporters, and slow 

rate of self-renewal (146). Besides, the differentiated CSC progeny can 

replace the lost stem cell pool through plasticity phenomena, representing an 

additional source of chemotherapy-resistant cells and thus contributing to 

poorer clinical outcomes (143). This suggests that therapies only targeting the 

CSC subset likely will not succeed in eradicate cancer relapse. Otherwise, 

different evidences support the potential benefit of combining standard 

chemotherapy with CSC targeted therapies (147) (Figure 7). However, 

targeting quiescent CSCs remains a major challenge. 
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Figure 7. Therapeutic implications of the CSC model. This model states that 
chemotherapy kills bulk tumor cells whereas rare stem-like tumor cells survive and 
seed the tumor relapse (left). Specific targeted therapies against CSCs may result in 
tumor regression over time (center) but the combination of conventional therapies 
with anti-CSC therapies could be more efficient (right). Figure from Kaiser 2015 
(148). 

4. Treatment of colorectal cancer. 

Despite all the improvements achieved and a better understanding of tumor 

biology, surgery and chemotherapy remain as the standard treatment regimen 

in most cancer cases. Patients bearing operable tumors generally undergo 

surgery whereas high-risk stage II, stage III and resected metastatic CRC 

patients are treated with adjuvant chemotherapy (149-153). Since its 
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discovery in 1957 by Heidelberger, the antimetabolite 5-Fluorouracil (5-FU) 

was virtually the only agent that proved to have any significant antitumor 

effect and still today constitutes the backbone of most chemotherapeutic 

regimens in patients with advanced CRC (154-156). The action mechanism 

of this fluoropyrimidine consists of misincorporating fluoronucleotides into 

RNA and DNA and to inhibit the thymidylate synthase enzyme (157). In the 

1980s, leucovorin was included as a biomodulator of 5-FU, increasing the 

therapeutic outcome (158). However, it was not until nearly forty years later 

of Heidelberger discovery that the Food and Drug Administration (FDA) 

approved irinotecan, an inhibitor of the DNA uncoiling topoisomerase I 

enzyme, as the second agent against CRC (154, 155). Thus, irinotecan and 

subsequently the platinum derivative oxaliplatin, which blocks DNA 

replication and transcription by forming cross-linking DNA adducts (159), 

were used in combination to 5-FU as second-line therapy and later approved 

as first-line treatment against metastatic CRC (mCRC) (160-163). Besides, 

capecitabine was rationally designed as an oral fluoropyrimidine carbamate 

to selectively generate 5-FU in tumor cells (164). On the other hand, 

radiotherapy-based approaches were included and used in combination with 

these compounds in non-resectable metastatic patients (165). Since then, the 

development of new molecules has been focused on targeting specific tumor-

promoting signaling pathways to improve the therapeutic outcome in mCRC 

(166). Thus, the FDA has approved seven targeted therapies for mCRC, 

including monoclonal antibodies (bevacizumab, ramucirumab, cetuximab 

and panitumumab), a small molecule inhibitor (regorafenib), a recombinant 

fusion protein (ziv-aflibercept) and a nucleoside analogue 

(trifluridine/tipiracil) (167) (Figure 8).  
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Figure 8. Mechanisms of action of targeted therapies in CRC. The antiangiogenic 
agents bevacizumab, aflibercept, ramucirumab and ragorafenib target VEGF and its 
receptor VEGFR. On the other hand, cetuximab and panitumumab target the EGFR 
pathway, whereas the combination of trifluridine and tipiracil (TAS-102) targets the 
DNA. Figure from Moriarity et al. 2016 (167). 

Since neovascularization is a sine qua non condition to sustain the tumor 

growth, Folkman and colleagues suggested in 1971 the angiogenesis 

inhibition to target cancer (168). Over thirty years later, the recombinant 

humanised monoclonal antibody bevacizumab was approved by the FDA as 

first-line treatment for patients with mCRC. This molecule specifically targets 

the vascular endothelium growth factor A (VEGF-A), inhibiting blood-vessel 

formation (169). However, bevacizumab monotherapy is ineffective so it is 

used in combination with other chemotherapeutic agents to achieve an 

increase in mCRC patient survival (170). Similarly, portions from human 

VEGF receptors 1 and 2 were fused to the Fc portion of human 

immunoglobulin G1 to obtain the recombinant fusion protein ziv-aflibercept. 

This protein is a VEGF (-A and -B) and placental growth factor (PlGF) ligand 
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trap, so it prevents the union to their receptors. However, ziv-aflibercept 

showed a modest increase in overall survival of just 1.5 months in 

combination with chemotherapy (171). A similar strategy to target the 

angiogenesis pathway focuses the attention not in ligands but in receptors. 

Thus, ramucirumab targets VEGF receptor-2 (VEGFR-2) and it was approved 

as second-line treatment in mCRC patients previously treated with 

bevacizumab, oxaliplatin and fluoropyrimidine (172, 173). The multi-kinase 

inhibitor regorafenib exerts its activity on tumor angiogenesis through 

VEGFR-1, -2 and -3, fibroblast growth factor receptor (FGFR) and tyrosine 

kinase with Ig and EGF homology domains (TIE-2), but also on oncogenes 

such as KIT, RET, RAF-1, BRAF and BRAFv600E, and on tumor 

microenvironment through PDGFR and FGFR (174). On the other hand, the 

EGFR pathway has been considered as an attractive therapeutic target due to 

its relation with tumor progression and worse prognosis in mCRC (175, 176). 

Cetuximab (chimeric human/mouse antibody) and panitumumab (fully 

human antibody) were developed to target the EGFR extracellular domain 

(153) and they have proven to be clinically relevant in monotherapy and in 

combination with chemotherapy. However, first studies revealed that only 10 

to 20% of mCRC patients responded to anti-EGFR therapy (177). Further 

analysis performed in particular sets of patients resulted in the breakthrough 

that mutations in KRAS gene prevent from the benefit of cetuximab or 

panitumumab based-therapies (178, 179). Besides, BRAF mutations have 

been shown to impair the responsiveness to anti-EGFR therapy in mCRC 

patients (180). Thus, the identification of KRAS and BRAF status contribute 

to a better manage of mCRC patients. In 2015, the combination of trifluridine 

and tipiracil became in the most recent targeted agent approved by the FDA. 

Trifluridine is incorporated into DNA, resulting in DNA damage and 
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dysfunction, and tipiracil inhibits the thymidine phosphorylase activity 

preventing the degradation of trifluridine (167, 181). 

It is noteworthy that before the 1960s untreated patients with mCRC had a 

median survival of 4-6 months. The discovery and development of 

chemotherapeutic and targeted agents have provided new therapeutic options 

which have significantly improved the survival of metastatic patients (Figure 
9) (155). Besides, immunotherapy has recently emerged has a promising 

approach with encouraging results in solid tumors (182). Thus, the FDA 

approved the use of nivolumab and pembrolizumab, PD-1 inhibitors, for 

mCRC patients with MSI tumors where chemotherapy failed or those 

harbouring deficiencies in the MMR system (183, 184). 

 

Figure 9. Survival improvement of mCRC patients after the implementation of 
new therapies. The introduction of 5-FU and its biomodulator (leucovorin), together 
with the combination with oxaliplatin and irinotecan have extended patient survival. 
The addition of new targeted therapies has also contributed to improve the mCRC 
patient survival. Figure from Carethers, 2008 (155). 
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However, chemoresistance eventually shows up, resulting in therapy 

failure. Thus, it becomes evident the need to develop other strategies else than 

antibody-based therapies targeted against particular signaling pathways, since 

the massive tumor interactome always seems to bypass these blockades. The 

development of new pleiotropic agents which could even improve the 

effectiveness of chemotherapy may result in better clinical outcomes.  

5. Nitric oxide: the Nobel Prize molecule. 

Initially, nitric oxide (NO) was mainly known as an environmental 

pollutant derived from industry, automobile exhausts and electrical storms 

(185). However, this molecule was increasingly gaining attention until in 

1992 was proclaimed “Molecule of the Year” by the journal Science (186). In 

fact, 6 years later, Furchgott, Murad and Ignarro won the Physiology and 

Medicine Nobel Prize for their discoveries concerning NO as a signaling 

molecule in the cardiovascular system. Despite not being finally awarded, it 

is worthy to highlight the outstanding contributions to the field by Moncada 

(187). All these findings paved the way to keep digging about the role of this 

gaseous free radical in different biological processes. 

5.1 The signaling molecule: sources and biochemistry of nitric oxide 

The role of NO in the cardiovascular system was then the focus of an 

intensive research. However, over the last decades it has emerged an 

increasing interest about the role of NO in carcinogenesis (188) where it has 

been highlighted as an important agent, including colon cancer (189). It has 

been shown that NO has a dual role in tumoral processes, being cytotoxic or 

cytostatic at high levels whereas low levels can have the opposite effect and 

promote tumor growth (190). This molecule is endogenously synthesized by 
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three different NO synthase (NOS) isoforms using L-arginine and molecular 

oxygen as substrates: neuronal NOS (nNOS), endothelial NOS (eNOS) and 

inducible NOS (iNOS) (191). The first two isoforms are wrongly named as 

constitutive and require an increase of intracellular calcium to, after 

calmodulin binding, synthesize NO. The induction of iNOS is mediated by 

cytokines and it can produce greater amounts of NO than the other isoforms 

(192). There are also NOS-independent NO sources such as dietary nitrates 

which are firstly reduced to nitrite by bacterial nitrate reductases to eventually 

produce NO in acidic or hypoxic environments or enzymatically (193). 

Actually, it has been recently suggested that nitrate-derived NO in the gut 

may play an important role in the metabolism of NO in mammals, linking diet 

and health problems (194). The serum albumin protein can also storage and 

transport NO increasing its half-life from a few seconds to several hours, 

having a fundamental role in maintaining the NO pool, particularly in 

pathological settings (195). The biological effect of NO is independent of how 

it was produced (196) so it is important to consider all the potential sources 

when designing any strategy implying this molecule. Since it is a free radical 

gas, this molecule can easily spread and acts as a ubiquitous bioactive 

molecule (197). Thus, because of its biochemical properties it is a powerful 

signaling molecule which regulates a great variety of biological responses 

(198). NO can exert its effects through a cGMP dependent pathway, acting 

on cGMP-dependent protein kinases, cGMP-gated ion channels and 

phosphodiesterases (199). Besides, there is a cGMP-independent pathway 

where NO reacts with molecular oxygen, superoxide thiols and transition 

metals to exert its activity. Finally, nitration or S-nitrosylation are post-

translational modifications by which NO modifies proteins in absence of 
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enzymes resulting in the regulation of their function and different cell 

signaling pathways (190, 200). 

 

5.2. Nitric oxide and cancer 

The inducible NOS isoform has been the center of attention for the study 

of its role in tumorigenesis (201). However, there is a huge controversy about 

the expression and role of iNOS in human colon carcinogenesis. Whereas 

some authors seem to detect iNOS expression in 60% of human colon 

adenomas (202), other studies reported that this isoenzyme was low or absent 

at all stages of colon cancer (203, 204). Besides, opposite results about the 

role of iNOS in colon tumorigenesis were found by independent groups using 

the same Apc (Min/+) mouse model (205, 206). On the other hand, there are 

studies indicating that eNOS may be implicated in different tumor processes 

such as resistance to hormonal therapy (207), angiogenesis, invasion and 

metastasis (208). The analysis of gene polymorphisms in eNOS has been 

associated with the survival of advanced stage NSCLC patients (209), and the 

overexpression of this isoform may predict poor prognosis in human gastric 

cancers (210). eNOS may also modulate different tumoral processes by 

participating in post-translational modifications of key proteins of important 

signaling pathways. Studies have found that eNOS significantly contributed 

to the endogenous S-nitrosocysteine proteome, where this protein was 

responsible for 47 to 87% of the identified S-nitrosylated proteins (211). 

However, despite the relation between tumor-expressed eNOS and tumor 

maintenance (212), there is no data about the role of this protein in the stem 

cell-like population responsible for the initiation and maintenance of tumor 

growth. Thus, it seems imperative to keep increasing our knowledge about 
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NOS expression in tumors and develop new NO-based therapeutic strategies 

against cancer. 

 

5.3. Nitric oxide as a therapeutic approach 

Because of its antitumoral effects in tumor growth and survival once 

reached a critical concentration, NO has been exploited to obtain a better 

therapeutic gain and to enhance the efficacy of both chemotherapy and 

radiotherapy (213). Thus, the manipulation of in vivo production and 

exogenous delivery of NO have been the main strategies (190) to 

therapeutically improve the current clinical results. 

