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1. INTRODUCTION 

 

1.1 Colorectal cancer 

 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer type in the world. It is the 

third most frequent cancer in men and the second in women, after breast cancer.  

CRC is also the second most common cause of cancer death worldwide, causing almost 1 million 

deaths (Sung et al., 2021). 

CRC arises within the mucosa, which consists of columnar epithelial cells that form crypt 

structures. The tumour then grows through the others layers of the bowel wall, invading 

surrounding vessels and eventually metastasizing other organs and tissues. Classification of 

malignant tumours is based on the histotype, site of origin, morphologic grade, and spread of cancer 

throughout the body, according to the Tumour Node Metastasis (TNM) system (Carbone, 2020).  

Survival is directly related to early detection, and outcome depends on the degree of local tissue 

invasion and presence of metastases. 

A logical framework for understanding the biology of cancer is represented by the hallmarks of 

cancer, alterations in cell physiology that enable tumour growth and metastatic dissemination.  

These alterations include: self-sufficiency in growth signals, insensitivity to growth-inhibitory 

signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, tissue invasion 

and metastasis. Additionally, other consequential characteristics are the capability to modify, or 

reprogram, cellular metabolism, the evasion from immunological destruction, in particular by T and 

B lymphocytes, macrophages, and natural killer cells, genomic instability and tumour-promoting 

inflammation (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011). 

The choice of treatment depends on the stage at tumour presentation. Surgical resection is the main 

treatment of stage I CRC patients and no adjuvant therapy is offered to these patients. 

Adjuvant therapy is recommended for patients diagnosed as stage II only if cancer has a higher risk 

of recurrence, and the main options include 5-FU and leucovorin, oxaliplatin, or capecitabine. 

Patients diagnosed as stage III are, after surgery, adjuvantly treated with FOLFOX (5-FU, 

leucovorin, and oxaliplatin) or CAPOX (capecitabine and oxaliplatin) regimens but, in case of 

contraindication for these severe chemotherapeutic regimens, some patients may get 5FU with 

leucovorin or capecitabine alone. Some advanced colon cancers cannot be removed completely by 

surgery, thus neoadjuvant chemotherapy is given along with radiation. 

Stage IV patients can be treated with chemotherapy with or without targeted therapy, in most cases 

surgery is unlikely to cure these cancers. 



 

Targeted therapies include: 

- monoclonal antibodies (mAb) that inhibit the vascular endothelial growth factor (VEGF), 

including bevacizumab, ramucirumab, ziv-aflibercept; 

- mAb that target the epidermal growth factor receptor (EGFR), including cetuximab and 

panitumumab; 

- kinase inhibitors, such as regorafenib; 

- BRAF inhibitors, such as encorafenib, a drug specific for mutated BRAF. 

Some of the most commonly used regimens include FOLFOX, CAPOX, FOLFIRI (5-FU, 

leucovorin and irinotecan), FOLFOXIRI (5-FU, leucovorin, oxaliplatin, and irinotecan), one of the 

above combinations plus a targeted drug, 5-FU and leucovorin, with or without a targeted drug, 

capecitabine, with or without a targeted drug, irinotecan, with or without a targeted drug (Benson et 

al., 2021). 

These treatments have improved the response-rates for advanced CRC (Giacchetti et al., 2000).  

However, resistance to chemotherapy arises in almost all patients and in the recent years a big effort 

has been made to identify new agents, specifically directed to cancer-specific pathways, promising 

to lead to a full and lasting tumour eradication.  

 

1.2 Colon carcinogenesis 

 

Colon cancer development is driven by accumulation of sequential mutations in oncogenes and 

tumor suppressor genes (Vogelstein et al., 1988).  

According to this traditional stochastic model of carcinogenesis all cancer cells have the same 

tumorigenic potential and participate in tumour progression equally. 

The most common early event associated to adenoma formation is the activation of the 

Adenomatous Polyposis Coli (APC)/β-catenin pathway, altered in 80% of sporadic CRC cases 

(Powell et al., 1992). Germinal mutations in APC gene characterize individuals carrying Familial 

Adenomatous Polyposis (FAP), an inheritable genetic disease that accounts for only 2% of CRCs, 

that lead to development of non-invasive colonic adenomas (polyps).  

APC is a negative regulator of Wnt signaling pathway, controlling the intracellular levels of β-

catenin. Mutations in the APC gene lead to decrease in its tumour suppressor activity and result in 

activation of WNT signaling pathway. Therefore, β-catenin migrates to the nucleus, interacts with 

T-Cell Factor (TCF)/Lymphoid Enhancer-binding Factor (LEF) transcription factors, and induces 

transcription of target genes, including leucine rich repeat containing G protein-coupled receptor 5 

(LGR5), Cyclin D1, and c-Myc. This leads to increased cell proliferation (Clevers, 2006).  



 

APC mutations are not only important for tumour initiation but also for CRC maintenance (Dow et 

al., 2015).  

Acquisition of new mutations is necessary for carcinogenesis progression. APC mutations are 

followed by activating mutations in the Kirsten rat sarcoma gene (KRAS). KRAS is one of the key 

players in the EGF pathway. Activating KRAS mutations result in constitutive activation of the 

mitogen activated protein kinase (MAPK) pathway, stimulating cell proliferation.  

These mutations contribute to the transition from early to late adenoma and characterize the 30-50% 

of CRC patients (Cancer Genome Atlas, 2012, Fearon, 2011).  

Other mutations identified in CRC affect tumour suppressor genes such as SMAD2 and SMAD4 

(small mother against decapentaplegic 2-4), whose proteins mediate the signal of the transforming 

growth factor (TGF)-beta, and regulate multiple cellular processes, such as cell proliferation, 

apoptosis, and differentiation (Fleming et al., 2013).  

Finally, inactivation of the tumour suppressor p53 contributes to the development of malignant 

carcinoma from late stage adenoma (Cancer Genome Atlas, 2012). Under physiological conditions, 

the p53 protein maintains genome integrity and induces apoptosis or senescence in cells irreparably 

damaged, regulating the expression of several genes involved in cell cycle control (Vogelstein et al., 

2000). p53 is often inactivated by loss of heterozygosity (LOH) and its mutations are found in 

approximately 60% of CRC patients. It is important to mention that this proposed order in which 

mutations occur is not observed in all CRCs and can differ between patients.  

In addition to the progression sequence discussed above, CRC is also characterized by epigenetic 

changes. Furthermore, tumours can be considered as multicellular models containing neoplastic 

cells, as well as infiltrating endothelial, immune, and stromal cells, including cancer-associated 

fibroblasts (CAFs). This tumour microenvironment (TME) enable and sustain the hallmarks of 

cancer (Hanahan and Coussens, 2012). 

Collectively, genetics, epigenetics and TME contribute to intratumor heterogeneity, govern 

therapeutic resistance and tumour progression.  

Another carcinogenesis model proposes that the development of the tumour is driven by a small 

subset of cells, cancer stem cells (CSCs), which is able to initiates and sustains tumour growth. 

Similarly to normal stem cells, these cells are able to both self-renewal and to generate a 

differentiated progeny (Barker et al., 2009). 

 

 

 

 



 

1.3 Stem cells and cancer stem cells 

 

The colon wall is composed of several layers: mucosa, submucosa, muscularis and serosa. The 

epithelial cells of the mucosa form a columnar cell monolayer organized into functional units called 

crypts of Lieberkühn. Multipotent stem cells reside at the base of the crypt and generate actively 

proliferating progenitors, which give rise to three main terminally differentiated colonic cell types: 

enterocytes, goblet cells and enteroendocrine cells (Blanpain et al., 2007). 

These stem cells are responsible for the perpetual turn-over of the colonic epithelial cells during the 

whole lifetime of an individual. The first studies to identify the colonic stem cell population were 

based on the use of 3H-thymidine injection (Chang and Leblond, 1971). More recently, the 

expression of specific markers has been used as a tool to identify and locate cells with stem features 

within intestinal crypts. The two main models about the positioning of the intestinal stem cells 

(ISCs) are: the “+4 position” model, and the “stem cell zone” model. According to the first, ISCs 

are located at the +4 position above the Paneth cells at the base of the crypt. These cells are marked 

by the expression of the polycomb group protein B lymphoma Mo-MLV insertion region 1 

homolog (BMI1) (Sangiorgi and Capecchi, 2008). 

The “stem cell zone” model proposes that ISCs are interspersed between Paneth cells in the small 

intestine, or located at the very bottom of the crypt in the colon. These colon stem cells correspond 

to small and undifferentiated cycling cells, termed crypt base columnar (CBC) cells. Barker and 

colleagues identified Lgr5 as a marker for ISCs (Barker et al., 2007).  

The maintenance of stem niche is controlled by Wnt, bone morphogenetic protein (BMP), Notch 

and Hedgehog (Hh) pathways.  

BMPs are members of the TGF-β family and regulate many fundamental biological processes, 

including proliferation, differentiation, and migration. BMPs bind both type I and type II receptors 

(BMPR1A, BMPR1B, and BMPR2), promoting the phosphorylation of SMAD1, 5, and 8 that, in 

association with SMAD4, regulates the expression of genes involved in the differentiation process 

(Chen et al., 1998, Gomez-Puerto et al., 2019). In healthy colon mucosa, BMPs are mainly located 

at the top of colon crypt, while BMP antagonists (gremlin and noggin) at the base (Kosinski et al., 

2007). Furthermore, BMP signaling counteracts the Wnt pathway activity (He et al., 2004). 

The loss of BMPR2 and SMAD4 expression has been reported in sporadic CRC, whereas germline 

mutations of BMPR1 and SMAD4 genes have been demonstrated to play a key role in CRC 

development (Kodach et al., 2008, Massague, 2008).  

CSCs existence was first shown in 1997 by Bonnet and Dick, in acute myeloid leukemia (AML). 

They have isolated a CD34+/CD38- cell population from bone marrow of patients with AML. This 



 

fraction was able to reproduce the parental tumour phenotype if transplanted into immunodeficient 

non obese diabetic/severe combined immunodeficiency mice (NOD/SCID). Conversely, the more 

differentiated CD34+/CD38+ population lacked this ability (Bonnet and Dick, 1997, Lapidot et al., 

1994).  

Many reports have now described CSCs in several malignancies including head and neck (Prince et 

al., 2007), pancreas (Hermann et al., 2007), melanoma (Schatton et al., 2008), lung (Eramo et al., 

2008), prostate (Collins et al., 2005) and colon tumours (Ricci-Vitiani et al., 2007). 

In the recent years, interest in CSCs has increased due to their resistance to conventional anti-cancer 

therapies, generating the idea of combining these treatments with specific anti-CSCs therapies.  

The CSCs capacity to survive to standard therapies is due to several characteristics including high 

expression of drugs transporters, cell cycle quiescence, high levels of DNA repair machinery, 

dysregulation of apoptosis and activation of some signalling pathways, such as EGFR, Wnt, Notch, 

phosphatidylinositol 3‑kinase (PI3K)/protein kinase B (AKT) pathways, and to the effect of the 

microenvironment.  