In this regard, NO-releasing drugs or NO donors have been used for the 

sustained delivery of NO with a range of half-lives and predictable estimated 

doses. These compounds have demonstrated the ability to enhance apoptosis 

as well as inhibiting hypoxia, angiogenesis and metastasis, depending on the 

concentration of the compound and cancer type and stage (200). The use of 

these donors has limitations because of the systemic effects exerted in vivo, 

including vasodilation, hypotension and the accumulation of byproducts such 

as cyanide (214). However, there are a wide range of benefits in using NO 

donors alone or together with cytotoxic agents in cancer, showing the capacity 

of sensitizing tumor cells to chemotherapy and immunotherapy and inhibiting 

metastasis (215). Several NO donors including diazeniumdiolates and 

nitroglycerine have shown chemo- and radio-sensitizing properties, 

representing a safe and attractive alternative in the treatment of resistant and 

metastatic tumors (216, 217). NO-drug hybrids, where an NO moiety is 

attached to anti-tumoral agents, have been developed such as NO-NSAID 

which demonstrated promising anti-tumoral effects and a phase I randomized 
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clinical trials have been done (218). This way, NO donors have been 

considered as a potential therapeutic agent in patients with refractory cancer, 

preventing the metastatic cascade via epithelial to mesenchymal transition 

(EMT) (219). 

 

The opposite therapeutic approach consists of inhibiting NOS isoforms 

through NOS inhibitors. One feature that makes NOS family as an optimal 

therapeutic target is that there are different small molecules that inhibit these 

enzymes. Historically, the first compounds considered as NOS inhibitors 

were arginine derivatives and similar analogues. Advances in computer 

modeling and once structural data of NOS were available, many inhibitors 

with the minimal structure to get the optimal binding were designed (220). L-

NMMA, L-NNA and its methyl ester prodrug (L-NAME) have been the most 

widely used NOS inhibitors (221). This last compound is a pan-NOS inhibitor 

that has been clinically evaluated for the treatment of septic and cardiogenic 

shock (222, 223) and has also shown an inhibitory effect in several in vivo 

cancer models (224-227). Studies support the clinical evaluation of L-NAME 

for the treatment of KRAS mutation-positive non-small cell lung cancer 

considering that it was able to decrease tumor growth and provide a survival 

advantage in a lung cancer mouse model (228). This inhibitor has been shown 

effective with other type of therapies such as radiotherapy, where NOS 

inhibition improved radiation tumor response through Th1 immune 

polarization within the tumor microenvironment (229). This result was 

previously found by using other inhibitors such as L-NNA, where NOS 

inhibition increased the antitumor effect of radiation in squamous carcinoma 

xenografts (230). Compounds with a higher affinity for a particular isoform 

have also shown to be a plausible therapeutic option in cancer. Thus, L-nil, 
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an iNOS-selective small molecule inhibitor, showed antitumor effects in a 

preclinical human melanoma model and the capacity to synergize with 

chemotherapeutic agents in vivo without apparent associated toxicity (231). 

Other iNOS inhibitors were found effective reducing tumor growth and 

enhanced the survival rate in triple-negative aggressive form of breast cancer 

(232). The inhibition of the endothelial NOS isoform may also contribute to 

decrease other important characteristics in tumorigenesis such as the tumor 

cell adhesion to intact microvessels under physiological flows (233). All these 

evidences make NOS inhibitors relevant pharmacological tools to potentially 

improve the currently clinical results. 

A less addressed NO-based approach consists of directly scavenging NO. 

Despite having been shown promising as an alternative to NOS inhibitors to 

remove the excess of NO in different experimental models, NO scavengers 

have received considerably less attention as a therapeutic option (234). 

Compounds such as curcumins and ruthenium have demonstrated 

pharmacological activity and efficiently targeting NO (235, 236). The NO 

scavenger 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-

oxide (c-PTIO) has been tested in several in vivo models such as dogs, rats 

and mice for different pathologies (237-239). Targeting NO with c-PTIO has 

been shown to improve the efficacy of immunotherapy in a melanoma murine 

model (240). Since NO can be derived from NOS-independent sources that 

are not delivered by NOS inhibitors, NO scavengers emerge as an attractive 

option to explore its therapeutic potential.  
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General aims 

The main objective of this study was to characterize the mechanisms by 

which NO is involved in the onset and progression of CRC, their relationships 

with different CRC molecular subtypes and to identify new therapeutic 

strategies for the treatment of this disease. 

 
Specific aims 

1. To analyse the expression of NOS isoforms in conditional mice models of 

intestinal cancer and in human CRC tumors, to unravel the main NO sources 

and their role in intestinal CSC biology. 

2. To explore the effectiveness of NO trapping-based therapies on tumor 

growth and CSC characteristics, using both in vitro and in vivo models. 

3. To explore the potential benefit of combining NO scavenging-based 

therapies with conventional chemotherapy. 
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IV. Material and methods 

1. Patients and inclusion criteria 

Forty patients over 18 years of age with resectable CRC submitted to 

surgery in Reina Sofía Hospital (Córdoba, Spain) were included in the study, 

which was approved by the Reina Sofía Hospital ethical committee. Signed 

informed consent was obtained from each patient. 

2. Classification into colon cancer subtypes 

We used nCounter Element system by NanoString to analyse the RNA 

expression of a set of genes and classify CRC samples according to 

Sadanandam et al. (5 subtypes) and De Sousa E Melo et al. (3 subtypes), both 

classifiers strongly relating to each other. Data analysis was performed by 

using nSolver software (NanoString Technologies, Seattle, WA, USA) to 

manage the raw data generated for the expression of each gene. Then, the raw 

data expression readouts were normalized and an overall average (mean) was 

stablished for each gene. Positive expression of one particular gene indicates 

that the value of the number of RNA molecules is above the average, whereas 

negative expression indicates that is below the mean of the number of RNA 

molecules. miRNA signature from different tumor subtypes was obtained 

using the nCounter human v3 miRNA expression assay from Nanostring. 

Tumor immune response in the different tumor subtypes was obtained using 

the nCounter PanCancer immune profiling panel from Nanostring. 
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3. Immunohistochemistry (IHC) 

Four-micrometer-thick sections were mounted on poly-L-lysine coated 

slides, deparaffinized in xylene and rehydrated using graded alcohols. 

Antigen retrieval was accomplished by 10mM citrate buffer (pH 6.0) at 95-

98ºC for 20 min. Endogenous peroxidase was neutralized using EnVision 

FLEX peroxidase-blocking reagent (Dako, Denmark) for 10 min. Tween-

PBS was used as washing solution. Tissue sections were blocked with BSA 

3% and mouse on mouse staining protocol (Abcam) was used for mouse 

samples with eNOS mouse-produced antibody. Anti-eNOS (6H2) (1:200, 

Cell Signaling, Danvers, MA, USA) and anti-Bmi1 (1:400, Abcam) were 

used as primary antibodies. EnVision FLEX+mouse (linker) (Dako) was used 

for eNOS staining in mouse samples. EnVision FLEX/HRP (Dako K8000) 

was used as secondary antibody for 30 min at RT, followed by DAB staining 

(Dako liquid DAB + substrate chromogen system, Dako). Sections were then 

counterstained with hematoxylin, dehydrated and mounted. 

4. Real-time quantitative reverse transcription-
polymerase chain reaction 

Total RNA extraction was performed by using RNeasy Mini Kit (Quiagen, 

Hilden, Germany) following manufacturer’s recommendations. RNA was 

quantified spectrophotometrically at 260 and 280 nm and stored at -80ºC until 

use. iScript gDNA clear cDNA synthesis kit (Bio-Rad, California, USA) was 

used to obtain cDNA and real-time PCR was performed using Sensifast 

SYBR NO-ROX mix (Bioline, London, UK). Expression levels of eNOS, 

iNOS, Lgr5, Troy, Vav3 and Slc14a1 were measured by real-time 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 
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using LightCycler 480 Instrument II (Roche, Basel, Switzerland). Primer 

sequences are detailed in Table 3. Results were normalized to GADPH and 

relative expression was determined by the 2-∆∆Ct method. 

Table 3. List of mouse (m) and human (h) primer sequences. 

Gene Forward sequence Reverse sequence 

meNOS 
5’-TCAGCCATCACAGTGTTCCC-3’ 5’-ATAGCCCGCATAGCGTATCAG-3’ 

miNOS 
5’-ACATCGACCCGTCCACAGTAT-3’ 5’-CAGAGGGGTAGGCTTGTCTC-3’ 

mLgr5 
5’-GAGTCAACCCAAGCCTTAGTATCC-3’ 5’-CATGGGACAAATGCAACTGAA-3’ 

mTroy 
5’-ATTCTCTTCCTACTCCACCTG-3’ 5’-CATAGCCGAAGCCACATTC-3’ 

mVav3 
5’-GGGTAATAGAACAGGCACAGC-3’ 5’-GCCATTTACTTCACCTCTCCAC-3’ 

mSlc14a1 
5’-TTAAAGTAGACCGGGGTGAA-3’ 5’-ACCCGTGACGTAGCCAAGTA-3’ 

mGADPH 
5’-TGGCAAAGTGGAGATTGTTGCC-3’ 5’-AAGATGGTGATGGGCTTCCCG-3’ 

hNOS2 
5’-GCTGCCAAGCTGAAATTGAAT-3’ 5’-GATATCTTCGTGATAGCGCTTCT-3’ 

hRLP13 
5’-CCTGGAGGAGAAGAGGAAAGAGA-3’ 5’-TTGAGGACCTCTGTGTATTTGTC-3’ 

5. Chemicals 

c-PTIO was purchased from Sigma-Aldrich (St Luis, MO, USA); 

DETANONOate from Cayman Chemical (Ann Arbor, Michigan, USA); S-

nitrosocysteine (CSNO) was synthesized as previously described (241) by 

incubation of L-cysteine with acidified sodium nitrite and quantification by 

absorbance at 334 nm using a molar absorption coefficient of 0.74/mM/cm. 
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6. Cell culture 

HCT116 cells (DSMZ, Braunschweig, Germany) were grown in McCoy’s 

5A medium (Biowest, Nuaillé, France) containing 10% fetal bovine serum 

(FBS) (PAA Laboratories, Pasching, Austria). Caco-2 cells (ECACC, 

Salisbury, UK) were grown in minimum essential medium (MEM) (Biowest, 

Nuaillé, France) containing 15% FBS (PAA Laboratories, Pasching, Austria) 

and MEM non essential amino acids (Biowest, Nuaillé, France). DLD1 cells 

(kindly provided by Dr. Teresa Roldán Arjona, Universidad de Córdoba, 

España) were grown in Dulbecco's modified Eagle medium (DMEM) high 

glucose (4.5 g/L) (Capricorn Scientific, Ebsdorfergrund, Germany) 

containing 10% FBS (PAA Laboratories). Gene mutation profile and 

molecular characteristics of the human CRC cell lines are shown in Table 4. 

Stable chemoresistant cell lines (HCT116 and DLD1) were developed in our 

laboratory as previously described (242, 243). Culture media were 

supplemented with 2 mM glutamine (Biowest, Nuaillé, France) and Zell 

Shield antibiotics (Minerva Biolabs, Berlin, Germany). Cells were 

maintained in a humidified atmosphere at 37ºC and 5% CO2. 

Table 4. Main molecular characteristics of human CRC cell lines used in the 
study. 
 

Cell line MSI 
status CIN KRAS BRAF PIK3CA PTEN P53 

HCT116 MSI - G13D wt H1047R wt wt 

Caco-2 MSS + wt wt wt wt E204X 

DLD1 MSI - G13D wt E545K;D549N wt S241F 

Abbreviations: MSI, microsatellite instability; MSS, microsatellite stability; CIN, 
chromosomal instability; X, stop codon; wt, wild type. Protein level mutations are 
described as den Dunnen et al. 2000 (244) (standard one-letter amino acid 
abbreviations). Data adapted from Ahmed et al. 2013 (245). 
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7. Western blot analysis 

Cells were treated with c-PTIO, c-PTIO and DETANONOate or CSNO 

for 24h and centrifuged at 300 x g, for 5 min at 4°C. The cell pellet was then 

incubated for 15 min on ice with lysis buffer (50 mM Tris-HCl (pH 7.4), 150 

mM NaCl, 5 mM ethylenediamine tetraacetic acid (EDTA), 1 mM ethylene 

glycol tetraacetic acid (EGTA), 1.5 mM MgCl2, 10% glycerol, 1% NP40, 

0.1M dithiothreitol (DTT), 0.1 phenylmethylsulfonyl fluoride (PMSF), 1% 

v/v protease inhibitor cocktail (SERVA, Heidelberg, Germany) and 1% v/v 

phosphatase inhibitor cocktails 2 and 3 (Sigma- Aldrich) and centrifuged at 

10,000 x g for 15 min at 4°C. Total protein concentration was quantified by 

Bradford assay with the colorimetric reagent from BioRad (Hércules, CA, 

USA). Proteins were separated using 4-20% Criterion TGX stain free precast 

gels in the BioRad Criterion System and transferred to PVDF membranes, 

which were blocked for 1 h at room temperature (RT) in tween tris-buffered 

saline (TTBS) with 5% milk or bovine serum albumin (BSA), depending on 

the primary antibody. Blots were then incubated overnight at 4ºC with 

primary antibodies recognizing notch1 (Abcam, Cambridge, UK, 1:2000 

TTBS 5% milk), Bmi1 (Abcam, 1:5000 TTBS 5% BSA), β-catenin (BD, East 

Rutherford, NJ, USA,  1:2000 TTBS 5% BSA) and Sox2 (R&D systems, 

Minneapolis, MN, USA, 1:1000 TTBS 5% BSA). Blots were incubated with 

the appropriate secondary antibody HRP (Santa Cruz, Heidelberg, Germany, 

1:10000). Actin (I-19) HRP (Santa Cruz, 1:5000, 1h at RT) or stain-free 

technology were used as loading control. Protein bands were detected by 

enhanced chemiluminescence with the ECL Plus Western Blotting Detection 

System or ECL Advance Western Blotting Detection Kit (GE Healthcare Life 

Sciences, Little Chal-font, UK). Images were visualized and captured on a 

ChemiDoc XRS Imaging System (BioRad Hercules, CA, USA). 
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Densitometric analysis was performed by using Image Lab software (Bio-

Rad). 

8. Tumorsphere formation assay 

Cells were treated while growing in adherence and then trypsinized and 

seeded at clonal density (1 cell/µL) in ultra-low attachment surface 96-well 

plates (Costar, Corning, NY, USA) with serum free DMEM Nutrient Mixture 

F+12 HAM (DMEM/F12) (Sigma-Aldrich) supplemented with 1x B27 

(Invitrogen, Carlsbad, CA, USA), 10 ng/ml bFGF (Prepro Tech, London, 

UK), 20 ng/ml EGF (Santa Cruz Biotechnology, Heidelberg, Germany) and 

1% (v/v) methylcellulose (R&D systems) to prevent cell aggregation. Every 

2-3 days freshly supplements were added. Number and size of tumorspheres 

were analysed by optical microscopy 1-2 weeks after seeding. 

9. Organoid formation assay 

Cells were treated while growing in adherence and then trypsinized and 

embedded in Matrigel (growth factor reduced, phenol red free; BD) on ice 

and seeded in 24-well plates (10-25 single cells/µL of Matrigel per well). The 

Matrigel was polymerized for 10-15 min at 37ºC and 500 µL/well of 

advanced DMEM/F12 (Dulbecco’s Modified Eagle Medium/Ham’s F12) 

supplemented with Zell Shield antibiotics, 1x B27 and 1x N-2 supplement 

(Thermo Fisher, Waltham, MA, USA) were added. Number and size of 

organoids were analysed by optical microscopy 1-2 weeks after seeding. 

For wild type (wt) or VilCreERT2Apcfl/fl mouse organoids, crypts, fragments 

of epithelium or single cells were seeded in 24-well plates (50 and 10 

fragments per 10 µL of Matrigel per well, respectively). After 24h, organoids 
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were treated with c-PTIO for 48h and proliferation was determined by 

analysing the images with ImageJ software. 

10. Confocal immunofluorescence: in situ staining of 
organoids within matrigel 

Cells were plated in 60 µL of matrigel in µ-slide 8-well ibitreat chamber 

slides (Ibidi, Martinsried, Germany) and overlaid with advanced DMEM/F12 

supplemented with Zell Shield antibiotics, 1x B27 and 1x N2 supplement. 

Cell-derived organoids were observed for 16 days and then they were fixed 

in situ with -20ºC 100% methanol and 2% formaldhyde in PBS for 5 min 

each. The chambers were washed 2 x 5 min with PBS and 1 x 5 min with 

PBS-Tween. The slides were blocked with 3% BSA for 30 min and incubated 

with β–catenin antibody (BD, 1:50) at 4ºC overnight and washed 3 x 5 min 

with PBS-Tween. Organoids were then incubated with Alexa Fluor 488 

secondary antibody (Thermo Fisher, 1:200) at 4ºC overnight and were washed 

3 x 5 min with PBS-Tween. Nuclei were stained with DAPI and serial images 

were taken using a Zeiss LSM 710 confocal microscope. 

11. Cell cycle analysis 

HCT116 cells were treated with c-PTIO (100 µM) with or without 

DETANONOate (100 µM) or CSNO (100 µM) for 24h. Cells were harvested 

by trypsinization, washed once in PBS and then fixed in 50% ethanol at -20ºC 

for 20 min. After fixation, cells were resuspended in PBS staining buffer (50 

µg/ml propidium iodide, Sigma-Aldrich; 100 µg/ml RNase A, Roche) at RT 

in the dark for 20 min. The percentage of cells in each phase of cell cycle 
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were measured with FACSCalibur (BD) and the data were analysed using 

CellQuest acquisition software (BD). 

12. Proliferation assay 

The live-cell imaging and analysis IncuCyte ZOOM system (Essen 

Bioscience, Ann Arbor, MI, USA) was used for kinetic monitoring of colon 

cancer cells proliferation over time. Thus, cells were seeded at 5,000 

cells/well in 96-well plates and treated with different concentrations of c-

PTIO and chemotherapy (5-FU plus oxaliplatin). The plate was scanned and 

phase-contrast images of cell confluence per well at each time point were 

acquired every 6 h. Quantified time-lapse curves were analysed using 

Incucyte ZOOM software.  

13. Lenviral particles transduction and iNOS-silenced 
clone selection 

HCT116 cells were seeded (12,000 cells/well) in 96-well plates to be 

transduced at 50-80% confluency. To enhance the transduction, 8 µg/ml 

hexadimethrine bromide (Sigma-Aldrich) was added to the cells. Then, viral 

particles containing iNOS shRNA or non-target control shRNA (Mission 

shRNA lentiviral transduction particles, Sigma-Aldrich) were added at 5x 

multiplicity of infection and the cell-viral particle mixture was incubated at 

37ºC overnight. After incubation, viral particle-containing medium was 

removed and replaced with fresh complete culture medium. Cells were 

expanded to obtain enough amount for selection of transduced cells. Then, 

cells were harvested in filtered (0,2 µm) basic sorting buffer (1x phosphate 

buffer, 2 mM EDTA, 25 mM HEPES pH 7.0, 2% FBS and Zell Shield 
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antibiotics) and GFP-positive cells were sorted by flow cytometry (FACSAria 

III, BD) with a 100 µm nozzel in a cloning 96-well plate. Clones were grown 

in 50% FBS complete medium and iNOS downregulation was confirmed by 

qRT-PCR. 

14. Human pluripotent stem cell antibody array 

Proteome profiler human pluripotent stem cell array kit (R&D systems) 

was used to analyse the expression of stem cell markers in HCT116 and 

resistant HCT116 cells. Briefly, cancer cells were treated with c-PTIO (25 

µM), chemotherapy (0.5 µg/mL 5-Fu, 0.5 µM oxaliplatin), or both for 30h. 

Then, they were washed with PBS and incubated for 30 min in lysis buffer 16 

with 0.1 PMSF, 1% v/v protease inhibitor cocktail (SERVA) and 1% v/v 

phosphatase inhibitor cocktails 2 and 3 (Sigma- Aldrich) at 4ºC. Cell lysates 

were centrifuged at 14,000 x g for 5 min and protein concentration was 

quantified using the Bradford assay. Membranes were blocked with Array 

Buffer 1 for 1 h at RT and 200 µg of protein was added and incubated 

overnight at 4ºC on a rocking platform shaker. After incubation, membranes 

were washed thrice with 1x Wash Buffer for 10 min at RT. Then, diluted 

Biotinylated Detection Antibody Cocktail was added into each well and 

incubated for 2 h on a rocking platform shaker. Arrays were washed as 

previously and diluted Streptavidin-HRP was added and incubated for 30 min 

at RT on a rocking platform shaker. Membranes were washed as previously 

and 0.5 ml of the prepared Chemi Reagent Mix evenly were added onto each 

membrane. Images were visualized and captured on a ChemiDoc XRS 

Imaging System (Bio-Rad), and densitometric analysis was performed by 

using Image Lab software (Bio-Rad). 
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15. Mouse xenograft models 

Mice experiments were approved by the Ethical Committee for Animal 

Research of the University of Córdoba and followed all the proper ethical 

protocols. To stablish a subcutaneous colorectal xenograft model, five-week-

old male NOD/SCID mice (NOD.CB17/AlhnRj-Prkdcscid, Janvier Labs) 

were subcutaneously implanted into the flanks with vehicle or 24h c-PTIO-

treated HCT116 cells (2.5 x 106) in 100 µL of matrigel. The experiment was 

terminated 37 days post injection and tumor volume was analysed. To 

evaluate the in vivo c-PTIO effectiveness, six-week-old male NOD/SCID 

mice (NOD.CB17/AlhnRj-Prkdcscid, Janvier Labs) were injected 

subcutaneously with HCT116 cells (4 x 106) in 100 µL of matrigel into both 

hind flanks. Eight-week-old mice were intraperitoneally injected three times 

per week with vehicle (PBS) or c-PTIO (320 mg/kg). Similarly, HCT116 

xenografted mice were generated to evaluate the effect of the combination of 

c-PTIO (320 mg/kg, once a week) with chemotherapy (7.5 mg/kg 5-FU and 

1.5 mg/kg oxaliplatin, once a week) in mice once tumors reached 100 mm3. 

Finally, CRC patient derived xenograft (PDX) mice were stablished to test c-

PTIO effectiveness. Thus, 250.000 tumor cells from four different primary 

tumors in 100 µL of matrigel were subcutaneously injected into both hind 

flanks. Mice were treated with vehicle or c-PTIO (320 mg/kg, once a week) 

once tumors reached 100-150 mm3. Tumor growth was measured weekly 

using a digital caliper. Apparent tumor volume was calculated as l (length) x 

w (width)2 / 2 and final tumor volume as (π/6) x l (length) x w (width) x h 

(height). 
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16. Conditional mice models 

Mice were kindly provided by Dr. Kevin Myant at the Institute of Genetics 

and Molecular Medicine (IGMM) in Edinburgh (Scotland) and experiments 

were performed according to the UK Home Office guidelines. The 

background of C57BL/6I mice were as follows: Apc heterozygosis deletion 

(Apcfl/+), Apc homozygosis deletion (Apcfl/fl) or Apc heterozygosis deletion 

plus PTEN heterozygosis deletion (Apcfl/+PTENfl/+) under tamoxifen-induced 

villin promoter (VilCreERT2). Recombination by VilCREERT2 was induced with 

one intraperitoneal injection of 80 mg/kg tamoxifen per day for 4 days. 

Analysis of VilCREERT2-induced mice were conducted at day 4 after 

induction. 

16. Statistical analysis 

All data are expressed as mean ± standard deviation. All Statistical 

analyses were performed using GraphPad Prism 5. Before comparing two 

data groups, a normality test and an equal variance test were performed. If 

data groups passed both tests, a comparison was made by a parametric 

approach (paired Student’s t-test). If the normality and/or equal variance test 

was violated, a comparison was made by a nonparametric method (Mann-

Whitney test). Differences were considered statistically significant at P<0.05. 
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1. eNOS is overexpressed in hyperproliferative regions 
and tumors of Apcfl/fl, Apcfl/+ and Apcfl/+ PTENfl/+ 
intestinal mouse tissue 

To explore the role of NO in the generation and maintenance of CSC 

subpopulation we used the CSC specific VilCreERT2 Apcfl/fl mouse model 

(246). In this model, a deletion of both allelic copies of Apc gene can be 

targeted to the intestinal epithelium, where Apc-deficient cells maintain a 

“crypt progenitor-like” phenotype associated with the expansion of a stem 

Lgr5-positive cell population and early colorectal lesions (122). Thus, we 

investigated whether Apc deletion could alter the expression of the inducible 

and endothelial nitric oxide synthase isoforms (iNOS, eNOS). As shown in 

Figure 10A, whereas intestinal tissue sections from normal mice showed no 

expression of eNOS, an intense immunostaining for this NOS isoform was 

found in epithelial cells from Apc-deficient crypts. However, iNOS 

expression was absent in both wt and Apc-deficient intestinal sections 

(Figure 10A). 