CSCs isolated from a variety of tumour types retain tumorigenic capacity and are responsible for 

the propagation, relapse and metastatic dissemination.  

CSCs are identified using cell markers, some of these are commonly expressed by different types of 

cancer, others are tissue specific. It is possible, using different combination of these and through 

cell sorting, to obtain a cell population enriched in stem cells.   

Colorectal-CSCs (CR-CSCs) can be identified by the expression of different surface markers, such 

as CD133, CD44, CD166, Lgr5, ALDH1 and EpCAM (O'Brien et al., 2007, Dalerba et al., 2007, 

Todaro et al., 2007, Du et al., 2008, Huang et al., 2009, Sato et al., 2009).  

Furthermore, CD44v6 is a functional marker that confers to CR-CSCs the ability to migrate at 

distant sites and develop metastasis (Todaro et al., 2014). 

The maintenance and survival of CSCs is regulated by different signaling pathways, which in recent 

years have emerged as prime targets.  

EGFR is a member of the EGFR tyrosine kinase family, which consists of EGFR (ErbB1/HER1), 

HER2/neu (ErbB2), HER3 (ErbB3) and HER4 (ErbB4). These receptors are anchored in the 

cytoplasmic membrane and share a similar structure, that is composed of an extracellular ligand-

binding domain, a short hydrophobic transmembrane region and an intracytoplasmatic tyrosine 

kinase domain. The activation of these receptors is tightly regulated by the availability of ligands, 

including EGF, TGF-α, amphiregulin, betacellulin, heparin-binding epidermal growth factor, 

epiregulin and neuregulins (NRG1-4). Once these ligands bind to the extracellular domain, EGFR 

forms homo- or heterodimers with the other members of the family and induces 



 

autophosphorylation of the intracellular domain and subsequent activation of downstream signalling 

pathways, including the MAPK, the PI3K/AKT and the Janus kinase 2/signal transducer and 

activator of transcription 3 (JAK2/STAT3) pathways, responsible for cancer cell proliferation, 

survival, invasion, metastasis formation and neo-angiogenesis. 

EGFR is the most important actionable target identified so far in CRC. Small molecule tyrosine 

kinase inhibitors (TKIs), such us erlotinib, gefitinib and lapatinib, and mAbs against the 

extracellular domain of EGFR, cetuximab and panitumumab, are Food and Drug Administration 

(FDA)-approved for use in oncology. About 40% of patients with CRC are characterized by KRAS 

mutations at codons 12, 13, while less frequent mutations are located on codons 61, 146 and 154 

(Cancer Genome Atlas, 2012).  

These mutations lead the protein into a constitutively active state and make the cells independent 

from the EGFR signaling activation. The mutations in BRAF are rarer than KRAS mutations (8-

15% of tumours) and are primarily (90%) V600E mutations (Davies et al., 2002). 

Approximately 15%–20% of CRCs harbour activating mutations in PIK3CA exon 9 and/or exon 20 

(Samuels et al., 2004). These mutations can be found in the same tumour along with KRAS and 

BRAF mutations. HER2 overexpression accounts for approximately 2% of all CRCs, increasing up 

to 5% in stage III or IV KRAS wild-type tumors (Valtorta et al., 2015, Ingold Heppner et al., 2014). 

Valtorta and colleagues defined specific immunohistochemistry (IHC)/ in situ hybridization (ISH) 

criteria to determine HER2 positivity in CRC. These criteria allowed selecting patients with HER2-

positive, KRAS wild-type metastatic CRC (mCRC) for enrollment in the phase II HERACLES 

(HER2 Amplification for Colorectal Cancer Enhanced Stratification) trial of HER2-targeted therapy 

(Valtorta et al., 2015). 

Several studies have shown the predictive and prognostic roles of these different gene mutations. 

Most patients undergo surgery of their primary tumour, thus samples are usually available for 

biomarker testing. However, this is not the case for ∼20% of patients who present with metastatic 

disease. For these patients, biomarker testing is usually carried out using specimens from 

endoscopic biopsies or metastatic tumour (resected liver metastases or positive lymph nodes).  

In other cases, both the primary tumour and metastatic tissue specimens may be available for 

mutation testing. An example of predictive biomarker for a specific therapy is HER2 in breast 

cancer (Cooke et al., 2001). HER2 amplification is also a negative predictor of response and cause 

of resistance to cetuximab in CRC (Bertotti et al., 2015, Yonesaka et al., 2011). 

The combination of trastuzumab and lapatinib is active and well tolerated in HER2-positive 

metastatic colorectal patients resistant to previously received panitumumab or cetuximab (Sartore-

Bianchi et al., 2016).  



 

 

BRAF mutation is a negative prognostic marker for patients with mCRC (Tran et al., 2011).  

BRAF V600E-mutated melanomas are sensitive to the BRAF-mutant inhibitor vemurafenib 

(Sosman et al., 2012), whereas CRCs harboring BRAF mutations are refractory (Kopetz et al., 

2015). This lower response can be explained by a feedback reactivation of EGFR and downstream 

pathways (Corcoran et al., 2012, Prahallad et al., 2012). In a clinical trial the authors have tested 

targeted therapies in patients with metastatic BRAF mutant CRC, using combined BRAF 

(dabrafenib, D) and EGFR (panitumumab, P) inhibition with or without MEK inhibition 

(trametinib, T). The combinatorial treatment D+T+P achieves greater MAPK suppression and 

increase patients survival (Corcoran et al., 2018). 

Several studies have shown that patients with mCRC, harboring activating mutations in KRAS exon 

2 (codons 12/13), do not benefit from EGFR monoclonal antibody therapy with cetuximab and 

panitumumab (Amado et al., 2008, Karapetis et al., 2008, Van Cutsem et al., 2011). 

Patients with KRAS exon 2 wild-type mCRC have significantly better outcomes from the addition 

of panitumumab to FOLFOX4 than those patients with RAS-mutant tumours (Douillard et al., 

2013).  

 

2. EPIGENETIC ALTERATIONS AS THERAPEUTIC TARGETS IN COLORECTAL     

CANCER STEM CELLS 

 

2.1 Epigenetic alterations in cancer 

 

Epigenetics can be defined as the study of heritable changes in gene expression or cell phenotype 

not caused by variations in the DNA sequence. In recent decades, knowledge regarding epigenetics 

has significantly expanded and it is now recognized that it plays an important role in the 

pathogenesis of various diseases, including cancer (Esteller, 2007). These changes reversibly affect 

gene activity. The best described epigenetic mechanism which contributes to CRC tumorigenesis is 

the alteration of CpG island methylation (Issa, 2004). During the process of methylation a methyl 

group (CH3) is added on the carbon in position 5 of the cytosine residues. This leads to the 

formation of 5-methylcytosine. This methylation results in a closed chromatin structure that is 

correlated with decreased transcriptional activity (Baylin and Jones, 2011). 

The CpG islands are genomic regions of at least 200 base pairs, preferentially located at the 5' end 

of the genes. They occupy about 70% of the promoters of human housekeeping and tissue-specific 

genes (Jones and Baylin, 2002). 



 

The methylation is catalyzed by a class of enzymes, called DNA methyltransferase (DNMT), which 

use the cofactor S-adenosyl-methionine as a donor of the methyl group. The DNMT family consists 

of five members (DNMT1, DNMT2, DNMT3a, DNMT3b, DNMT3L) (Goll and Bestor, 2005). 

DNMT1 plays the role of maintenance methyltransferase and carries methylation state from the 

parent cell to the daughter cells. DNMT1 is ubiquitously expressed in somatic cells, at high levels in 

proliferating cells. DNMT3a and 3b are instead responsible for de novo methylation (Okano et al., 

1999). They establish methylation states early in embryonic development and in germ cells, and 

also play a role in maintaining DNA methylation in heterochromatic regions. Their expression is 

reduced in differentiated cells. DNMT3L is an inactive enzyme, which interacts with DNMT3a and 

3b, stimulating their catalytic activity (Hata et al., 2002). 

However, several studies show that the classification of DNMT3a/3b as de novo DNA 

methyltransferase and DNMT1 as maintenance DNA methyltransferase appears to be a 

simplification. Indeed, crescent evidence has revealed an important role of DNMT3a and DNMT3b 

in maintaining DNA methylation (Feng et al., 2010), while other studies have indicated de novo 

methylation activity of DNMT1 in specific loci (Jair et al., 2006). DNA methylation inhibits 

transcription through two distinct mechanisms. First, inhibiting the binding of transcription factors 

to promoter regions. Alternatively, methylated CpG sites can be recognized by a family of proteins, 

the MBP (Methyl Binding Proteins), which recruit repressor complexes, such as histone 

deacetylases, able to cause chromatin structural changes, which determine repression of gene 

expression.  

Other mechanisms of epigenetic regulation are histone modifications and non-coding RNAs.  

The N-terminal tails of histones can undergo different post-translational covalent modifications, 

such as methylation, acetylation, ubiquitination, sumoylation, biotinylation, ADP-ribosylation and 

phosphorylation (Kouzarides, 2007). These modifications lead to variations in the transcriptional 

accessibility of chromatin. Unlike DNA methylation, the modifications of the histone tails can 

determine both the activation and the repression of transcription. It depends on the modified residue 

and the type of modification present. For example, it is known that the trimethylation of lysine 4 in 

histone 3 (H3K4me3) makes the chromatin structure more open and therefore accessible to 

transcription factors, while the trimethylation of lysine 9 in histone 3 (H3K9me3) and of lysine 27 

in histone 3 (H3K27me3) constitutes the main mechanism of transcription inhibition. 

The histone acetylation consists in the transfer of an acetyl group on the lysine residues, by 

enzymes known as histone acetyltransferase (HAT). The histone acetylation neutralizes the lysine's 

positive charge, weakening the interactions between histones and DNA and causing the 



 

decondensation of chromatin. Consequently, histone tails acetylation is associated with 

transcriptional activation. This mechanism can be reversed by histone deacetylase (HDAC). 

Histones can be methylated on lysine and arginine residues. Methylation of lysines is catalyzed by 

lysine methyltransferase (KMT), methylation of arginine by proteins arginine methyltransferase 

(PRMT). Lysine side chains may be mono-, di- or tri-methylated, whereas the arginine side chains 

may be mono-methylated (symmetrically or asymmetrically). 

SETD8 (also known as SET8, PR‐Set7/9, KMT5A) is a member of the SET domain‐containing 

methyltransferase family (Fang et al., 2002). It is the only known epigenetic enzyme responsible for 

the monomethylation of histone H4 lysine 20 (H4K20me1). SETD8 is involved in various 

biological processes, such as transcription modulation (Li et al., 2011), DNA replication (Tardat et 

al., 2007), maintenance of genome integrity (Oda et al., 2009), and cell cycle regulation (Wu et al., 

2010). SETD8 also methylates lysine residues of non-histone proteins, such as PCNA (proliferating 

cell nuclear antigen) and p53 (Takawa et al., 2012). The methylation of p53 in lysine 382 

(p53K382me1), determines an inhibition of its pro-apoptotic and cell growth arrest functions 

(Veschi et al., 2017, Shi et al., 2007). 