Deletion of both copies of Apc leads to a Wnt driven, hyperproliferative 

phenotype. On the other hand, conditional deletion of a single copy of Apc 

(VilCreERT2 Apcfl/+) leads to mice carrying 10-20 discreet adenomas following 

spontaneous loss of the wildtype Apc allele (25). Analysis of tumors that arose 

in this mouse model showed an increase of eNOS expression in tumor 

regions. However, normal areas of the intestine that still remained organized 

and where tumors were absent did not show eNOS staining at the bottom of 

intestinal crypts (Figure 10A). We confirmed this eNOS upregulation in 

intestinal adenomas from Apcfl/+ mouse tissue by qRT-PCR, compared with 

normal intestinal tissue from the same animal (Figure 10B). The above 
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results suggest that increased production of NO in mutant crypts through 

overexpression of eNOS isoenzyme occurs following loss of Apc. Again, 

iNOS was not induced after the loss of just one Apc allele (Figure 10A).  

Similarly, tumors from the more invasive VilCreERT2Apcfl/+ Ptenfl/+ mouse 

model showed an overexpression of eNOS whereas normal crypts did not 

show any expression of this isoenzyme (Figure 10A). Accordingly, qRT-

PCR analyses confirmed that eNOS was almost three-fold upregulated in the 

intestine of VilCreERT2Apcfl/+ Ptenfl/+ mice compared with normal tissues 

(Figure 10B). As found in the other two mouse models, iNOS expression was 

absent in both tumor and normal epithelium adjacent to the tumor (Figure 
10A).  

Interestingly, invasive tumors from VilCreERT2Apcfl/+ mice showed a 

population of eNOS-expressing cells at the invasive fronts of the lesions. 

However, the lamina propria of wt regions lacked these cell populations 

(Figure 11). Likewise, the more invasive VilCreERT2Apcfl/+ Ptenfl/+ mice 

model showed even more eNOS-expressing cells in the invasive fronts of 

tumors and, again, this population was absent in regions lacking tumor lesions 

(Figure 11). This result suggest that eNOS-produced NO in tumor fronts 

could have a key role in invasion and dissemination events. 
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Figure 10. eNOS is upregulated in intestinal tumors from Apcfl/fl, Apcfl/+, Apcfl/+ 
Ptenfl/+ mouse models. (A) eNOS and iNOS immunohistochemistry of wt, Apcfl/fl, 
Apcfl/+ and Apcfl/+ PTENfl/fl mice intestinal tissues.  eNOS expression was absent in 
wt intestine whereas Apcfl/fl sections showed an intense immunostaining in the 
hyperproliferative crypts. In Apcfl/+ and Apcfl/+ PTENfl/+ mice models, 
hyperproliferative areas showed an upregulation of eNOS (black arrows) whereas 
normal intestinal tissue did not show expression of this NOS isoform (red arrow). 
The bottom of normal crypts did not show staining of eNOS (grey arrows). iNOS 
expression was found absent in all three models. Scale bars: 100 µm (middle and 
right) and 200 µm (left). (B) qRT-PCR analysis of eNOS expression from wt, Apcfl/+ 
and Apcfl/+ PTENfl/+ tissue. * P<0.05 compared with the wt non-proliferative tissue. 
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Figure 11. Invasive tumor fronts from Apcfl/+ and Apcfl/+ Ptenfl/+ intestinal mouse 
tissue showed a population of eNOS-expressing cells. Immunostaining of eNOS-
expressing cells in tumor fronts from Apcfl/+ and Apcfl/+ PTENfl/+ tissue. The red 
arrow shows a blood vessel as an internal positive control of eNOS immunostaining. 
Scale bars: 100 µm (left) and 50 µm (middle and right). 

Taken as a whole, the above results suggest a potential relevant role of the 

upregulation of eNOS expression in early stages of CRC, where the Lgr5-

positive stem cell population is expanded, and also that the upregulation of 

this NOS isoform is maintained in more advanced and invasive genotypes. 

2. eNOS is upregulated in mesenchymal poor-prognosis 
subtype and poorly differentiated human colorectal 
tumors 

CRC molecular subtypes have been proposed by several independent 

studies based on distinct global gene expression profiles (106, 107, 109). 

While these studies differ regarding the number of tumor subtypes identified, 

they all agree in the identification of a stem-like/mesenchymal CRC subtype 

which represents a particular class of highly aggressive CRC tumors 
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associated with poor patient outcome. Therefore, we next evaluated the 

expression of NOS isoforms in different CRC subtypes. To this end, we first 

performed in 40 human colorectal adenocarcinomas the RNA expression 

analysis of different classifiers genes according to Sadanandam et al. (106)  

and De Sousa E Melo et al. (107). Table 5 shows the main clinical 

characteristics of the CRC patient population included in the study. Thus, we 

obtained a supervised classification of tumors into five molecularly distinct 

subtypes which are associated with different clinically relevant 

characteristics: TA, enterocyte, goblet like, inflammatory and stem cell-like 

(Figure 12 and 13A). The unsupervised classification (Figure 13B) 
confirmed the identification of this stem-like subgroup of tumors that match 

the mesenchymal CMS4 group recently defined by the international CRCSC 

(109). We also used the nCounter analysis system to detect with high 

specificity the expression of a panel of 800 human miRNAs in different 

classified colorectal tumors. The analysis resulted in a significant signature 

of 11 miRNAs which defines the mesenchymal subtype against the rest of 

tumor subtypes (Figure 14A). The overexpression of miR-100, let-7e and 

miR-99a, which have been reported as powerful regulators of EMT (247-

249), was found in the mesenchymal tumor subtype. However, those miRNAs 

previously reported as negative regulators of EMT, including miR-215 (250), 

miR-375 (251), miR-141 and miR-200c (252), miR-200a (253), miR-429 

(254), miR-625 (255) and miR-18a (256), were found downregulated in this 

subtype. Similarly, we analysed the immune response in these classified 

human tumors by using the nCounter PanCancer immune profiling panel and 

obtained a specific immune gene signature in the mesenchymal CRC subtype 

(Figure 14B). Thus, we found a significant increase of innate immune 

response cells, such as dendritic cells (DC), CD45 cells, macrophages and 
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mast cells, in mesenchymal tumors (Figure 15A). Furthermore, 

mesenchymal tumors showed an upregulation of immune response genes 

related with adhesion, cell cycle, complement, leukocyte, microglial, 

senescence, Toll-like receptor (TLR) and transporter functions (Figure 15B). 

Table 5. Main clinical characteristics of the CRC patient population.  

  n (%) 

Age Mean ± SD 68.78 ± 9.01  
Gender    
 Men 26 65% 
 Women 14 35% 
Anatomical location    
 Right colon 16 40% 
 Left colon  3 7.5% 
 Transverse colon 3 7.5% 
 Rectum and sigma 18 45% 
Degree of differentiation    
 Low grade 35 87.5% 
 High grade 4 10% 
 Undetermined 1 2.5% 
Tumor stage    
 I 8 20% 
 II 17 42.5% 
 III 9 22.5% 
 IV 3 7.5% 
 NA 3 7.5% 
Treatment    
 Neoadjuvant 

radiochemotherapy 
 

5 
 

12.5% 
NA: not available 
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Figure 12. Qualitative supervised classification of human CRC tumors into 
different CRC subtypes. Data analysis was performed using nSolver software from 
Nanostring Technologies. Raw expression data were normalized and an overall 
average (mean) was stablished for each classifier gene, as described by Sadanandam 
et al. 2013 and De Sousa e Melo et al 2013. The positive expression of one particular 
gene indicates that the number of RNA molecules is above the average, and it is 
designated as a green square, whereas negative expression is a value below the 
overall mean and it is designated as a red square. 

De Sousa E Melo 
et al. 2013 

Sadanandam 
et al. 2013 
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Figure 13. Relative expression of classifier genes and unsupervised classification 
of tumor samples. (A) List of classifiers genes used for the classification of tumors 
into CRC subtypes (mesenchymal, TA, goblet-like, enterocyte and inflammatory) 
and their relative expression in all tumor samples. Data analysis was performed as 
described in material and methods. (B) Unsupervised classification discriminating 
between mesenchymal/stem-like and non-mesenchymal CRC tumors. The heat map 
was generated using nSolver software from Nanostring Technologies. 

 



Results 

73 
 

 

Figure 14. Human mesenchymal CRC subtype shows specific miRNA and 
tumor immune response gene signatures. Heat maps were generated using nSolver 
software from Nanostring Technologies. (A) miRNA signature of mesenchymal 
tumors compared with other non-mesenchymal subtypes. (B) Tumor immune 
response gene signature of mesenchymal tumors compared with non-mesenchymal 
tumors. 
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Figure 15. Specific immune gene signature in the mesenchymal CRC subtype. 
Mesenchymal tumors were characterized by a significant increase of innate immune 
response cells and immune response genes related with adhesion, cell cycle, 
complement, leukocyte, microglial, senescence, TLR and transporter functions. 
Nanostring immune-profiling analysis of mesenchymal and non-mesenchymal 
tumors. RNA isolated from human CRC tumors was analysed using the Nanostring 
nCounter PanCancer immune profiling Panel. (A) Profiling of tumor-associated 
immune cell type markers in mesenchymal and non-mesenchymal tumors. (B) 
Expression profiling of immune-related functions in each group of tumors. 
Expression values are expressed as log2. 

All these three signatures generate a robust classification of the 

mesenchymal/stem-like tumors which differentiate them from the rest of 

tumors. Notably, the analysis of NOS isoforms showed that, compared with 

the other CRC subtypes, eNOS was highly expressed in the mesenchymal 

subtype, whereas iNOS was nearly absent (Figure 16A). In agreement with 

RNA expression analyses, protein expression (Figure 16B) and 

immunohistochemical studies (Figure 17) confirmed the higher expression 
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of eNOS protein in mesenchymal tumors compared with the rest of non-

mesenchymal CRC subtypes. The expression of iNOS was found in some 

human colorectal tumors and it was restricted to just some aberrant crypts or 

even individual cells, unlike general high expression of eNOS in 

mesenchymal tumors (Figure 17). The induction of iNOS occurs in punctual 

regions where proper inductive signals may lead to a massive increase of its 

expression. This produces just temporary high levels of NO since this is 

energetically unsustainable over time. 

 

Figure 16. eNOS is significantly upregulated in human mesenchymal CRC 
tumors.  (A) eNOS expression values expressed as number of mRNA molecules 
detected. The plots show normalized data of eNOS gene expression in all human 
CRC subtypes using the nCounter system by Nanostring Technologies. (B) 
Quantification of eNOS western blot analysis of total protein extracts of classified 
human CRC tumors. *P<0.05, **P<0.01, ****P<0.0001 compared with non-
mesenchymal tumors. 
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Figure 17. eNOS is highly expressed in human mesenchymal CRC tumors. 
eNOS and iNOS immunohistochemistry in classified human CRC tumors. 
Mesenchymal tumors showed a high expression of eNOS whereas this isoenzyme 
was low or absent in non-mesenchymal tumors. iNOS expression was found 
sporadically among the tumors and was restricted to particular areas or even 
individual cells where iNOS induction may be triggered. Scale bars: 100 µm. 

Interestingly, immunohistochemical analyses of unclassified high grade 

poorly differentiated tumors from CRC patients also showed an upregulation 

of eNOS compared with non-proliferative areas (Figure 18). In line with 

these results, a significant lower 5-year survival rate was found in patients 

with CRC, colon adenocarcinoma and rectum adenocarcinoma when eNOS 

was highly expressed. On the contrary, a low expression of iNOS isoform was 

associated with a lower 5-year survival rate (Figure 19). Thus, similarly to 

that found in mesenchymal CRC tumors, a high expression of eNOS resulted 
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in a poor prognosis in CRC patients, whereas a low expression of iNOS 

showed the opposite effect. Overall, the above results suggest that eNOS 

isoform is the main source of NO in mesenchymal poor-prognosis tumors. 

 

Figure 18. eNOS is highly expressed in advanced poorly differentiated human 
tumors. Immunohistochemistry of eNOS in non-classified CRC tumors. 
Hyperproliferative areas showed an intense staining of this isoenzyme (black arrow), 
whereas areas that still maintain normal structure did not show eNOS expression (red 
arrow). Scale bars: 100 µm. 
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Figure 19. eNOS upregulation is significantly associated with a lower 5-year 
survival rate in CRC, colon adenocarcinoma and rectum adenocarcinoma 
patients whereas low iNOS expression has the opposite effect. Kaplan-Meier 
plots from analysis of correlation of (A) eNOS or (B) iNOS mRNA expression level 
and patient survival using the best separation are shown. Patient were divided into 
low or high groups based on the level of expression of the NOS isoform. Data were 
taken from The Human Protein Atlas database. 
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3. eNOS is upregulated in intestinal epithelial organoids 
derived from Apcfl/fl mice and NO scavenging decreases 
their proliferation and stem cell marker expression  

To further explore the role NO in the Lgr5+ stem cell population we 

developed VilCreERT2 Apcfl/fl mouse organoids, which maintain a “crypt 

progenitor-like” phenotype associated with the expansion of a stem Lgr5-

positive cell population (122). When intestinal epithelial cells from wt or 

tamoxifen-induced Apcfl/fl mice were cultured using the organoid forming 

assay, wt organoids grew forming crypt-like structures whereas Apcfl/fl 

organoids completely lost their epithelial intestinal structure (Figure 20A). 
Analysis of NOS isoforms expression showed that eNOS was highly 

expressed in Apc-deficient organoids compared to their normal counterparts, 

whereas iNOS was downregulated (Figure 20B). Again, this result support 

that eNOS isoform could have an important role during the expansion of the 

Lgr5-positive stem cell subpopulation after Apc loss. Scavenging of NO with 

c-PTIO, a compound that quickly reacts with NO decreasing its concentration 

and bioavailability for tumor cells (257), caused a significant decrease of 

Apcfl/fl organoids proliferation, whereas wt organoids grew normally (Figure 
20C and D). Besides, NO depletion also caused a marked decrease in Lgr5+ 

cell population in both wt and Apcfl/fl organoids (Figure 20E). Furthermore, 

other stem cell markers, including Troy, Vav3 and Slc14a1 were 

downregulated after NO scavenging (Figure 20E). Thus, these results 

reinforce the notion of an important regulatory role for NO in intestinal CSC 

biology. 
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Figure 20. eNOS is upregulated in organoids derived from Apcfl/fl mice intestine 
and NO trapping decreases their proliferation and downregulates the 
expression of stem cell markers. (A) Representative images from typical wt and 
Apcfl/fl organoids. Scale bars: 400 µm (left) and 200 µm (right). (B) qRT-PCR 
analysis of iNOS and eNOS expression from wt and Apcfl/fl organoids. *P<0.05 
compared with the wt organoids. (C and D) Proliferation assay of control or 48 h c-
PTIO (500 µM) treated wt and Apcfl/fl organoids. Proliferation was determined by 
image analysis with ImageJ software. *P<0.05 compared with the control. Scale 
bars: 1000 µm. (E) qRT-PCR analysis of Lgr5, Troy, Vav3, Slc14a1 expression from 
control or c-PTIO (500 µM) treated wt and Apcfl/fl organoids. 
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4. NO depletion abolishes the capacity of CRC cells to 
form tumorspheres and organoids in vitro 

To further study the role of NO in CSC subpopulation we performed 

tumorsphere experiments, which is a functional assay of self-renewal capacity 

to characterize the CSC subpopulation in vitro.  To modulate NO levels, CRC 

cells growing in adherence were treated for 24h with the NO scavenger c-

PTIO, in the presence or the absence of a NO donor (DETANONOate or 

CSNO). Thus, we found that the pre-treatment of HCT116 and Caco-2 cells 

with c-PTIO, markedly inhibited their subsequent ability to form 

tumorspheres in a concentration-dependent manner (Figure 21A). This effect 

was NO-specific since the addition of NO-donors, such as DETANONOate 

or CSNO, eradicated the anti-CSCs activity of c-PTIO in HCT116 and Caco-

2 cells (Figure 21B). Thus, these results suggest an important regulatory role 

of NO in self-renewal capacity of colorectal CSCs. 

On the other hand, the organoid forming assay allows the generation in 

vitro of self-organized structures similar to crypt-villus units that mimic the 

three-dimensional tumor growth. As above, specific depletion of NO in 

HCT116 and Caco-2 cells led to a large decrease in the size and number of 

formed organoids (Figure 22A). This was a NO-specific effect since the use 

of NO donors such as DETANONOate or CSNO, recovered the capacity of 

HCT116 and Caco-2 cells to form organoids (Figure 22B). Scavenging of 

NO inhibited the growth of organoids in both cell lines (Figure 23A) and 

altered the morphology in Caco-2 cells organoids (Figure 23B). Thus, Caco-

2 cells typically form hollow organoids, but the pre-treatment of cells with c-

PTIO induced the formation of smaller and filled organoids, which recovered 

their original morphology when NO-donors were added. 
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Figure 21. NO scavenging reduces the capacity of HCT116 and Caco-2 to form 
tumorspheres in vitro. Dose-response effect of c-PTIO treatment in tumorsphere 
formation (A). Formation of tumorspheres from pre-treated HCT116 and Caco-2 
cells with c-PTIO (100 µM) for 24h in the absence or the presence of 
DETANONOate or CSNO (100 µM). Representative images 1-2 weeks after seeding 
are shown (B). Scale bars: 100 µm. * P<0.05 compared with the control. 

 

 

Figure 22. NO scavenging significantly impairs the formation of CRC cell lines-
derived organoids. (A) Formation of organoids from control or c-PTIO (100 µM) 
pre-treated cells. * P<0.05 compared with the control. (B) The addition of NO-
donors (100 µM) for 24h restored the organoid formation capacity. Representative 
images 1-2 weeks after seeding are shown. Scale bars: 100 µm. 
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Figure 23. NO scavenging impairs the capacity of CRC cells to form organoids 
in vitro and alters the morphology of Caco-2 organoids. (A) Timeline of organoid 
formation in control or c-PTIO (100 µM) pre-treated HCT116 and Caco-2 tumor 
cells. (B) Representative images of changes in morphology of Caco-2 organoids. 
Scale bars: 100 µm. 

The CSC subpopulation is characterized by self-renewal capacity and the 

ability to differentiate in an aberrant heterogeneous progeny, so the impaired 

capacity of tumor cells to form differentiated structures, such as the lumen 

and the epithelial layer, again suggest that depletion of NO causes a negative 

impact in the CSC phenotype. 
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5. Scavenging eNOS-derived NO impairs the expression 
of β-catenin and Wnt-target genes in colorectal cancer 
cells and Caco-2 derived organoids 

Dysregulation of Wnt/β-catenin signaling pathway is one of the earliest 

alterations in CRC and it has a crucial role in CSC subpopulation (57, 258). 

In agreement with our previous results based on functional assays of CSC in 

vitro, the modulation of NO levels regulated the expression of the stem-

related protein β-catenin. Thus, the expression of β-catenin was 

downregulated in tumor cells after NO scavenging and the addition of NO 

donors recovered its original levels, indicating the specificity of NO in 

modulating the expression of this protein (Figure 24A). We also performed 

a confocal immunofluorescence analysis of β-catenin in the Apc mutated 

Caco-2 organoids (259) and found a downregulation of this protein after NO 

scavenging (Figure 25).  
   Consequently, the expression of previously known Wnt-target genes, 

such as Bmi1, Nocth1 and Sox2, was found downregulated in HCT116 and 

Caco-2 cells after NO scavenging. The use of NO donors again showed the 

capacity of this molecule to modulate key CSC signaling proteins (Figure 
24A). Since these proteins participate in different important signaling 

pathways in CSC biology and are involved in the generation and expansion 

of CSCs, these results also support the specific negative impact of NO 

depletion in the CSC phenotype. To rule out the contribution of iNOS in this 

effect, we developed iNOS-knockdown HCT116 cells (Figure 24B). 
Scavenging of NO in this iNOS-deficient background also caused the 

downregulation of all the above mentioned proteins (Figure 24C), 
highlighting the relevance of eNOS-produced NO. 
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Figure 24. Scavenging of eNOS-derived NO significantly impairs the CSC 
phenotype in human colon cancer cells. (A) Immunoblot of β-catenin, Bmi1, 
Notch1 and Sox2 expression in HCT116 and Caco-2 tumor cells treated with c-PTIO 
(100 µM) with or without DETANONOate or CSNO (100 µM) for 24h. (B) qRT-
PCR of iNOS-induced expression (IL-1β 3 ng/ml, IFN-γ 200 U/ml and TNF-α 75 
ng/ml, for 6h) from control and iNOS-shRNA expressing HCT116 cells. (C) 
Immunoblot of previously mentioned CSC-related proteins in control or iNOS-
knockdown HCT116 cancer cells treated with c-PTIO (100 µM). Stain-free 
technology was used as loading control in immunoblot experiments. * P<0.05 
compared with the control. Scale bars: 100 µm. 
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Figure 25. NO scavenging decreases the expression of β-catenin in Caco-2 
organoids. β-catenin confocal immunofluorescence from control or 24h c-PTIO-
treated (100 µM) Caco-2 organoids. 

6. NO scavenging reduces the capacity of mesenchymal 
CRC cells to form tumors in xenograft mouse models 

The above results demonstrate a regulatory role of NO on CSC phenotype 

and emphasize the importance of the production of this molecule by eNOS in 

maintaining this phenotype. Besides, NO scavenging is shown as an attractive 

alternative to typically used iNOS inhibitors in cancer, particularly in stem-

cell like or mesenchymal tumors. 

Therefore, to further explore the antitumor capacity of NO depletion, two 

different xenograft experiments were performed using the mesenchymal 

HCT116 CRC cancer cell line (106). Thus, control and c-PTIO-treated 

HCT116 cells were subcutaneously injected into immunocompromised mice 

and then tumor progression was evaluated. As shown in Figure 26A, NO-

depleted cells generated tumors half the size of those generated from 
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untreated control cells. The decreased capacity of pre-treated cancer cells to 

form larger tumors suggests a long-term effect of scavenging NO and an 

important role of this molecule in the regulation of CSCs. On the other hand, 

to elucidate the antitumor effectiveness of c-PTIO in vivo, HCT116 tumor 

cells were subcutaneously injected into immunocompromised mice and 

animals were then treated with with 320 mg/kg of c-PTIO three times a week. 

Animals treated with the NO scavenger showed a reduced tumor growth and 

developed tumors half the size of those in untreated mice (Figure 26B). These 

results suggest that NO scavenging-based therapies could be an interesting 

approach in CRC, particularly in mesenchymal CRC tumors.  
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Figure 26. NO depletion with c-PTIO reduces the capacity of mesenchymal 
HCT116 CRC cells to form tumors in mice. (A) Control or 24h c-PTIO (100 µM) 
pre-treated HCT116 cells were subcutaneously injected into the flanks of 
immunocompromised mice. Final tumor volumes were analysed after 37 days of 
injection of cells. On the other hand, (B) mice xenografted with HCT116 cells were 
treated with vehicle or c-PTIO (320 mg/kg) once a week and apparent and final 
tumor volumes were recorded. * P<0.05 compared with control. 
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7. NO scavenging decreases the growth of patient-
derived xenografted tumors 

The PDX assay offers a more relevant preclinical model for conducting 

translational research and to mimic tumor complexity and behaviour (260). 

Thus, we aimed to stablish a CRC PDX biobank which mirrors the genetic 

and phenotypic characteristics of the original tumors. We performed a 

preliminary study where four different PDXs where treated with 320 mg/kg 

c-PTIO once a week. Despite the significant morphological and histological 

differences between PDXs (Figure 27A), we found that NO scavenging 

notably reduced the growth of all of them during the course of treatment as 

well as the final tumor volume at the end of the experiment (Figure 27B and 
27C). Interestingly, PDX4 showed a high expression of eNOS compared with 

the other PDXs (Figure 27A), what may explain the initially lower response 

to c-PTIO treatment. Therapies consisting of efficient scavenging of NO 

could stand for an appealing approach in CRC and may be used in 

combination with conventional therapies to overcome chemoresistance and 

to improve the clinical outcome. 
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Figure 27. NO scavenging decreases tumor growth in CRC PDXs models. (A) 
Representative pictures from hematoxilin-eosin staining and eNOS 
immunohistochemistry of PDXs sections. (B) Effect of c-PTIO treatment on the 
apparent tumor volume and (C) final tumor volume in different CRC PDXs models. 
Scale bars: 100 µM. 

8. NO trapping sensitizes both chemo-naive and 
chemoresistant colon cancer cells to chemotherapy 

Chemoresistance is a phenomenom by which cancer cells become 

insensitive to chemotherapeutic drugs and it is considered a major limitation 

in the effectiveness of chemotherapy. Initially sensitive cancer cells can 

develop a therapy-induced resistance named as acquired resistance (261). 