Finally, non-coding RNAs (ncRNAs) are gene transcripts that do not undergo translation (Derrien et 

al., 2012). Among these are microRNAs (miRNAs), small non-coding RNAs that span between 18-

24 nucleotides, which regulate gene expression through post-transcriptional silencing. 

They bind to the untranslated regions (3’ UTR) of the mRNA, inhibiting protein translation or 

favouring the destabilization or degradation of the mRNA (He and Hannon, 2004). 

Their expression can be regulated by epigenetic mechanisms (Yao et al., 2019). MicroRNAs, in 

turn, can control the expression of epigenetic regulators, such as DNMT3a and DNMT3b or EZH2 

(enhancer of zeste homolog 2) (Friedman et al., 2009, Ng et al., 2009). About 50% of the miRNA 

genes have a promoter containing CpG islands and the expression can be inhibited by DNA 

methylation. The reciprocal relationship between miRNAs and epigenetic regulation determines a 

feedback loop control (Lee et al., 2016). 

Several CRCs are characterized by methylation of a wide variety of CpG islands, the so-called CpG 

island methylator phenotype (CIMP). CIMP tumours were defined as those with methylation of 

three or more of a small panel of genes (MINT1, MINT2, MINT31, CDKN2A, and MLH1). 

High methylation phenotype CRC tumours (CIMP-H) have a high frequency of BRAF mutations 

(53% - 71%) and exhibit a relative lack of KRAS mutations (16%) and p53 mutations (11%) (Yagi 

et al., 2010, Shen et al., 2007). Microsatellite instability (MSI), primarily caused by 

hypermethylation of the MLH1 gene, is common in CIMP-H tumours (80%) (Weisenberger et al., 

2006). MLH1 encodes for a DNA mismatch repair protein. Its silencing gives rise to tumours with 



 

high mutation rate, high T-cell infiltration and a more mucinous presentation. Patients with these 

tumours are classified as microsatellite instable (Boland and Goel, 2010). 

Patients who carry germline mutations in DNA repair genes (MLH1, MSH2, MSH6, PMS2, and 

EPCAM) develop the most common cause of hereditary CRC, the Lynch syndrome.  

The use of drugs that interfere with chromatin-modifying enzymes, in particular HDACs and 

DNMTs, can have positive effects in the clinical treatment of cancer patients. 

DNMTs inhibitors act with different mechanisms of action. Some of these compounds are 

phosphorylated and incorporated into the DNA double helix. When DNMTs bind to 

hemimethylated DNA, they immediately form irreversible covalent bonds with these drugs. This 

determines a cellular depletion of enzymes with methyltransferase activity (Egger et al., 2004). 

The others, called "non-analogues of nucleotides", are not incorporated into the DNA, can inhibit 

DNMTs by binding to the catalytic site or they can associate with CpG islands by interfering with 

their methylation (Lee et al., 2005; Datta et al., 2009). 

To date, the FDA has approved 5-azacytidine and decitabine (5-aza-2'-deoxycytidine), two DNMTs 

inhibitors analogues of the nucleotides, for the treatment of myelodysplastic syndrome (Kaminskas 

et al., 2005, Yoo et al., 2007). 

Furthermore, HDAC and EZH2 inhibitors have also been approved by the FDA for the treatment of 

diverse malignancies and a wide range of epigenetic-based drugs are undergoing clinical trials 

(Nepali and Liou, 2021). These include: FK-228 and SAHA (HDAC inhibitors approved for the 

treatment of refractory cutaneous T-cell lymphoma), PXD101 (HDAC inhibitor approved for the 

treatment of refractory peripheral T cell lymphoma), LBH589 (HDAC inhibitor for the treatment of 

multiple myeloma) and tazemetostat (EZH2 inhibitor approved for the treatment of metastatic or 

locally advanced epithelioid sarcoma). 

In many types of cancer, including CRC, there is a correlation between epigenetic mechanisms and 

the stem characteristics of cancer cells (Yi et al., 2008, Vedeld et al., 2014, van Vlerken et al., 2013, 

Avgustinova and Benitah, 2016).  

Such epigenetic modifications are key factors during the normal development and differentiation of 

stem cells into specific cell subtypes. Mutations and/or alterations in the expression of epigenetic 

enzymes can lead to the loss of expression of specific genes of the differentiated state and to the 

restoration of the stem cells characteristics. Furthermore, it has been shown that the variability of 

response to pharmacological treatment may also depend on these epigenetic alterations (Shukla and 

Meeran, 2014).  

 

 



 

2.2 Preliminary results 

 

DNMT1 and SETD8 are overexpressed in CRC and p53K382me1 is highly expressed in CD44v6+CR-

CSphCs present at the tumour front of invasion  

 

Given the complex interplay between remodeling enzymes, histone modifiers and DNA 

methyltransferases (Cedar and Bergman, 2009), we examined the Cancer Genome Atlas Colon 

database, in order to identify epigenetic enzymes that may play a crucial function in the initiation 

and progression of CRC. Among these, we focused on those statistically significant and 

differentially expressed between healthy subjects and CRC patients (Fig. 1A). Overexpression of 

DNMT1 has been observed in several different tumour types (Wong, 2021, Wong, 2020, Colyn et 

al., 2021). We observed, through the analysis of the TCGA Colon Adenocarcinoma (TCGA- 

COAD) database, that DNMT1 expression is higher in colon cancer tissue compared to healthy 

mucosa (Fig. 1B). Furthermore, the immunohistochemical analysis of paraffin-embedded tissue 

sections of primary tumors derived from CRC patients showed that DNMT1 is over-expressed in 

tumour tissues compared with healthy mucosa (Fig. 1C). According to the analysis of TCGA- 

COAD database (Fig. 1A), we then focused on SETD8, a methyltranferase overexpressed in many 

tumors, which inactivates p53 through the methylation of its lysine 382 (p53K382me1). Western 

blot analysis showed that SETD8 and its histone target (H4K20me1) are variably expressed in our 

collection of CR-CSphCs, while its non-histone target (p53K382me1) follows a specific expression 

pattern (Fig. 1D). The 72% of CR-CSphCs (8/11) express p53K382me1 and at least 50% of these 

display a high p53K382me1/p53 ratio, as determined by densitometry (Fig. 1E). Interestingly, in 

colon cancer cell lines characterized by a more differentiated state, p53K382me1 is nearly 

undetectable, despite the high levels of total p53 protein (Fig. 1D). Accordingly, SETD8 protein 

levels are higher in colon cancer cell line HCT116 and in CR-CSphC#8, compared with normal 

colon cell lines (CRL-1790 and CRL-1831) (Fig. 1F). Analysis of the TGCA COAD database 

revealed higher SETD8 mRNA expression levels in colon cancer tissue compared to healthy 

mucosa, suggesting that SETD8 may play a critical role in CRC tumorigenesis (Fig. 1G). 

Consistently, immunohistochemical analysis in primary tumours derived from CRC patients 

showed that SETD8 is overexpressed in tumour tissues compared with healthy colon mucosa of 

healthy subjects. Of note, elevated levels of SETD8 are highly expressed in all CRC cells, 

compared to the healthy mucosa, while the p53K382me1 is specifically expressed in the CRC cells 

present at the tumour front of invasion and it is undetectable in the healthy mucosa epithelial cells 



 

(Fig. 1H). Moreover, immunofluorescence analysis demonstrates that p53K382me1 is highly 

expressed in CD44v6-positive CR-CSphCs with metastatic potential (Fig. 1I). 
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Fig.1: (A) List of epigenetic enzymes differentially upregulated in CRC patients compared to healthy subjects. (B) DNMT1 gene 
expression levels in normal and tumor tissue derived from colon cancer patients (TCGA COAD database). (C) Representative image 
of immunohistochemical analysis of DNMT1 and IMC (isotype matched control) on tumor and healthy tissues. (D) Immunoblot 
analysis of the indicated total and histone proteins in SY5Y neuroblastoma cell line (positive control), HCT116 and LOVO colon 
cancer cell lines, and 11 CR-CSphCs. β-actin and H4 were used as loading controls. (E) Densitometry analysis of p53K382me1 protein 
levels compared with p53 total protein levels measured as relative density units (RDU). (F) Immunoblot analysis of SETD8 in CRL-
1790, CRL-1831, HCT116 cell lines and in CR-CSphC#8. β-actin was used as loading control. (G) TGCA analysis of KMT5A 
(SETD8) relative mRNA expression levels in normal and tumor tissue derived from colon cancer patients. (H) Immunohistochemical 
analysis of SETD8 and p53K382me1 on healthy colon mucosa of a healthy subject and on tumor tissue of a CRC patient. (I) 
Immunofluorescence analysis of p53K382me1 and CD44v6 in tumor tissue derived from a CRC patient. Nuclei were counterstained by 
Toto-3. 
 



 

SETD8 inhibitor reduces cell viability and the clonogenic potential of CR-CSphCs in vitro, impairs 

tumour growth and prolongs mice survival in vivo 

 

Treatment of six CR-CSphCs with the small molecule UNC0379, a specific substrate-competitive 

SETD8 inhibitor, impairs cell viability in a dose- and time-dependent manner. Interestingly, 

UNC0379 doesn't affect the viability of the human colon normal cell line CRL1831 (Fig 2A, B). 

Western blot analysis showed that UNC0379 treatment decrease p53K382me1 and H4K20me1 

levels in CR-CSphCs, in a dose-dependent manner (Fig. 2C). The cell cycle analysis indicated that 

UNC0379 causes an increase in CR-CSphCs G0-G1 cell cycle phase and a reduction in S- and 

G2/M- cell cycle phases, while increasing the sub-G0 phase (Fig. 2D). Of note, exposure of CR-

CSphCs to UNC0379 for 72 hours resulted in a reduction of their colony-forming capability (Fig. 

2E). 