Here, initially sensitive HCT116 and DLD1 tumor cells developed acquired 

resistance to the first-line chemotherapeutic agents 5-FU plus oxaliplatin after 
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sustained exposure of increasing doses during months (Figure 28). These 

results highlight the limitations of conventional therapies and the imperative 

need to find different approaches to overcome chemoresistance. In this 

regard, NO scavenging sensitized both chemo-naive and chemoresistant 

HCT116 and DLD1 cells to chemotherapy (Figure 29). These results suggest 

that NO trapping-based therapies could help both in decreasing the effective 

doses of chemotherapy used in responding tumors as well as in sensitizing 

chemoresistant tumor cells. 

 

 
 
Figure 28. Sustained exposure to increasing concentration of chemotherapeutic 
agents results in the development of acquired chemoresistance in CRC cells. 
Cell growth of chemo-naive and chemoresistant HCT116 and DLD1 cells in the 
presence of vehicle or 5-FU plus oxaliplatin (HCT116: 0.5 µg/ml 5-FU + 0.5 µM 
oxaliplatin; DLD1: 2 µg/ml 5-FU + 2 µM oxaliplatin). 
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Figure 29. NO scavenging sensitizes both chemo-naive and chemoresistant CRC 
cells to chemotherapy. Cell growth monitoring of chemo-naive and chemoresistant 
HCT116 and DLD1 cells in presence of vehicle, c-PTIO, 5-FU plus oxaliplatin or 
the combination of c-PTIO and 5-FU plus oxaliplatin. Doses used were as follows: 
chemo-naive HCT116 (25 µM c-PTIO; 0.25 µg/ml 5-FU + 0.25 µM oxaliplatin), 
chemoresistant HCT116 (25 µM c-PTIO; 0.5 µg/ml 5-FU + 0.5 µM oxaliplatin), 
chemo-naive DLD1 (100 µM c-PTIO; 0.5 µg/ml 5-FU + 0.5 µM oxaliplatin), and 
chemoresistant DLD1 (100 µM c-PTIO; 3 µg/ml 5-FU + 3 µM oxaliplatin). 

9. NO scavenging downregulates cyclin D1 expression, 
causes a massive arrest in G2 phase of cell cycle and 
increase cell size in HCT116 cancer cells 

It has been previously shown that NO can differentially impact in cell 

cycle, where low NO concentrations generally promote cell survival and 

proliferation whereas high concentrations favours cell cycle arrest  (262). 

Interestingly, we showed that NO scavenging caused a massive arrest of 
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HCT116 tumor cells in the G2-phase of the cell cycle, whereas the addition 

of different NO donors, such as DETANONOate and CSNO, reverted this 

outcome, indicating the NO-specificity of the effect (Figure 30A and 31). 
According to this result, trapping NO with c-PTIO resulted in a 

downregulation of cyclin D1, whose expression was restored by using NO 

donors (Figure 30B). Again, to rule out the contribution of iNOS-derived NO 

in the expression of cyclin D1 we also performed these experiments in iNOS-

knockdown HCT116 cells. Thus, we found that scavenging NO in an iNOS 

deficient background still decreased the expression of cyclin D1, highlighting 

the role of eNOS-derived NO (Figure 30C). 

On the other hand, cyclin D1 has been involved in the regulation of cellular 

size, where its downregulation resulted in an increase in cell size (263) and 

an opposite effect was observed when cyclin D1 was overexpressed (264). 

Accordingly, scavenging NO also decreased the cell size of HCT116 cells 

whereas the addition of NO donors recovered the original cell size (Figure 
31). Thus, the above results support a potential role of NO in modulating key 

proteins of cell cycle signaling pathways. 
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Figure 30. NO trapping causes a massive arrest of CRC cells in G2 phase and 
eNOS-derived NO scavenging decreases the expression of cyclin D1. (A) Cell 
cycle analysis by flow cytometry of HCT116 cells treated with c-PTIO (100 µM) 
with or without DETANONOate or CSNO (100 µM) for 24h. * P<0.05 compared 
with the control. (B) Western blot of cyclin D1 in HCT116 cells treated with c-PTIO 
(100 µM) and/or NO donors for 24 h. (C) Immunoblot of cyclin D1 in non-target 
shRNA and iNOS shRNA HCT116 cells, treated or not with c-PTIO (100 µM) for 
24 h. 
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Figure 31. NO scavenging causes an increase of cell size in HCT116 cells. Cell 
cycle flow cytometry analysis of HCT116 cells treated with c-PTIO (100 µM), with 
or without DETANONOate or CSNO (100 µM) for 24h. The Side SCatter (SSC) 
parameter shows changes in cell size from c-PTIO treated cells, whereas treatment 
with NO donors reverted to normal cell size. 
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10. NO depletion avoid CSC-enrichment after 
chemotherapy treatment in chemoresistant HCT116 
tumor cells  

We hypothesized that acquired resistance would increase the expression of 

CSC markers and therefore we performed a human pluripotent stem cell 

array. Surprisingly, the acquisition of chemoresistance did not enriched the 

CSC subset of HCT116 cancer cells. However, chemoresistant HCT116 cells 

showed an increase in the expression of stem cell markers in response to 

chemotherapy (Figure 32). This result may suggest that acquired resistance 

allows a rapid selection of CSC after treatment. Interestingly, depleting NO 

together with chemotherapy treatment avoided this enrichment of CSC 

markers, suggesting that NO may play an important role in selecting this 

subpopulation. 
 

Figure 32. NO scavenging avoid the enrichment of CSC markers in 
chemoresistant HCT116 cells after chemotherapy treatment. Analysis of CSC 
expression markers array after chemotherapy (0.5 µg/ml 5-FU + 0.5 µM oxaliplatin) 
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or c-PTIO (25 µM) plus chemotherapy (0.5 µg/ml 5-FU + 0.5 µM oxaliplatin) 
treatments for 30h. 

11. Chemotherapy induces the expression of eNOS in 
mesenchymal CRC cells in a xenograft mouse model 

We aimed to explore the capacity of NO scavenging to sensitize 

mesenchymal HCT116 cancer cells to chemotherapy in vivo. Thus, HCT116 

cells were subcutaneously injected into immunocompromised mice and 

animals were then treated with 320 mg/kg of c-PTIO once a week, 

chemotherapy (7.5 mg/kg 5-FU + 1.5 mg/kg oxaliplatin once a week), or both 

treatments. None of the treatments had toxic effects or caused weight loss 

during the experiment (Figure 33A). As found previously, in vivo c-PTIO 

treatment impaired tumor growth (Figure 33B) and final tumor volume was 

significantly decreased compared with that of untreated control mice, even 

using a three-fold lower dose (Figure 33C and 33D). Interestingly, tumor 

xenografts did not show iNOS expression whereas eNOS was found highly 

expressed in both epithelial and endothelial cells (Figure 34A). Thus, the 

effect of c-PTIO was the result of eNOS-produced NO scavenging, the main 

source of this molecule in the mesenchymal tumor. Besides, the expression 

of β-catenin and Bmi1, which is a relevant target for cancer therapeutics 

(136), were found decreased in tumors after c-PTIO treatment (Figure 34B). 
Again, these results further support a key role of eNOS-derived NO in CSCs 

maintenance and show NO scavenging as an attractive alternative to target 

this tumor subpopulation. 

We employed a suboptimal dose of chemotherapy to explore if NO 

scavenging could turn into an effective dose. Surprisingly, NO-trapping not 

only did not synergized with chemotherapy but 5-FU and oxaliplatin 
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eliminated the anticancer effect of c-PTIO (Figure 33B, 33C and 33D). We 

hypothesized that chemotherapy could increase NO production, therefore 

impairing the effectiveness of NO targeting. In fact, we found that 

chemotherapy highly induced the expression of eNOS in vivo (Figure 34).  
 

 

Figure 33. Lower doses of c-PTIO also decrease tumor growth in mesenchymal 
HCT116 derived xenografts and chemotherapy abolishes this effect. Mice 
xenografted with HCT116 cells were treated with vehicle, c-PTIO, 5-FU + 
oxaliplatin, or c-PTIO plus FU + oxaliplatin. (A) Mice weight was monitored over 
time. (B) Tumor size was measured during the course of treatment. (C and D) Final 
tumor volume was analysed after harvested. * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 34. eNOS is expressed in HCT116-derived xenografts and NO 
scavenging remarkably reduces the expression of β–catenin and Bmi1 in vivo. 
(A) Representative images of immunohistochemistry of eNOS and iNOS in 
HCT116-derived tumors and (B) immunohistochemistry of β-catenin and Bmi1 in 
vehicle or c-PTIO treated mice tumors. Scale bars: 100 µM. 

 

 

Figure 35. eNOS is upregulated after chemotherapy (5-FU + oxaliplatin) 
administration in mesenchymal HCT116 cells derived tumors in mice. 
Representative images of immunohistochemistry of eNOS in vehicle or 5-FU + 
oxaliplatin treated mice tumors are shown. Scale bars: 100 µM. 
 

The overproduction of NO in response to chemotherapy through eNOS 

upregulation suggests a potential mechanism of chemoresistance. The 

optimization of NO-trapping therapies delivery which can deal with the 

aberrant overproduction of this molecule during chemotherapy may 

potentially help to overcome chemoresistance.
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1. eNOS is upregulated in mesenchymal poor-prognosis 
CRC tumors and occurs after Apc loss 

Although there are emerging evidences indicating that CSCs are 

responsible for cancer aggressiveness, chemoresistance and relapse resulting 

in high mortality rates (265), there is a little knowledge about their regulation. 

Different biological mediators in tumor microenvironment may cause 

reversible changes in CSC population (266). Inducible NOS isoform has been 

shown as the predominant enzyme that promotes tumor progression through 

NO production (267) and this fact has prompted the search for new therapies 

based on inhibitors against iNOS isoform (268). Nevertheless, there is a huge 

controversy about the role of iNOS in colon cancer (202-206), and this 

approach offers a limited therapeutic benefit in contexts where constitutive 

isoforms are the main, or even the only source of NO (269). In 1997, 

Takahashi et al. showed an increased expression of eNOS in endothelial cells 

of azoxymethane-induced rat colon tumors (270). Although the effect of NO 

from eNOS isoenzyme on tumorigenesis have been mainly related to its 

expression in endothelial cells (271), tumor-expressed eNOS and its role in 

initiation and maintenance of the tumorigenic process has been previously 

shown in some tumors (212). Actually, an upregulation of eNOS expression 

was found in undifferentiated regions compared to differentiated tumor areas 

in a murine mammary tumor model, and strongly eNOS-positive tumor cells 

were found in lung metastatic sites (269).  

Herein, to elucidate the role of NO in CSC biology, we used the early 

tumorigenesis VilCreERT2 Apcfl/fl mouse model, in which the deletion of both 

copies of Apc gene results in a crypt progenitor-like phenotype characterized 
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by augmented proliferation and CSC subset expansion (272). Thus, epithelial 

cells from intestinal Apcfl/fl crypts showed an intense immunostaining of 

eNOS, whereas crypts from wt mice did not show any expression of this 

isoenzyme. Accordingly, RNA analysis of in vitro organoids derived from the 

Apcfl/fl mouse model showed that eNOS was massively upregulated in Apcfl/fl 

organoids compared to their normal counterparts whereas iNOS was 

downregulated. In fact, the conditional VilCreERT2 Apcfl/+ mouse model 

showed that the haploinsufficiency of Apc gene is enough to upregulate the 

expression of eNOS and increase the production of NO in tumors. These 

results support the relevance of eNOS isoform in this context of Lgr5+ stem 

cell expansion. The production of NO in the colon has been linked with a 

higher risk of colon cancer (273) and our results suggest that eNOS 

isoenzyme seems to be an important source of this molecule in early 

mutational events of the disease. Similarly, invasive tumors from the more 

invasive VilCreERT2Apcfl/+ Ptenfl/+ mouse model showed that eNOS was 

upregulated in tumors, whereas normal crypts did not show any expression of 

this NOS isoenzyme. These results suggest that eNOS upregulation is also 

maintained in more invasive tumor genotypes. Interestingly, iNOS expression 

was absent in all three independent mouse models, supporting the hypothesis 

that eNOS is the most relevant NOS isoform during the first stages of the 

disease. Remarkably, VilCreERT2 Apcfl/+ tumors and, particularly, invasive 

VilCreERT2Apcfl/+ Ptenfl/+ tumors showed a population of eNOS-expressing 

cells located at the tumor front of lesions whereas the staining of these non-

epithelial cells was absent in the lamina propria of wt regions. Since it has 

been previously shown that tumor-derived NO promotes tumor progression, 

invasiveness and metastasis (269, 274, 275), eNOS-derived NO may also 

represent a key source of this molecule in tumor spreading processes. 
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Because of the heterogeneity of CRC and the limited capacity to predict 

prognosis with histopathology and imaging approaches, different molecular 

classification based on gene expression has been reported (103-107). Herein, 

we classified 40 human colorectal tumors into molecular subtypes according 

to Sadanandam et al. (106) and De Sousa E Melo et al. (107). The stem-like 

subtype matches with the mesenchymal CMS group of the most robust 

classification system currently available for CRC and has the worst relapse-

free and overall survival (109). This mesenchymal phenotype has been shown 

to be regulated by different pleiotropic acting molecules, including miRNAs 

(276). Here, we obtained a significant signature of 11 miRNAs which 

differentiates the mesenchymal subtype from the rest of tumors. Thus, an 

upregulation of the powerful regulators of EMT miR-100 (247), let-7e (248) 

and miR-99a (249) was found in mesenchymal tumors. However, miR-215, 

miR-375, miR-141 and miR-200c, miR-200a, miR-429, miR-625 and miR-

18a were found downregulated in this CRC subtype. Accordingly with the 

high expression of ZEB1 in mesenchymal tumors, these miRNAs have been 

previously shown inversely correlated with EMT, mostly of them through 

interactions with ZEB family of transcription factors (250-256). Similarly, we 

obtained a specific immune profile in these classified human mesenchymal 

tumors. Particularly, a significant increase of DC, CD45 cells, macrophages 

and mast cells was found in mesenchymal tumors. This is consistent with the 

fact that the stroma of these tumors are infiltrated with endothelial cells, 

cancer-associated fibroblast and also with innate immune cells (109, 277). 

Interestingly, NO is produced by immune cells and eNOS expression has been 

found in macrophages and mast cells (278), which could represent an 

important source of NO in mesenchymal tumors. Besides, these tumors 

showed an upregulation of immune response genes such as complement 
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signaling genes, whose overexpression has been shown in mesenchymal 

tumors (109). All these three signatures generate a robust classification of the 

mesenchymal tumors which differentiates them from the rest of tumors. 

Notably, gene expression analysis of NOS isoforms revealed that eNOS was 

significantly upregulated in the mesenchymal subtype whereas iNOS was 

absent. In line with this, eNOS protein overexpression was confirmed by 

immunoblotting and immunohistochemistry in human mesenchymal tumors. 

On the other hand, histologically poorly differentiated aggressive human 

tumors has been shown to display a stem cell-like gene expression signature 

(279, 280) and generally exhibit the worst prognoses (279). Analysis of this 

type of tumors again showed that CSC-enriched phenotype tumors, which 

show poor prognosis, is accompanied by a high expression of the endothelial 

isoform of NOS. Supporting the relation between eNOS upregulation and 

poor-prognosis tumors in an iNOS deficient scenario, we found that a higher 

expression of eNOS was significantly associated with a lower 5-year survival 

rate in CRC patients, whereas a lower expression of iNOS had the opposite 

effect. 

These results support that eNOS upregulation is an early event which 

occurs after Apc loss and suggest that it is the most relevant enzymatic source 

of NO in CRC poor prognosis tumors. Thus, both NO and eNOS may 

represent active stem-cell regulatory factors in cancer, as well as potential 

therapeutic targets in aggressive human colorectal tumors. 
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2. NO scavenging with c-PTIO decreases the CSC 
phenotype in vitro and tumor growth in vivo 

Our results support that traditionally considered constitutive NOS isoform, 

such as eNOS, may be upregulated under certain pathological conditions and 

represents a relevant source of NO. Besides, there are non-enzymatic sources 

of NO which are not blocked by NOS inhibitors (281). However, NO-

trapping compounds show a second-order reaction kinetic, decreasing NO 

preferentially in regions of aberrant overproduction and having a light impact 

on essential basal NO levels (282). Thus, NO scavengers emerge as an 

alternative approach to target this molecule before it can exert its effects, 

trapping NO from all sources. 

Using organoids culture, it is possible to obtain in vitro structures which 

show endogenous three-dimensional organ architecture, maintaining all the 

differentiated cell sets and the stem cell compartment. These in vitro tumor 

organoid models allow to interrogate the sensitivity towards different drugs 

and to predict patient response (283). Therefore, we analysed the effect of the 

highly specific NO scavenger c-PTIO (257) in organoids derived from Apcfl/fl 

mouse model. As mentioned above, these Apc-deficient organoids showed an 

upregulation of eNOS whereas iNOS was downregulated compared with 

organoids derived from wt mouse intestinal tissue. Thus, scavenging NO with 

c-PTIO significantly decreased the proliferation of Apc-deleted organoids, 

whereas wt organoids maintained the crypt domains and grew almost 

normally. This differential sensitivity may indicate a more important role of 

NO for tumor cells than wt cells, what makes this molecule an attractive 

therapeutic target. On the other hand, Lgr5+ cells are multipotent stem cells 

located at the bottom of intestinal crypts that drive self-renewal of intestinal 
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epithelium (122) and maintain its hierarchy in organoid cultures (124). The 

elimination of NO with c-PTIO markedly decreased Lgr5+ population in Apc-

deleted organoids in which Lgr5 expression was highly increased compared 

with wt cells. Furthermore, NO removal downregulated the expression of 

other stem cell markers, including Troy (284), Vav3 (285) and Slc14a1 (286). 

These results again support the involvement of NO in maintaining CSC 

phenotype. Using CRC cell line-derived tumorspheres and organoids assays, 

we also show strong evidences supporting that NO may be a key regulator of 

CSC expansion and maintenance. Tumorspheres cultures have been widely 

used to enrich CSCs and progenitor cells from bulk tumor cells and to test 

their self-renewal capacity. Besides, it provides a more reliable and 

translational platform for screening new anti-CSC agents than commonly 

used monolayer cultures (287). Here, the withdrawal of NO with c-PTIO 

impaired the CSC phenotype of CRC cells, decreasing the number and size 

of tumorspheres and therefore their self-renewal capacity and the expression 

of key proteins considered as putative targets in CSC signaling pathways, 

such as Notch, β-catenin and Bmi1 (288). The effect was molecule-specific 

since the use of NO donors allowed tumor cells to recover their initial 

phenotype and abrogated the anti-CSC effect of c-PTIO. Accordingly, 

scavenging NO with c-PTIO in CRC cells resulted in a decreased capacity to 

form organoids in vitro. The reduced capacity of NO-depleted cells to form 

large organoids again suggests an impaired self-renewal capacity of the CSC 

subpopulation. Besides, removing NO from culture medium avoided the 

generation of differentiated structures in Caco-2 organoids, such as the 

epithelial layer and lumen. Thus, NO removal would be affecting the two 

hallmark traits of CSCs: self-renewal capacity and the ability to differentiate 

into an aberrant heterogeneous progeny (289). Again, adding NO donors 
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allowed tumor cells to form typical organoids, indicating the NO-specificity 

of the effect. To rule out the contribution of iNOS in the CSC phenotype, we 

developed stable iNOS-knockdown HCT116 cells. Scavenging NO with c-

PTIO in this iNOS-deficient scenario also resulted in an impairment of the 

CSC phenotype, thus highlighting the relevance of eNOS-produced NO. 

These results suggest that targeting CSC self-renewal through NO scavenging 

could be a valuable approach in cancer therapy. 

According to the CSC model, only this subset of tumor cells has the 

capacity to generate tumors in xenotransplantation experiments with 

immunodeficient mice due to its self-renewal properties and wide 

proliferative potential (290). Herein, the abrogation of NO production by pre-

treating in vitro HCT116 cells with c-PTIO impaired their efficiency to form 

tumors in mice. This result supports the idea that NO trapping causes long 

term changes in the CSC phenotype of tumor cells, decreasing their enormous 

proliferative capacity. Since c-PTIO has been previously tested in several 

preclinical models such as dogs, rats and mice for different pathologies (237-

239), we decided to test the effectiveness of NO scavenging in vivo. We found 

an impaired tumor growth capacity in c-PTIO treated mice, which formed 

significantly smaller tumors than those of untreated mice. Moreover, we 

confirmed that NO scavenging also exerted an effective antitumoral effect in 

several CRC PDX models, and even a three times lower dose of the NO 

scavenger, decreased the tumor growth and the final tumor volume in four 

different PDXs. This finding adds robustness to the previous results of c-

PTIO in the mesenchymal HCT116 xenograft assay, since preclinical in vivo 

models based in cancer cell lines are limited by their lack to reflect the genetic 

and molecular heterogeneity that charecterize human tumors. In this regard, 

the effect of c-PTIO in reducing tumor growth was lower in PDX4, where 



Discussion 

110 

immunohistochemistry analysis showed that eNOS was particularly 

upregulated. This result suggest the need to improve the delivery of NO 

scavenging therapies to deal with scenarios where eNOS is highly 

upregulated. 

All the above findings support that the development of therapies consisting 

of NO scavenging may represent a valuable approach in CRC, particularly in 

mesenchymal poor-prognosis tumors where eNOS is highly upregulated. 

Besides, the effects on the intrinsically chemoresistant CSC population 

suggest that the combination of NO scavenging-based therapies with 

conventional treatments may help to overcome chemoresistance and brake the 

endless therapy failure. 

3. Chemotherapy induces the upregulation of eNOS in 
vivo: NO scavenging-based therapies to potentially 
overcome chemoresistance 

In advanced CRC patients, the use of anticancer drugs in monotherapy or 

combined regimens is aimed to reduce tumor growth in the short term and 

inhibit metastasis. However, although most of these patients are initially 

responsive to the combination of chemotherapeutic agents, they eventually 

develop tumor recurrence because of drug resistance (291). Traditionally, 5-

FU and oxaliplatin have been the backbone of chemotherapeutic regimens for 

mCRC, but mechanisms underlying acquired chemoresistance are still a 

major problem (243). The failure of conventional therapies has been 

associated with the existence of the highly resistant CSC subpopulation (292). 

Therefore, there is an imperative need of developing approaches to prevent 

or revert the acquisition of chemoresistance. Here, we have shown that 
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initially sensitive cancer cells developed acquired resistance after sustained 

exposure to 5-FU plus oxaliplatin. However, NO scavenging with c-PTIO 

sensitized both chemo-naive and chemoresistant cancer cells to these 

chemotherapeutic agents. These results suggest that NO trapping-based 

therapies not only could increase the effectiveness of chemotherapy but also 

aid to revert acquired resistance of tumor cells. Since CSCs are characterized 

by an enhanced chemoresistance (293), NO scavenging may be useful to 

target this population in combination with conventional chemotherapy. 

Actually, we found that HCT116 chemoresistant cells increased the 

expression of stem cell markers after treatment with 5-FU plus oxaliplatin, 

whereas the combination with c-PTIO avoided this CSC enrichment. These 

results suggest that NO scavenging may help to prevent the evasion of CSCs 

to chemotherapy action. 

The success of strategies targeting CSCs and chemoresistance may also 

relies on understanding cell cycle control in these cell subpopulations. The 

cell cycle consists of four distinct phases, including G1 phase, where cells 

commit to cycle and prepare to double their DNA load in S phase, and G2 

phase, where DNA repair might occur before entering M phase (294). Cell-

cycle checkpoints are critical in regulating both the quality and rate of cell 

division so the development of agents which control the degree of checkpoint 

arrest have been previously addressed. Although some of these studies focus 

on abrogate the G2-M checkpoints to potentiate the cytotoxicity of DNA 

damaging agents by forcing the cell to undergo mitosis before repair, other 

authors suggest that an increased cell cycle arrest is associated with an 

enhanced cytotoxicity (295-301). Here, we found that scavenging NO with c-

PTIO resulted in a massive cell cycle arrest at G2 phase. Importantly, the 

recovery of NO levels with the addition of NO donors reverted to normal cell 
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cycle. Different agents which induce an increased G2-M arrest have 

demonstrated cytotoxic synergy with multiple chemotherapeutic agents (300, 

302). Accordingly, cyclin D1 expression, which is Ras-dependently induced 

during cell cycle transition from S to G2 phase (303), was found 

downregulated after NO scavenging and it was restored with the addition of 

NO donors. Besides, most of this effect was mediated by eNOS-derived NO, 

as it was shown to persist in an iNOS-deficient background. Importantly, 

studies have demonstrated the roles of cyclin D1 in stem cell regulation. 

Particularly, cyclin D1 promotes reprogramming efficiency by enhancing the 

S phase and cellular proliferation (304). Furthermore, cyclin D1-smad2/3-

smad4 has been recently shown to be an important signaling pathway in liver 

CSC self-renewal (305). The overexpression of cyclin D1 has been also 

correlated with enhanced chemoresistance and poor survival in different types 

of cancer (306-308) and cyclin D1 inhibition has been associated with 

increased chemosensitivity (309, 310). Thus, the massive G2 phase cell cycle 

arrest in CRC cells after NO depletion may explain the increased cytotoxic 

activity of 5-FU and oxaliplatin in both chemo-naive and chemoresistant c-

PTIO-treated CRC cells. 