A B C

D

0

2

4

8 µM

0

20

40

60

80

100

120

Ce
llu

la
r D

NA
 c

on
te

nt
 (

%
) G2-M

S

G0-G1

sub G0

Cellular DNA content

C
ou

nt

VEHICLE UNC0379

Sub-G0: 2.40%
G0-G1: 51.5%
S: 34.1%
G2-M:20.9%

Sub-G0: 4.74%
G0-G1: 71.7%
S: 23.3%
G2-M: 9.14%

H4K20me1

p53K382me1

CSphC#8

SETD8

β-actin

0   0.5  1   2   4   8
UNC0379

(μM)

H4

E VEHICLE UNC0379

CSphC#8

0
500

1000
1500
2000

C
ol

on
y

nu
m

be
r

0
50

100
150
200
250

C
ol

on
y 

nu
m

be
r

CSphC#24

0
50

100
150
200
250
300

C
ol

on
y

nu
m

be
r

0
50

100
150
200
250
300

C
ol

on
y 

nu
m

be
r

CSphC#3

CSphC#22

VEHICLE UNC0379

0 0.5 1 2 4 80 0.5 1 2 4 8

0 0.5 1 2 4 80 0.5 1 2 4 8

#24 #18 #14

#8 #22#21

UNC0379
(μM)

40

80

0 0.5 1 2 4 8

0 0.5 1 2 4 8

CRL1831

UNC0379
(μM) 48h

72h
6 days

0

40

80

120

0 0.5 1 2 4 8

C
el

l v
ia

bi
lit

y 
(%

)

Fig.2: (A) Cell viability assay in 6 CR-CSphCs treated with UNC0379 at the indicated time and doses. (B) Representative optical 
microscope images of CR-CSphC#8 treated with UNC0379 at the indicate doses. (C) Immunoblot analysis of the indicated proteins 
in CR-CSphC#8 treated with UNC0379 for 48 hours at the indicated doses. β-actin and H4 were used as loading controls. (D) Cell 
cycle analysis of CR-CSphC#8 treated as in (A) for 24 hours, at a concentration of 4µM (blue color = G0-G1; yellow color = S; 
green color = G2-M). (right panel) Cell cycle analysis of CR-CSphC#8 treated as in (A) for 24 hours, at a concentration of 4µM. 
Data show percentage of cell number in sub G0, G0–G1, S, and G2–M phases. (E) Colony-forming assay of the indicated CR-
CSphCs treated with vehicle or UNC0379 4µM, at 21 days. 
 



 

 

SETD8 inhibition affects the CR-CSphC markers expression, including CD133, CD44v6, SOX-2 

and NANOG (Fig. 3A). Among these, CD44v6 is a well-known functional biomarker involved in 

the main features of cancer progression. CR-CSphCs-expressing CD44v6 were efficiently targeted 

by UNC0379 and showed a higher activity of caspase 3 compared to the more differentiated 

counterpart (Fig. 3B). Therefore, these results demonstrated that this compound induces apoptosis 

in the subpopulation characterized by the more aggressive phenotype. We then evaluated the effects 

of UNC0379 treatment on tumour growth, performing an ex-vivo tumorigenicity assay. We exposed 

CR-CSphC to UNC0379 or control solvent for 24 hours in vitro, then we inoculated subcutaneously 

the cells into NSG (NOD/SCID/IL2rγnull) mice, monitoring tumour growth. Pharmacological 

inhibition of SETD8 showed decreased tumour growth and increased mice overall survival (Fig. 

3C, D). 
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Fig.3: (A) Flow cytometry analysis of CD44v6, CD133, SOX-2 and NANOG on CR-CSphC#8. Grey color indicates cells stained 
with IMC. (B) Flow cytometry analysis of active Casp-3 positivity in CD44v6+/- in CR-CSphC#8 treated with vehicle and UNC0379 
4 µM up to 72 hours. (left panels) Gating strategies of the expression of CD44v6 in CR-CSphC#8 treated as previously described. 
(C) CR-CSphC#8 was treated ex-vivo for 24 hours with UNC0379 4 PM and then injected into NSG mice. (right panel) 
Subcutaneous size of tumor xenografts generated as previously described. (D) Survival curves of mice treated as in (C). 
 



 

Genetic inhibition of SETD8 counteracts stemness features of CR-CSphCs and impairs in vivo 

tumour growth  

 

We next investigated the effects of specific SETD8 targeting by its genetic inhibition. We 

transduced spheres with lentiviral vectors encoding for specific SETD8 small hairpin RNA 

(shRNA) sequences. SETD8 silencing reduces viable CR-CSphC number and the expression of CR-

CSphCs markers (Fig. 4A, B), similarly to the pharmacologic inhibition. In order to evaluate the in 

vivo influence of this genetic silencing, CR-CSphCs transduced with inducible shSETD8 or with 

shRNA control (pTRIPZ) were injected orthotopically into the mouse caecum. SETD8 knockdown 

prevents tumour growth and abrogates tumour metastasis outgrowth (Fig. 4C, D). 

Immunohistochemical analysis of colon tumor sections derived from mice transduced with pTRIPZ 

showed elevated expression levels of SETD8 and CK20 (Fig. 4E). Then we proceeded to visualize 

polyps in the colon of mice in which we inoculated CR-CSphC transduced with shSETD8 and 

shRNA control, using methylene blue staining, as previously described (Wu et al., 2009). 

As indicated by the yellow arrows in the figure 4F, the colon of PTRIPZ mice presents a condition 

of polyposic hyperplasia, not visible in presence of shSETD8. We also observe this marked 

hyperplasia in hematoxylin and eosin stained colon tumor sections of pTRIPZ mice (Fig. 4G). We 

next quantified the number and measured the size of polyps in each group of mice (Fig. 4H). 

Finally, we inoculated subcutaneously CR-CSphCs transduced with inducible shSETD8 or with 

shRNA control into NSG mice and monitored tumour growth. Genetic inhibition of SETD8 causes 

a significant reduction in tumor size, also visible through the macroscopic image of the tumors (Fig. 

4I, J). Western blot analysis showed that the in vivo silencing of SETD8 decreases the expression of 

p53K382me1 (Fig. 4K). 

 

Pharmacological and genetic inhibition of SETD8 reduces the expression of Wnt pathway-, EMT- 

and cell proliferation-related genes 

 

In order to evaluate the differentially expressed genes related to epithelial to mesenchymal 

transition (EMT), tumor metastasis and Wnt signaling in CR-CSphCs in common between the 

pharmacological and genetic inhibition of SETD8, we performed a custom transcriptomic analysis 

(Fig. 5A). Specifically, we identified 21 the common downregulated genes by UNC0379 treatment 

and by the SETD8 silencing. Of note, gene set enrichment analysis (GSEA) and molecular 

signatures database (MSigDB) analysis of these 21 genes, revealed the inhibition of several 

pathways, including cell proliferation, cell communication and cell movement processes. 
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Fig.4: (A) Cell number of CR-CSphC#8 transduced with pTRIPZ and shSETD8 and treated with Doxycicline (Doxy) for the 
indicated hours. (B) Flow cytometry analysis of SOX-2, NANOG and CD133 on CR-CSphC#8 transduced with pTRIPZ and 
shSETD8 and treated with Doxy for 7 days. Grey color indicates cells stained with IMC. (C) CR-CSphC#8 transduced with Doxy 
inducible shSETD8 or with shRNA control (pTRIPZ) were injected orthotopically into the mouse caecum. (right panel) In vivo 
whole-body imaging analysis of mice at 4 weeks and the bioluminescence signals of primary tumor and lung metastasis. (D) 
Kinetics of tumor growth of mice as in (C) up to 4 weeks after starting Doxy treatment. CR-CSphC#8 transduced with pTRIPZ and 
shSETD8 were injected orthotopically 2 weeks before starting the Doxy treatment. (E) Representative image of H&E staining and 
immunohistochemical analysis of SETD8 and CK20 of tumor tissue of pTRIPZ mice. (F) Representative methylene blue staining of 
the entire intestine of mice treated as in (C). The yellow arrows indicate polyps. (G) Representative H&E staining of colon cancer 
section of mice treated as in (C). (H) Colon polyp number and size of mice treated as in (C). (I) CR-CSphC#8 transduced with 
pTRIPZ and shSETD8 were injected subcutaneously into NSG mice. (right panel) Subcutaneous size of tumor xenografts generated 
as previously described and monitored up to 30 days after injection. The treatment with the doxy started 12 days after the injection. 
(J) H&E staining and macroscopic images of tumors of mice treated as in (I). (K) Western Blot analysis of the indicated proteins of 
tumors of mice treated as in (I). β-actin was used as loading control. 
 



 

 

 

 

 

 

2.3 Conclusions 

 

DNA methyltransferase 1 and the lysine methyltransferase SETD8 play a critical role in the 

tumorigenesis of several tumours. Elevated levels of these epigenetic enzymes are observable in 

tissues derived from colon cancer patients compared to healthy subjects. Specifically, the 

methylation of the non-histone target p53 (p53K382me1) by SETD8 occurs mainly in the tumor 

front of invasion and is confined to CR-CSphCs CD44v6+, characterized by a tumorigenic and 

metastatic potential. Furthermore, elevated expression levels of SETD8 are associated with poor 

prognosis (Herviou et al., 2021, Liu et al., 2021), representing a potential therapeutic target for 

advanced CRC patients that would benefit from its inhibition.  

DNA-demethylating agents, azacitidine and decitabine, have been approved by FDA for the 

treatment of myelodysplastic syndrome and acute myeloid leukemia. Nevertheless, it's known that 

these compounds are not characterized by a stable pharmacokinetics because of their in vivo rapid 

deamination and spontaneous hydrolytic cleavage. Thus, for these reasons novel therapeutic 

strategies using the most recently developed epigenetic probes are urgently needed. Therefore, we 

focused on UNC0379, a substrate-competitive SETD8 inhibitor selectively targeting SETD8 among 

other 20 methyltransferase. Our studies demonstrate that SETD8 inhibition upon UNC0379 

treatment results in reduced cell viability and an induction of apoptosis, which especially affects 
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Fig.5: (A) Log fold change (logFC) values of differentially expressed related genes in CR-CSphC#8 treated with UNC0379 4 µM 
and DMSO for 72 hours and in CR-CSphC#8 transduced with shSETD8 and pTRIPZ and treated with Doxy for 7 days. Dotted lines 
represent −1 and 1 logFC values. Upregulated genes are in red and downregulated genes in green (B) Venn diagram showing 
downregulated genes in CR-CSphC#8 treated with UNC0379 and transduced with inducible shSETD8. The black arrow indicates 
the common downregulated genes. Top ten significantly enriched gene sets selected by using Hallmark, KEGG, and GO, related to 
the indicated genes common in CR-CSphC#8 treated with UNC0379 and CR-CSphC#8 transduced with inducible shSETD8.  
P-values related to each enriched gene set are indicated. 
 



 

CR-CSphCs CD44v6+. Here, we showed evidence that SETD8 knockdown results in a reduced 

expression of stem cell markers, including NANOG, SOX-2, CD133, CD44v6. These changes were 

accompanied by a functional decrease in cell ability to form colonies. Accordingly the specific 

targeting of SETD8 by a genetic inhibition affects the CR-CSphCs proliferation and their stem 

features. In pre-clinical xenograft CRC models, pharmacological and genetic inhibition of SETD8, 

displayed diminished tumour growth and conferred a significant survival advantage. In addition, 

SETD8 depletion was accompanied by reduced protein levels of p53K382me1. Transcriptomic 

analysis upon pharmacological and genetic inhibition of SETD8 revealed that among 21 common 

downregulated genes, the most significantly differentially expressed included genes related to Wnt 

pathway as AXIN-2, CTNBB1, and others EGFR, STAT3, TIMP1/4, LRP5, with a crucial role in 

cell proliferation, cell movement processes and stemness.  

Collectively, our finding highlight the involvement of epigenetic modifiers in CRC tumorigenesis 

and underline SETD8 as a putative target, paving the way for a therapeutic strategy that could 

activate p53 functions. 