To further explore the potential benefit of combining chemotherapy with 

NO scavenging-based therapies in vivo, we performed a xenograft experiment 

with mesenchymal HCT116 CRC cells. Our xenograft experiments showed 

that NO scavenging with c-PTIO significantly decreased tumor growth 

compared with vehicle-treated mice and, given that tumor xenografts showed 

a high expression of eNOS whereas iNOS was absent, the effect was the result 

of scavenging eNOS-produced NO. Importantly, a significant decrease in the 

expression of stem cell markers, such as β–catenin and Bmi1, was observed 

in tumors from c-PTIO-treated mice. In 2002, it was shown that the 
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pharmacological inhibition of β-catenin was enough to reverse the malignant 

characteristics of advanced human tumors (311). This study was a proof of 

principle to state that modulators of β-catenin would be effective as anticancer 

therapeutics. Besides, chemoresistance has been shown to be mediated by 

Wnt signaling in colorectal CSCs and therefore drugging upstream molecules 

which modulates β-catenin expression may sensitize tumor cells to 

conventional chemotherapy (312). Similarly, Bmi1 has been highlighted as a 

key mediator of chemoresitance in different types of tumors (313, 314). 

Surprisingly, our experiments showed that the combination of a non-effective 

dose of chemotherapy with the NO scavenger abolished the anticancer effect 

of c-PTIO. We hypothesized that the administration of chemotherapy resulted 

in a highly upregulation of eNOS in vivo and the subsequent enhanced NO 

production in these tumors. This finding may have critical consequences in 

the management of cancer therapies. Actually, different meta-analysis have 

shown that the combination of bevacizumab with other chemotherapeutic 

regimens failed in demonstrating to be beneficial in terms of progression free 

survival and overall survival, particularly with FOLFIRI and FOLFOX 

regimens. These studies highlighted the need of unravel the interactions of 

bevacizumab with chemotherapy and the identification of biological markers 

in order to predict response and stablish a better patient selection criteria (315-

318). It has been reported that NO stimulates VEGF expression and, in turn, 

VEGF activates eNOS, the major NOS isoenzyme mediating angiogenesis 

(319, 320). Since bevacizumab targets VEGF, the upregulation of eNOS after 

5-FU and oxaliplatin treatment may explain the limitations of combining 

antiangiogenic agents with chemotherapy. Thus, the overproduction of NO in 

response to chemotherapy through eNOS upregulation suggests a potential 

mechanism of chemoresistance in CRC. The optimization of NO-trapping 
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therapies delivery which can efficiently abrogate the aberrant overproduction 

of this molecule during chemotherapy may potentially help to overcome 

chemoresistance. 

Overall, selectively targeting CSC subpopulation without affecting the 

function of normal stem cells can be difficult to achieve, since normal stem 

cells and CSCs share signaling pathways to maintain self-renewal properties. 

However, the development of NO scavenging-based therapies would 

modulate an upstream molecule which control the CSC phenotype, 

particularly in regions of aberrant production, having a light impact in the 

functionality of normal cells. Our data show that eNOS upregulation is an 

early event in CRC after Apc loss and this overexpression is maintained in 

other more advanced tumor genotypes. This isoenzyme is upregulated in 

different scenarios where the CSC phenotype is enhanced, including different 

conditional CRC murine models, human mesenchymal CMS tumors and 

poorly differentiated aggressive adenocarcinomas. Besides, the NO 

scavenger c-PTIO has been shown to impair the stem-related signaling 

pathways essential for CSCs in vitro as well as to have an antiproliferative 

effect in vivo, decreasing β-catenin and Bmi1 expression in a xenograft mouse 

model. We also found that administration of chemotherapeutic agents 

upregulated the expression of eNOS in vivo and NO scavenging sensitized 

both sensitive and chemoresistant CRC cells to chemotherapy in vitro. Since 

targeting CSC population is becoming increasingly in a priority in cancer 

research, our study show eNOS as an unexpected potential new target in 

human poor-prognosis mesenchymal colorectal tumors. 
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1. The historically considered endothelial nitric oxide synthase (eNOS) is 

upregulated in different scenarios where the intestinal cancer stem cells 

(CSC) phenotype is enhanced, including mice conditional colorectal cancer 

(CRC) models, human mesenchymal CRC tumors and other poorly 

differentiated aggressive adenocarcinomas. 

2. Nitric oxide (NO) scavenging efficiently targets the CSC subpopulation in 

vitro and eNOS-derived NO depletion impairs CSC-related signaling 

pathways. This effect is mediated by impairing the expression of Bmi1 and 

β-catenin and, consequently, the expression of Wnt target genes. 

3. NO scavenging-based therapies have an antitumoral effect in preclinical 

models and decrease the expression of crucial targets for CSC biology in vivo. 

4. The combination of conventional chemotherapy with NO scavenging-

based therapies sensitizes both chemo-naive and chemoresistant CRC cells in 

vitro and the use of this chemotherapeutic agents induces the upregulation of 

eNOS in vivo. 

5. eNOS is an unexpected potential new target in human poor-prognosis 

mesenchymal colorectal tumors and the development of efficiently targeted 

NO scavenging-based therapies may constitute an appealing approach, as 

monotherapy or in combination with chemotherapy, in  the treatment of CRC. 
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3D    3 dimensions 

5-FU    5-Fluorouracil 

 

ABC    Adenosine triphosphate-binding cassette 

Apc    Adenomatous polyposis coli 

Axin    Axis inhibition protein 

 

bFGF   Basic fibroblast growth factor 

Bmi1   B lymphoma Mo-MLV insertion region 1 

BMP   Bone morphogenetic protein 

BRAF   Rapidly accelerated fibrosarcoma isoform B  
  

BSA   Bovine serum albumin    

 

CACNA1G  Calcium voltage-gated channel subunit alpha 1 G 

CBC    Crypt base columnar 

CCS    Colon cancer subtypes 

CD   Cluster of differentiation 

CDKN2A  Cyclin dependent kinase inhibitor 2A 

cDNA   Complementary deoxyribonucleic acid    

cGMP   Cyclic guanosine monophosphate 

CIMP    CpG island methylator phenotype 

CIN   Chromosomal instability 

CK1    Casein kinase 1 

CMS    Consensus molecular subtypes 

c-PTIO   2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-     
oxyl-3-oxide 

CRABP1  Cellular retinoic acid binding protein 1 

CRC   Colorectal cancer 

CRCSC   Colorectal cancer subtyping consortium 
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CSC    Cancer stem cell 

CSNO    S-nitrosocysteine 

CTBP    C-terminal binding protein 

CTNNB1  Catenin beta 1 (β-catenin) 

 

DAB   3,3'-diaminobenzidine 

DAPI   4',6-diamidino-2-phenylindole 

DC    Dendritic cell 

DCAMKL1  Doublecortin and CaM kinase-like 1 

DETANONOate Diethylenetriamine NONOate 

DKK1    Dickkpof homologue1 

DLL   Delta-like protein 

DMEM  Dulbecco's modified Eagle medium 

DMEM/F12   Dulbecco`s modified Eagle medium Nutrient Mixture F+12  

DTT   Dithiothreitol 

DVL   Dishevelled protein 

 

EDTA    Ethylenediamine tetraacetic acid 

EGF    Epidermal growth factor 

EGFR   Epidermal growth factor receptor 

EGTA   Ethylene glycol tetraacetic acid 

EMT    Epithelial mesenchymal transition 

eNOS    Endothelial nitric oxide synthase 

ERK    Extracellular signal-regulated kinases 

 

FAP    Familial adenomatous polyposis 

FBS   Fetal bovine serum 

FDA    Food and Drug Administration 

FGFR    Fibroblast growth factor receptor 
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GADPH  Glyceraldehyde-3-phosphate dehydrogenase 

GDP    Guanosine diphosphate 

GFP    Green fluorescent protein 

GLI   Glioma-associated oncogene 

GRG/TLE   Groucho/transducing-like enhancer 

GSK3B   Glycogen synthase kinase 3B 

GTP    Guanosine triphosphate 

 

HDACs   Histone deacetylases 

HEPES  4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid 

HGF   Hepatocyte growth factor 

Hh    Hedgehog 

HIC1   Hypermethylated in cancer 1 

Hopx   Homeodomain only protein X 

HRAS   Harvey rat sarcoma viral oncogene homolog 

HRP   Horseradish peroxidase 

 

ICAT    Inhibitor of β–catenin and TCF 

IFN-γ   Interferon γ 

IGF   Insulin-like growth factor 

IGFBP   Insulin-like growth binding protein 2 

IL-1β:   Interleukin 1 β 

iNOS    Inducible nitric oxide synthase 

 

JAK   Janus kinase 

 

KRAS   Kirsten rat sarcoma viral oncogene homolog 

 



Abbreviations 

156 

Lgr5    Leucine-rich repeat-containing G-protein coupled receptor 
   5  

L-NAME  L-NG-Nitroarginine methyl ester 

L-nil   L-N⁶-(1-Iminoethyl) lysine 

L-NMMA  L-NG-monomethyl Arginine 

L-NNA   L-NG-Nitroarginine 

LOH    Loss of heterozygosity 

LRC    Label retaining cell 

Lrig1   Leucine rich repeats an immunoglobulin-like domains 1 

 

MAPK   Mitogen-activated protein kinase 

mCRC    Metastatic colorectal cancer 

MEK   Mitogen-activated protein kinase kinase  

MEM   Minimum essential medium 

MINT   Munc18-interacting protein 

MLH1   MutL homolog 1 

MMR    Mismatch repair 

MSH   MutS homolog 

MSI    Microsatellite instability 

MSS    Microsatellite stability 

mTOR   Mechanistic target of rapamycin kinase 

MUC2   Mucin 2 

 

NEOROG1  Neurogenin 1 

NFkB   Nuclear factor kappa-light-chain-enhancer of activated B 
cells 

NICD    Notch intracellular domain 

nNOS    Neuronal nitric oxide synthase 

NO    Nitric oxide 

NOD/SCID  Non-obese diabetic/severe combined immunodeficiency 
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NOS    Nitric oxide synthase 

NRAS   Neuroblastoma rat sarcoma viral oncogene homolog 

NSAID   Nonsteroidal anti-inflammatory drug 

 

PBS   Phosphate-buffered saline 

PD-1   Programmed cell death 1 

PDGFR  Platelet-derived growth factor receptor 

PDX    Patient derived xenograft 

PI3K   Phosphoinositide 3-kinase 

PI3KCA   Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic 
subunit alpha isoform 

PIP3    phosphatidylinositol-3,4,5-triphosphate 

PLC-γ1  Phosphoinositide phospholipase C γ1 

PlGF    Placental growth factor  

PMS2   Postmeiotic segregation increased 2 

PMSF    Phenylmethylsulfonyl fluoride 

PP2A   Protein phosphatase 2 catalytic subunit α 

PTEN    Phosphate and tensin homolog deleted on chromosome 10 

PVDF   Polyvinylidene difluoride 

PYGO   Pygopus protein 

 

qRT-PCR  Real-time quantitative reverse transcription-polymerase 
chain reaction 

 

RAF-1   Rapidly accelerated fibrosarcoma 1 

RET   Rearranged during transfection 

RLP13   Ribosomal protein L13 

RT   Room temperature 

RUNX3  Runt-related transcription factor 3 
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SCNAs   Somatic copy number alterations 

shRNA   Short hairpin ribonucleic acid 

SOCS1   Suppressor of cytokine signaling 1 

SSC   Side SCatter 

STAT   Signaling transducer and activator of transcription 

 

TA    Transit-amplifying 

TTBS    Tween tris-buffered saline 

TCF    T-cell factor 

Tert   Telomerase reverse transcriptase 

TFF3   Trefoil factor 3 

TGF    Transforming growth factor 

TGFBR2  Transforming growth factor β receptor 

TIE-2    Tyrosine kinase with Ig and EGF homology domains 

TLR    Toll-like receptor 

TNF-α   Tumor necrosis factor α 

TNM    Tumor, Node, Metastasis 

TP53   Tumor protein P53 

TRCP    Transducin-repeat-containing protein 

Troy    Tumor necrosis factor receptor superfamily, member 19  

 

Vav3    Vav guanine nucleotide exchange factor 3 

VEGF   Vascular endothelial growth factor 

VEGFR  Vascular endothelial growth factor receptor 

 

WRN   Werner syndrome recQ-like helicase 

Wt    Wild type 
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