 

2.4 Materials and methods 

 

Isolation and treatment of CR-CSphCs 

SY5Y, HCT116, LOVO, CRL-1790, CRL-1831 cell lines were obtained from ATCC and cultured 

at 37 °C in a humidified 5% CO2 atmosphere as suggest by the supplier.  

CR-CSphCs were purified from CRC patients undergoing colon resection, in accordance with the 

ethical standards regarding Human Experimentation (authorization CE9/2015, Policlinico Paolo 

Giaccone, Palermo), as previously described (Todaro et al., 2007). 

CSphCs were cultured in ultra-low conditions, in stem cell medium (SCM) supplemented with EGF 

and b-FGF. Authentication of CSphC lines was routinely performed using a short tandem repeat 

DNA profiling kit (GlobalFiler™ PCR kit, Applied Biosystem) following the manufacturer's 

instructions and analyzed by ABI PRISM 3130 (Applied Biosystem). 

Mycoplasma contamination was checked every 3 months using the Myco AlertTM Plus Mycoplasma 

Detection Kit (Lonza) according to the manufacturer's instructions. 

CR-CSphCs cells were treated with UNC0379 (S7570, Selleckchem) at the indicated time and 

concentrations.  

 

 

 



 

Immunohistochemistry and immunofluorescence 

Immunohistochemical analysis was performed on 5-μm-thick paraffin embedded xenograft and 

patients sections using antibody specific for DNMT1 (AB_2614950, clone 60B1220.1, mouse IgG, 

Active Motif), SETD8 (ab111691, rabbit IgG, abcam), p53K382me1 (rabbit polyclonal, described 

previously in Shi et al., 2007), CK20 (NCL-L-CK20, Ks20.8, IgG2ak, Novocastra).  

For intracellular epitope detection, tissue sections were permeabilized in ice-cold 0.1% TritonX-100 

in PBS for 10 min. Stainings were revealed using biotin-streptavidin system (Dako) and detected 

with 3-amino-9-ethylcarbanzole (AEC) or DAB (Dako). Nuclei were counterstained with aqueous 

hematoxylin (Sigma-Aldrich). H&E stainings were performed using standard protocols. 

Immunofluorescence staining was performed on CRC tumour tissue fixed, permeabilized and 

incubated overnight with CD44v6 (2F10, mouse IgG1, R&D systems) and p53K382me1 (rabbit 

polyclonal, described previously in Shi et al., 2007). Cells were stained with Alexa Fluor-488 goat 

anti-rabbit and Rhodamine RedTM-X goat anti-mouse secondary antibodies (Life Technologies). 

Nuclei were counterstained using Toto-3 iodide (Life Technologies). 

 

Western blot 

CR-CSphCs were lyzed in ice-cold lysis buffer (Tris-HCL 10 mM, NaCl 50 mM, sodium pyruvate 

30 mM, NaF 50 nM, ZnCl2 5 μM, triton 1, sodium orthovanadate 0.1 nM, sodium butyrate 10 mM 

and PMSF 1 mM) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). 

Proteins extracted were loaded in SDS-PAGE gels and blotted on nitrocellulose membranes. 

Membranes were blocked with a blocking solution (0.1% Tween 20 and 5% non-fat dry milk in 

PBS) for 1 hour at room temperature and then incubated with specific antibodies against SETD8 

(ab111691, rabbit IgG, abcam), p53K382me1 (rabbit polyclonal, described previously in Shi et al., 

2007), p53 (DO-1, mouse IgG2a, Santa Cruz Biotechnology), p21 (DCS60, mouse IgG2a, Cell 

Signaling Technology), H4K20me1 (AB_2615074, clone 5E10-D8, mouse IgG1k, Active Motif),  

H4 (AB_2636967, rabbit polyclonal, Active Motif) and β-actin (8H10D10, mouse, Cell Signaling 

Technology). Primary antibodies were revealed using anti-mouse or anti-rabbit HRP-conjugated 

(goat IgG, Thermo Fisher Scientific) for 1 hour at room temperature and detected with 

SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher Scientific) using 

Amersham imager 600 (GE Healthcare). Protein levels were normalized with β-actin and calculated 

by densitometric analysis using ImageJ software. 

 

 

 



 

Cell viability and proliferation 

CR-CSphCs viability was evaluate using the CellTiter 96 AQueous One Solution Cell Proliferation 

369 Assay (MTS, Promega) following the manufacturer’s instructions and examined with GDV 

MPT 370 reader (DV 990 BV6). Trypan Blue exclusion test is used to determine the number of 

viable cells and the proliferation rate of CR-CSphCs pTRIPZ and shSETD8. 

 

Colony Forming Assay 

CR-CSphCs were pretreated for 72 hours with UNC0379 or vehicle. Then they were plated at a 

clonal density of 2x103 cells/well on Agarose Sea Plague Agar (Invitrogen). After 21 days, colonies 

were stained with 0.01% Crystal Violet and counted using ImageJ Software. 

 

Flow cytometry and cell cycle analysis 

To evaluate CD44v6 and CD133 expression, CR-CSphCs treated with vehicle or UNC0379 for 72 

hours and CR-CSphCs transduced with pTRIPZ and shSETD8 were harvested, washed with PBS + 

0.5% bovine serum albumin (BSA) and stained with CD44v6 (2F10 APC, mouse IgG1, R&D 

systems), CD133 (130-090-854, 293C3-APC, mouse IgG2bκ, Miltenyi) or with corresponding IMC 

for 1hour at 4°C. Dead cells were excluded using the 7-AAD (0.25 μg/1 x 106 cells, BD 

Biosciences). 

For intracellular staining, cells were fixed in 2% paraformaldeyde, permeabilized with PBS + 1% 

Triton-X 100 and stained with SOX-2 (562139, clone O30-678, Alexa Fluor 647, mouse IgG1κ, BD 

Biosciences) and NANOG (561300, clone N31-355, Alexa Fluor 647, mouse IgG1κ, BD 

Biosciences) for 30 minutes at 4°C. Samples were analyzed by FACS Lyric (BD) flow cytometer. 

In order to analyze the cell cycle, untreated and treated CR-CSphCs cell pellet was incubated, in the 

dark at 4°C overnight, with 1 ml of Nicoletti Buffer (0.1% of sodium citrate, 0.1% of Triton X-100, 

50 μg/ml of propidium iodide, 10 μg/ml of RNAse solution). The quantification of DNA content 

was performed using BD FACS Lyric flow cytometer (BD Clinical system, BD Bioscience).  

Apoptotic cells upon UNC0379 treatment were identified by using the CaspGLOW™ Fluorescein 

Active Caspase-3 Staining Kit (Biovision), following the manufacturer’s protocol. The caspase-3 

activity was analyzed by flow cytometer. All the obtained data were analyzed by FlowJo software. 

 

Cell transfection and lentiviral transduction 

Lentiviral particles were generated by transfecting HEK-293T packaging cells with TRIPZ 

inducible shRNA control (ns shRNA, Dharmacon) or human SETD8 shRNA (shSETD8, 

Dharmacon) plasmids together with psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259) in 



 

DMEM 10% FBS supplemented with XtremeGENE HP DNA Transfection Reagent (Roche). 

Lentiviral supernatants were concentrated using the Lenti-X Concentrator reagent (Clontech) and 

1x106 CR-CSphCs were transduced in presence of 8 μg/mL of polybrene (Sigma-Aldrich). 

Transduced cells were treated with doxycycline (1 μg/ml, Sigma-Aldrich) for 7 days. 

 

Animals and tumour models 

6-8 weeks old male NSG mice were purchased by Charles River Laboratories. In vivo experiments 

were performed in accordance with the animal care committee guidelines of the University of 

Palermo (Italian Ministry of Health authorization n. 154/2017-PR).  

Dissociated CR-CSphCs (5x103), treated ex vivo for 24 hours with UNC0379 and DMSO, were 

injected subcutaneously into the flank of NSG mice, in a total volume of 150 μl of SCM mixed with 

matrigel (BD) in a ratio of 1:1. 

CR-CSphCs (5x103) transduced with shRNA control (pTRIPZ) or with shSETD8 were injected 

subcutaneously in NSG mice, as already described. On day 12 after the injection, doxycycline was 

added at 1 mg/ml to animal drinking water and replaced every 48 hours. For the orthotopic 

injection, CR-CSphCs (3x103) transduced with luciferase (LUC) and shSETD8 or shRNA control 

(pTRIPZ), were injected in mice caecum in 30 µl of 1:3 SCM/Matrigel solution. Two weeks after 

the injection, doxycycline was added at 1 mg/ml to animal drinking water and replaced every 48 

hours.  

The bioluminescence signal of CR-CSphCs was measured following i.p. administration of D-

luciferin (150 mg/kg, Promega), 4 weeks after the induction with doxycycline, by using in vivo 

imaging system (IVIS Spectrum, PerkinElmer). 

Tumours were measured twice per week by a digital caliper. Tumour size was calculated according 

to the formula: (π/6) × (smaller diameter)2 × larger diameter. 

Once the endpoints were reached, animals were sacrificed accordingly to Directive 2010/63/EU 

guidelines (D.lgs 26/2016) and organs were collected for histopathological analysis. 

 

Methylene Blue Staining 

Mice were sacrificed and colon tissue was excised, cleaned with cold PBS, opened longitudinally, 

fixed in 10% neutral buffered formalin (3.7% formaldehyde, 1.2% methanol, 6.5 g/l sodium 

phosphate dibasic, 4 g/l sodium phosphate monobasic) at 25°C overnight and stained with 0.2% 

methylene blue solution. The polyps were then quantified and sized.   

 

 



 

RNA isolation and Real-time PCR 

The purification of RNA was carried out using TRIZOL™ Reagent (Thermo Fisher) protocol and 1 

µg of total RNA, after the removal of genomic DNA, was retrotranscribed with the high-capacity c-

DNA reverse Transcription kit (Applied Biosystem) and subjected to quantitative real-time PCR 

(qRT-PCR) with a custom PrimePCR panel (Bio-Rad) for 88 genes. Relative mRNA expression 

levels were normalized with the endogenous control (GAPDH) and calculated using the 

comparative Ct method (2−ΔΔCt). 

mRNA expression levels of EMT-, tumour metastasis-, and Wnt pathway-related genes were 

detected by RT2 profiler PCR array (PAHS-090, Qiagen) according to manufacturers’ instructions. 

Data were analyzed using the R version 3.5.0 and plotted by the pheatmap version 1.0.10 and 

VennDiagram 1.6.20, gtools 3.8.1, and ggplot2 3.0.0. GSEA was performed by selecting the Kyoto 

Encyclopedia of Genes and Genomes, Gene Ontology and Hallmarks within MSigDB version 6.2. 

 

Statistical analysis  

The Wilcoxon test was used to compare the expression levels of DNMT1, SETD8 and all the others 

epigenetic enzymes listed in Fig.1A in normal and tumorigenic samples from the The Cancer 

Genome Atlas (TCGA) colon adenocarcinoma (COAD) branch. 

Student’s t test was used to compare the tumor volume between UNC0379 or shSETD8 and non 

treatment groups and p values <0.05 were considered to be statistically significant. A paired t-test 

was used to compare the slopes of the growth rates. The analyses were carried out using the 

software GraphPad Prism 6.0. The Kaplan-Meier method was used to determine the probability of 

mice survival as a function of time. The statistical significance between two treatment groups was 

evaluated using a log-rank test (Mantel-Cox). All p values <0.05 were considered to be statistically 

significant. The analyses were carried out using the software GraphPad Prism 6.0. 

 

 

 

 



 

3. THERAPEUTIC STRATEGIES TARGETING CANCER STEM CELLS AND THEIR 

MICROENVIRONMENT 

 

The targeting of CSCs represents a novel approach in cancer treatment, so the identification of 

agents able to inhibit CSCs is currently a major challenge in cancer research field. 

The different approaches that were clinically employed to target CSCs concern: 

- Inhibition of signaling pathways used by CSCs 

- Targeting the CSC microenvironment 

- Targeting surface markers expressed by CSCs  

Signaling pathways play an important role in the maintenance and survival of CSCs. However, a 

limitation of the efficacy and clinical impact of these therapeutic approaches is the fact that CSCs 

and normal stem cells share the expression of several genes and signaling pathways. 

In clinical trials, several compounds have been used to target CSCs through the Wnt/β-catenin 

signaling pathway. They can be grouped into four main categories: agents targeting proteins 

involved in Wnt signalling; porcupine inhibitors that hamper the processing and secretion of Wnt 

ligands; agents that activate caspases or inhibit tankyrase, promoting β-catenin degradation; 

inhibitors of downstream transcription (Clara et al., 2020). 

Niclosamide has been approved by the FDA as a Wnt/β-catenin pathway inhibitor, and its 

anticancer ability has been established by various studies. In a phase II trial, niclosamide was 

proved to safely and effectively treat CRC (Burock et al., 2018). It can inhibit the CSC population, 

and the self-renewal ability of CRC cells (Park et al., 2019). Additionally, there are many potential 

small-molecule compounds targeting CSCs through Wnt/β-catenin signaling pathway in preclinical 

experiments, such as XAV939, which can abrogate CSC-mediated chemoresistance in colon cancer 

cells (Wu et al., 2016) and IC-2, which can reduce the expression of CSC markers and the sphere 

formation ability in CRC. Moreover, it can increase the sensitivity of 5-FU in the DLD-1 CRC cell 

line (Urushibara et al., 2017). Abnormal activity of another signalling pathway, the Notch signaling 

pathway, has been observed in CSCs. Notch pathway mainly consists of Notch receptors (Notch 1–

4) and transmembrane ligands (Jagged 1, Jagged 2, delta-like ligand (DLL) -1, DLL-3, and DLL-4). 

When the receptors bind to the ligands, the Notch intracellular domain is released into the nucleus 

through proteolytic cleavage processes. The final cleavage is mediated by γ- secretase, which 

releases an intracellular fragment that can translocate to the nucleus and induce transcription of 

Notch target genes. There are three major clinical methods used to inhibit Notch signalling: γ 

secretase inhibition, Notch receptor or ligand antibodies, and combination therapy with 

chemotherapy agents. 



 

A phase I clinical trial displays how RO4929097, a potent, selective, small molecule γ- secretase 

inhibitor, was well tolerated in advanced-stage solid tumours (Tolcher et al., 2012). 

The hedgehog (Hh) signaling pathway regulates the self-renewal of CSCs and tissue homeostasis in 

cancer (McMillan and Matsui, 2012). When extracellular Hh ligands, Sonic hedgehog (SHh), Indian 

hedgehog (IH) or Desert hedgehog (DHh), bind to the transmembrane receptors Patched 1 (PTCH1) 

and PTCH2, the inhibition of Smoothened (SMO), a downstream protein in the pathway, is 

decreased, leading to activation of the GLI transcription factors. SMO and GLI transcription factors 

are the three main targets of Hh pathway antagonists. Vismodegib is a selective inhibitor that blocks 

Hh signaling by binding to SMO and inhibiting activation of downstream target genes (Merchant 

and Matsui, 2010). 

Additionally, vismodegib decreased the stem markers (such as CD44 and ALDH) of colon CSCs 

(Wu et al., 2017), and it was used to treat untreated metastatic CRC in a phase II trial (Berlin et al., 

2013).  

Another promising therapeutic strategy for the CSCs eradication is the targeting of the TME. 

Increasing evidence suggests that exists an interplay between CSCs and their TME, important in 

tumour development (Plaks et al., 2015). The CSC microenvironment is a highly heterogeneous 

complex comprised of stromal cells, such as CAFs and mesenchymal cells, immune cells, epithelial 

cells, vascular structures and a network of growth factors and cytokines, which supports cells within 

the extracellular matrix (EC). The interaction with these niches is necessary for the growth, 

maintenance and differentiation of CSC populations. Therefore, understanding the relationship 

between CSCs and their microenvironment could help in the development of efficient therapeutic 

strategies (Valkenburg et al., 2018). 

Many signaling pathways have been explored broadly in CAF mediated cancer progression (Wu et 

al., 2021). They are regulated by various endogenous and exogenous factors, including biomarkers, 

cytokines, chemokines, miRNAs, and affect not only the biological behaviors of CAFs themselves 

but also the crosstalk between these and cancer cells.  

For example, the activation of the PI3K pathway in CAFs regulates CAF-mediated cancer cell 

proliferation in several tumours (Zhou et al., 2020, Ma et al., 2019, Cacheux et al., 2019).  

In CRC, CAFs increased the adhesion of cancer cells to endothelial cells and the tumour migration 

in liver or lung by upregulating CD44 through HGF/MET/AKT signal pathway (Zhang et al., 

2019). There are mainly two major ways to decrease the CAFs number in TME: targeting specific 

CAFs markers or reverting the activated CAFs to quiescent phenotype. 

Evidence suggests that the fibroblast-activated protein (FAP) is an excellent target for CAFs 

(Fitzgerald and Weiner, 2020). The simultaneous overexpression of the same molecular protein in 



 

CAFs and cancer cells has the potential to be targeted as epithelial–mesenchymal common target 

(Meng et al., 2014). Alternatively, differentially expressed proteins in cancer cells and CAFs need 

an alternative approach, the targeting of CAFs to block the pro-tumour effect first and then cancer 

cells treatment. Finally, a novel therapeutic approach might involve the simultaneous target of two 

different components of one signalling cascade in cancer cells and CAFs. For instance, IL-6-

neutralizing antibody for IL-6 produced by CAFs and the JAK inhibitor to inhibit the IL-

6/JAK/STAT3 in cancer cells.  

In 1909, Paul Ehrlich formulated the hypothesis that an intact immune system may prevent tumour 

development. Based on the understanding of cellular immune regulation, new methods for cancer 

treatment have emerged. Some of these are the immunologic checkpoint blocking or the chimeric 

antigen receptor T (CAR-T) cell therapies. 

CSCs have been found to express high levels of the immune-checkpoint protein programmed cell 

death 1 ligand 1 (PD-L1), which inhibits T cell function through binding to its receptor, 

programmed cell death 1 (PD-1). 

Some drugs that target the immune checkpoint receptors cytotoxic T-lymphocyte antigen 4 (CTLA-

4) (Sakamuri et al., 2018), PD-1 (nivolumab, pembrolizumab and cemiplimab) (Meindl-Beinker et 

al., 2019, Cortese et al., 2019, Migden et al., 2018) and PD-L1 (avelumab, durvalumab and 

atezolizumab) (Motzer et al., 2019, Fujiwara et al., 2019, Sullivan et al., 2019) have also been in 

clinical trials. The use of Ipilimumab, a CTLA-4 antibody, is approved by the FDA for the 

treatment of metastatic melanoma (Hodi et al., 2010). For CAR-T cell therapy, CD19, CD20, 

CD22, CD123, EpCAM, and ALDH have been used for CSC-directed immunotherapy. 

To achieve improved immune responses, the use of combination strategies for checkpoint inhibitors 

with other therapeutics have been assessed for an effective cancer treatment (Ruan et al., 2019).  

The tumour microenvironment associated with obesity is a strong risk factor for cancer progression.  

Several retrospective studies analyzing large cohorts of cancer patients highlighted that obesity is a 

negative prognostic factor, including for CRC patients (Bhaskaran et al., 2018). 

In obese individuals, mature adipocytes together with adipose stromal cells (ASCs) release 

inflammatory and angiogenic cytokines, including TNF-α and IL-6, which promote a chronic 

inflammatory state that creates a microenvironment able to sustain tumour progression (Rosen and 

Spiegelman, 2014, Park et al., 2011, Quail and Dannenberg, 2019). This activates in different types 

of cancer cell proliferation and a more aggressive behaviour (Ko et al., 2019). 

Targeting the factors produced by adipose tissue in obese CRC patients could therefore represent a 

promising therapeutic strategy.  



 

Finally, in the last few years there has been considerable interest toward developing monoclonal 

antibodies to target CSC-specific surface markers. A new recombinant, humanized monoclonal 

anti-CD44 antibody, RG7356, was well tolerated in a phase 1 study of 44 patients with acute 

myeloid leukaemia (Vey et al., 2016).  

The therapeutic targeting of CD133 was evaluated for advanced cholangiosarcoma, in a phase 2 

clinical trial (NCT02541370) using an immunotherapeutic approach based on CAR-T cells 

transduced with the anti-CD133 and anti-EGFR (Feng et al., 2017). EpCAM is another common 

CSC marker. Catumaxomab is a antibody anti-EpCAM/anti-CD3. Its administration demonstrated 

clinical benefit in malignant ascites secondary to epithelial cancers (Heiss et al., 2010). 

Adecatumumab, a recombinant human IgG1 monoclonal, tested in patients with metastatic breast 

cancer, resulted in a positive response in patients with higher expression of EpCAM (Schmidt et al., 

2010).  
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Abstract
Despite intense research and clinical efforts, patients affected by advanced colorectal cancer (CRC) have still a poor
prognosis. The discovery of colorectal (CR) cancer stem cell (CSC) as the cell compartment responsible for tumor initiation
and propagation may provide new opportunities for the development of new therapeutic strategies. Given the reduced
sensitivity of CR-CSCs to chemotherapy and the ability of bone morphogenetic proteins (BMP) to promote colonic stem cell
differentiation, we aimed to investigate whether an enhanced variant of BMP7 (BMP7v) could sensitize to chemotherapy-
resistant CRC cells and tumors. Thirty-five primary human cultures enriched in CR-CSCs, including four from
chemoresistant metastatic lesions, were used for in vitro studies and to generate CR-CSC-based mouse avatars to evaluate
tumor growth and progression upon treatment with BMP7v alone or in combination with standard therapy or PI3K
inhibitors. BMP7v treatment promotes CR-CSC differentiation and recapitulates the cell differentiation-related gene
expression profile by suppressing Wnt pathway activity and reducing mesenchymal traits and survival of CR-CSCs.
Moreover, in CR-CSC-based mouse avatars, BMP7v exerts an antiangiogenic effect and sensitizes tumor cells to standard
chemotherapy regardless of the mutational, MSI, and CMS profiles. Of note, tumor harboring PIK3CA mutations were
affected to a lower extent by the combination of BMP7v and chemotherapy. However, the addition of a PI3K inhibitor to the
BMP7v-based combination potentiates PIK3CA-mutant tumor drug response and reduces the metastatic lesion size. These
data suggest that BMP7v treatment may represent a useful antiangiogenic and prodifferentiation agent, which renders CSCs
sensitive to both standard and targeted therapies.

Introduction

Advanced colorectal cancer (CRC) is still a major challenge
for clinical oncologists, being among the top causes of
cancer-related death worldwide [1]. Cancer stem cells
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(CSCs) are key players in tumor initiation and development
of metastasis [2, 3]. In recent years, many studies inves-
tigating the biological behavior of CSCs inspired the
design of innovative therapeutic strategies for CRC.
Genetic and epigenetic changes, overexpression of anti-
apoptotic proteins, and enhanced DNA repair machinery
define the common traits of CSCs [4, 5]. The acquisition
of an epithelial–mesenchymal transition (EMT) pheno-
type confers to CSCs the ability to invade and metastasize
[6]. Among the most studied CSC markers, CD133 has
been reported to identify CR-CSCs [7]. More recently, we
determined that a splicing variant of CD44, CD44v6, is a
functional marker expressed in CR-CSCs able to migrate
and engraft at distant sites [8]. In line with the enhanced
Wnt signaling observed in CR CD44v6+ cells, β-catenin
activation induces CD44v6 expression in CR-CSCs. This
pathway is sustained by the activation of the PI3K/AKT
pathway, which promotes β-catenin activation through the
inhibition of GSK3β, a key component of its destruction
complex [8]. According to the multistep model, the pro-
gressive acquisition of mutations in proto-oncogenes or
tumor suppressor genes defines specific stages of CRC
[9]. Aberrant alterations of principal components of
pathways involved in intestinal stem cell self-renewal
endorse the disruption of intestinal niche equilibrium [10].
In addition to Wnt, Notch, and Sonic hedgehog pathways,
bone morphogenetic proteins (BMPs) finely regulate the
intestinal niche homeostasis balancing self-renewal and
differentiation [11, 12]. BMPs are members of the TGF-β
superfamily and regulate many fundamental biological
processes during development. BMPs bind both type I and
type II receptors (BMPR1A, BMPR1B, and BMPR2) to
achieve a variety of cellular functions [13]. The activation
of this pathway promotes the phosphorylation of SMAD1,
5, and 8 that in association with SMAD4 regulates the
expression of genes involved in the differentiation process
[14, 15]. BMP antagonists (gremlin and noggin) tightly
modulate BMPs activity [16]. In healthy colon mucosa,
the expression of BMPs and their antagonists is polarized.
BMPs are mainly located at the top, while BMP antago-
nists at the base of colon crypt [17]. Alterations of BMP
pathways can imbalance the homeostasis of the intestinal
stem cell niche, thus favoring the development and pro-
gression of CRC. Indeed, the loss of BMPR2 and SMAD4
expression has been reported in sporadic CRC, whereas
germline mutations of BMPR1 and SMAD4 genes have
been demonstrated to enhance the susceptibility to
develop juvenile polyposis, supporting that TGF-β sig-
naling inactivation plays a key role in CRC development
[18–22]. In intestinal stem cells, BMP signaling coun-
teracts the Wnt pathway activity by impairing the nuclear
accumulation of β-catenin through a PTEN-dependent
AKT inhibition [23]. This antagonistic activity of BMP

signaling against stem cells and Wnt pathway seems
preserved in the cancer counterpart as indicated by the
ability of BMP4 to promote differentiation and apoptosis
of CR-CSCs [24].

BMP expression varies across tumor subtypes [25].
BMP7 is widely expressed in many tumors including
breast, prostate, and colon cancer, and it is implicated in
the regulation of cell proliferation [26–28]. However, its
functional association with tumorigenicity and metastasis
formation is still poorly understood. Recently, a human
variant of BMP7 with enhanced stability and solubility
(BMP7v) has been developed, by introducing mutations
into the N terminus of BMP7 prodomain [29]. In glio-
blastoma stem-like cells, BMP7v impairs their pro-
liferation and invasive capability by inducing
differentiation [30] and significantly decreases angio-
genesis. BMP7v, unlike BMP7, is not recognized by
most of the BMP endogenous antagonists, such as nog-
gin, gremlin, chordin, and chordin-like 2, due to reduced
binding [31]. Disease progression in CRC is mostly due
to the emergence of chemoresistant CSCs after ther-
apeutic interventions [32]. Different mechanisms and
biomarkers have been proposed so far to study and pre-
dict chemoresistance. Both microsatellite instability
(MSI) and consensus molecular subtype (CMS) profiles
correlate with the chemotherapy response in CRC. Spe-
cifically, MSI CRCs have been correlated with a better
prognosis [33] but also with a lack of benefit from oxa-
liplatin (oxa) plus 5-fluorouracil (5-FU) therapy [34, 35].
CMS2 CRC is as the subset that most benefits from the
chemotherapy, while the CMS4 results resistant to con-
ventional therapy [36, 37]. We demonstrated that the
activation of the PI3K/AKT pathway is essential for
preserving the stem cell status in CRC CD44v6+ cells
[8]. PI3K activation results in the onset of alternative
signaling pathways, including Wnt-β-catenin axis acti-
vation that promotes CR-CSC survival, invasion, and
development of metastases [38]. Using the BMP7v, here
we have studied the possibility of targeting chemoresis-
tant CRC through the induction of CSC differentiation.
We provide evidence supporting the use of BMP7v in
combination with chemotherapeutic compounds and/or
PI3K inhibitors for CRC treatment.

Results

BMP7 is highly expressed in low-grade CRC patients

In accordance with the current literature, we found BMP7
abundantly expressed in CRC tissues, compared with
peritumoral mucosa (Fig. 1a). BMP7 expression was
limited to the apical part and absent in the LGR5+ stem
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cells located at the very base of the cancer gland (Fig. 1a,
left panel). Analysis of a cohort of 158 CRC patients
showed a significant correlation between medium/high
BMP7 expression and the low-grade (I-II) tumors, which
was confirmed by the analysis of a cohort of CRC in R2
database (Fig. 1b, c and Supplementary Fig. 1a). Inter-
estingly, BMP7 was found highly expressed in both colon
adenoma and adenocarcinoma, suggesting this phenom-
enon as an early event in cancer (Fig. 1d). In line with the
expression of BMP7 in the differentiated part of the colon
gland, BMP7 was remarkably expressed in sphere-derived

adherent cells (SDACs), while it was present in few cells
across CRC spheres, which are enriched in stem-like cells
(Fig. 1e). Moreover, we found that CD133- cells showed a
higher percentage of BMP7-expressing cells as compared
with the CD133+ compartment (Fig. 1f and Supplemen-
tary Fig. 1b, c). Interestingly, CD44v6+ cells lacked
BMP7 expression, which was conversely confined to the
CD44v6- cell compartment (Fig. 1g and Supplementary
Fig. 1d, e). In accordance with the immunofluorescence
studies, flow cytometry analysis showed that BMP7 is
expressed in CD133−/CD44v6− cells and in a fraction of
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CD133+ cell compartment, whereas it is nearly undetect-
able in enriched CD44v6+/CD133+ stem-like cells (Fig. 1h).
These data demonstrate that BMP7 is predominantly
expressed in differentiated CRC cell population, particularly
in low-grade CRCs.

BMP7v affects CD44v6 expression in CR-CSCs

In order to define the potential of BMP7 as a prodiffer-
entiation agent, we next evaluated whether the BMP sig-
naling pathway components were conserved in a CRC
model. We observed that type I and type II BMP receptors
are expressed in both CD44v6+ and CD44v6− fraction with
more pronounced expression levels of BMPR2 in the
CD44v6− counterpart (Supplementary Fig. 2a, b). In order
to investigate the effects of BMP7 on CR-CSCs, we used a
modified BMP7 with enhanced stability and solubility
(BMP7v) as previously described [30]. The dose con-
centration of 100 ng/ml of BMP7v corresponded to the
IC50 and was also preferred for the in vitro ability to inhibit
the colony forming capacity of CR-CSCs even in the pre-
sence of high doses of BMP antagonists, gremlin, and
noggin (Supplementary Fig. 2c, d). CD44v6+ cells exposed

to BMP7v up to 21 days displayed a gradual morphological
differentiation (Fig. 2a), paralleled by the acquisition of
CK20 expression (Fig. 2b). In accordance, BMP7v sig-
nificantly reduced the percentage of cells expressing the
CD133/CD44v6 CSC markers and increased the number of
CDX2+ cells within CRC spheres (Fig. 2c, d and Supple-
mentary Fig. 2e, f). In a cohort of CRC patients, expression
levels of CDX2 are inversely correlated with tumor grading
(Supplementary Fig. 2g).

Interestingly, flow cytometry analysis of primary CRC
sphere cells transduced with a β-catenin/TOP-dGFP
reporter lentiviral vector showed that exposure to BMP7v
was able to progressively decrease β-catenin activity and
CD44v6 expression (Fig. 2e and Supplementary Fig. 2h).
Moreover, BMP7v treatment caused the reduction of
β-catenin activity and differentiation of CRC organoid,
which was highlighted by lumen formation and cell
polarization (Fig. 2f and Supplementary Fig. 2i). In the
presence of BMP7v, CD44v6+ CRC sphere cells acquired
E-cadherin expression, displayed loss of vimentin and
reduction of nuclear β-catenin (Fig. 2g). A large cohort of
CRC patients showed a positive correlation between the
expression levels of BMP7 and E-cadherin (CDH1) (Sup-
plementary Fig. 3a). In agreement, xenograft tumors gen-
erated by the injection of CR-CSCs (CSC# 1, 8, and 25),
displayed a major number of cells expressing E-cadherin
after BMP7v treatment (Supplementary Fig. 3b). Accord-
ingly, the in vitro invasive capacity of CD44v6+ CR-CSCs
was significantly impaired following treatment with BMP7v
(Fig. 2h). Following 96 h of treatment, CD44v6+ fraction
exhibited a more pronounced sensitivity to BMP7v-induced
cell death than CD44v6− cells (Fig. 2i). Although BMP7v
treatment did not significantly affect G0/G1 to G2/M phase
transition, it enhanced to a small extent the sub-G0 phase in
CD44v6+ CR-CSCs (Fig. 2j and Supplementary Fig. 3c). In
line with the induction of cell death, BMP7v treatment
induced activation of both PARP and Caspase-3 and a
downregulation of Bcl-2 and Bcl-xL in CD44v6+ cells (Fig. 2k
and Supplementary Fig. 3d, e). These data indicate that
BMP7v selectively targets the CD44v6+ CSC compartment
by counteracting its Wnt pathway activity and antiapoptotic
machinery.

BMP7v hampers the self-renewal capacity of CR-
CSCs

We have already reported that BMP7v activity is resistant
to the majority of BMP antagonists, such as noggin and
chordin [31]. Given that only some cancers express high
levels of gremlin and noggin [39, 40] we sought to
investigate their inhibitory effects on both BMP4 and
BMP7v. Although BMP4 was not able to accomplish its
function in the presence of gremlin and noggin, BMP7v

Fig. 1 BMP7 is confined to differentiated CRC cells. a Immuno-
fluorescence analysis of BMP7 (green color) and LGR5 (red color) on
peritumoral mucosa and colon cancer paraffin-embedded tissues per-
formed on CSC#8. One representative tumor from twenty different
tumors examined is shown. Nuclei were counterstained by Toto-3
(blue color). White arrowheads indicate LGR5+ cells at the base of
colon crypt. The scale bar represents 100 µm. b Immunohistochemical
analysis of BMP7 on CRC TMAs in lack, low, medium, and high
staining intensity (red color). Nuclei were counterstained by aqueous
hematoxylin (blue color). The scale bar represents 100 µm. c Asso-
ciation of BMP7 expression with score medium/high and the patho-
logical grading in CRC TMAs provided by TRISTAR technology
group. d Immunohistochemical analysis of BMP7 (red color) in
paraffin-embedded sections of colon adenomas and adenocarcinoma
(COAD). Nuclei were counterstained by aqueous hematoxylin (blue
color). The scale bar represents 100 µm. e Immunofluorescence ana-
lysis of BMP7 (green color) in CRC sphere cells and their differ-
entiated progeny SDACs. One representative of fifteen different CR-
CSC lines (CSC#1–3, 5–7, 10,11, 14–16, 18, 25, 33, and 40) is shown.
Nuclei were counterstained by Toto-3 (blue color). The scale bars
represent 20 µm. f Representative flow cytometry analysis of CD133 in
CRC sphere cells and its relative isotype-matched control (IMC)
(upper panels) performed on CSC#4, 8, and 23–26. Immuno-
fluorescence analysis of BMP7 (green color) in CD133+ and CD133−

enriched CRC sphere cell subpopulations (lower panels). Nuclei were
counterstained by Toto-3 (blue color). The scale bars represent 20 µm.
g CD44v6 expression profiles of cells as described in f (upper panels).
Expression of BMP7 (green color) in CD44v6+ and CD44v6− enri-
ched CRC sphere cell subpopulations assessed by immuno-
fluorescence analysis (lower panels). Nuclei were counterstained by
Toto-3 (blue color). The scale bars represent 20 µm. h Flow cytometry
analysis of BMP7 (green histograms) in enriched CD44v6−/CD133−,
CD44v6−/CD133+, and CD44v6+/CD133+ CRC subpopulations
performed as shown in f. Dotted line histograms indicate the
relative IMC
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reduced the colony forming capacity of CR-CSCs more
efficiently than BMP4, even in the presence of BMP
inhibitors (Fig. 3a). We have previously demonstrated that

CD44v6+ cells show upregulation of PI3K activity and
EMT-related genes [8]. Differentially expressed EMT-,
tumor metastasis- and Wnt signaling-related genes in
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CD44v6− cell compartments (Fig. 3b) were comparable
with those in CD44v6+ CRC cells treated with BMP7v
(Fig. 3c), in line with the ability of this compound to turn
CD44v6+ CSCs into CD44v6− differentiated cells. Spe-
cifically, BMP7v induced the upregulation of 7 genes and
the downregulation of other 48 genes in both CD44v6−

cells and CD44v6+ cell fractions. Of note, the gene set
enrichment analysis (GSEA) performed with the molecular
signatures database (MSigDB) revealed the activation of
programs associated with differentiation and attenuation of
EMT and metastatic biological processes (Fig. 3d, e and
Supplementary Fig. 4a, b). The most relevant down-
regulated and upregulated genes were further validated by
RT-PCR (Fig. 3f). Thus, BMP7v forces CD44v6+ CR-
CSCs towards a more differentiated phenotype.

BMP7v potentiates the effects of standard therapy
in naive and chemoresistant CR-CSCs

Following a dose-escalation delivery in vivo, we selected for
subsequent studies the 50 μg/kg dose of BMP7v, which
reduced significantly tumor growth while being well tolerated
(Supplementary Fig. 5a). Of note, BMP7v alone exerted an
antiangiogenic effect in xenograft tumors generated by the
injection of CR-CSCs. Unlike BMP4, BMP7v treatment
induced a fivefold increase in necrosis (Fig. 4a, b) and sig-
nificantly reduced the number of microvessels in CR-CSC-
based mouse avatars, as assessed by CD31 and VEGFR2
detection (Fig. 4c, d). In order to test whether BMP7v could
sensitize CR-CSCs resistant to conventional therapy, we
investigated the in vitro effect of BMP7v in combination with
a standard chemotherapy regimen.

About half of the examined CR-CSC lines showed >50%
survival after 24 h of in vitro treatment with oxa plus 5-FU
(Fig. 4e). Based on the functional characterization of che-
motherapy response, we selected four primary CR-CSC lines,
derived from metastatic liver lesions of patients progressing
after chemotherapy treatment (R1-R4), and three CR-CSC
lines (CSC#1, 2, and 7) showing different degrees of che-
moresistance. Of note, BMP7v was able to render R-CSCs
sensitive to oxa plus 5-FU in vitro treatment, the same ther-
apeutic regimen completely ineffective in vivo in the meta-
static patients from which these cells were derived (Fig. 4f).

The ability to form colonies was significantly compromised
in CR-CSCs in the presence of BMP7v in combination with
oxa plus 5-FU in vitro (Fig. 4g). This treatment affected both
the in vitro self-renewal and the in vivo tumorigenic capacity
of subcutaneously injected CR-CSCs. While tumor xenografts
generated by the injection of CSC#2 and 7 were sensitive to
the combined treatment of BMP7v and chemotherapy,
PIK3CA-mutant tumor xenografts derived from the implan-
tation of CSC#1 delayed the outgrowth showing a kinetic
trend similar to that of tumors treated with vehicle (Fig. 4h).
Immunohistochemical analysis of xenograft tumors (CSC#7)
treated with BMP7v and chemotherapy showed a reduction of
CD44v6, nuclear β-catenin, and Ki67 expressing cells, toge-
ther with a concomitant increase in CK20 positive cells (Fig. 4i).
Interestingly, xenograft tumors treated with chemotherapy
alone showed a significant increase of cells expressing
CD44v6 and nuclear β-catenin accompanied with a decrease
of Ki67 positive cells. Thus, BMP7v sensitizes both naive
and chemoresistant CR-CSCs to standard therapies.

BMP7v enhances the therapeutic response to PI3K
inhibitors and reduces the size of PIK3CA-mutant
xenograft tumors

We next investigated whether the addition of PI3K inhi-
bitors to BMP7v-based therapy could represent an

Fig. 2 BMP7v treatment promotes CR-CSC differentiation. a Phase-
contrast microscopy analysis of CD44v6+ CRC sphere cells treated
with BMP7v at the indicated time points. One representative of
CSC#1, 2, 4, 5, 7, and 23–26 is shown. The scale bar represents 20 µm.
b Percentage of CK20 positive cells in CD44v6+ CR-CSCs treated
with vehicle or BMP7v up to 21 days evaluated by immuno-
fluorescence analysis. Data are expressed as mean ± SD of experiments
performed in 15 CRC sphere cell lines (CSC#1–3, 5–7, 10,11, 14–16,
18, 25, 33, and 40). c Flow cytometry analysis of CD133/CD44v6 on
CRC sphere cells treated with vehicle or BMP7v for 14 days. Data
reported are mean ± SD of 15 CRC sphere cell lines analyzed
(CSC#1–8, 10,11, 14–16, 18, and 25). d (left panels) Immuno-
fluorescence analysis of CDX2 on CR-CSCs upon 14 days of BMP7v
treatment. One representative of CSC# 3, 9, and 21 is shown. Nuclei
were stained with Toto-3 (blue color). The scale bars represent 20 µm.
(right panel) Percentage of CDX2 positive cells in CD44v6+ CR-CSCs
treated with vehicle or BMP7v up to 14 days evaluated by immuno-
fluorescence analysis. Data are expressed as mean ± SD of experiments
performed in CSC# 3, 9, and 21. e Flow cytometry analysis of TOP-
dGFP or CD44v6 in enriched CD44v6+ sphere cells treated with
BMP7v up to 14 days. One representative experiment of CSC#1, 2, 4,
7, and 10 is shown. f Phase-contrast microscopy analysis of TOP-
dGFP CRC sphere cells grown in matrigel drops and treated with
vehicle, BMP7v or FBS for 14 days. One representative of CSC# 8, 9,
and 11 is shown. The scale bar represents 100 µm. g Immuno-
fluorescence analysis of E-cadherin, vimentin, and β-catenin (green
color) in CD44v6+ CRC cells exposed to vehicle or BMP7v for
14 days. One representative experiment performed in cells as in e is
shown. Nuclei were stained with Toto-3 (blue color). The scale bars
represent 20 µm. h Migrating CD44v6+ and CD44v6− cells treated
with vehicle or BMP7v up to 48 h. Data are shown as mean ± SD of
three independent experiments performed in five CRC sphere cell lines
(CSC#1, 5, 7, 10, and 12). i Cell viability percentage of enriched
CD44v6+ and CD44v6− cells treated with vehicle or BMP7v up to
96 h. Data are shown as mean ± SD of different experiments performed
in CSC#1, 2, 4, 7, and 10. j Cell cycle analysis in CD44v6+ CR-CSCs
exposed to vehicle or BMP7v for 72 h. The data show percentage of
cell number in sub-G0, G0/G1, S, and G2/M phases. Data are
expressed as mean ± SD of three independent experiments performed
in five different CRC sphere cell lines as in e. k Immunoblot analysis
of PARP, cleaved PARP (cPARP), Caspase-3 (Casp-3), cleaved
Caspase-3 (cCasp-3), Bcl-2, Bcl-xL in CD44v6+, and CD44v6−

enriched cells treated as in e for 72 h. β-actin was used as loading
control. One representative experiment performed in three different
CRC sphere cell lines (CSC#1, 4, and 7)
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efficacious approach in the CD44v6+ cells, particularly in
the presence of PIK3CA mutation. We first observed that
in vitro BMP7v treatment attenuated the PI3K/AKT

pathway in CD44v6+ cells, whose expression levels
became similar to those exhibited by CD44v6− compart-
ment (Fig. 5a and Supplementary Fig. 5b). Then we found
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that BMP7v combined with a PI3K inhibitor (taselisib)
was also able to revert the intrinsic chemotherapy resis-
tance of CR-CSCs in vitro (Fig. 5b). Following the inte-
gration of the dose-response and synergy score evaluation
from Bliss and ZIP algorithms, 100 ng/ml of BMP7v and
1 µM of PI3K inhibitor (taselisib) were selected for in vitro
therapeutic combination (Supplementary Fig. 5c). Thus, to
render PIK3CA-mutant CR-CSCs-derived avatars more
sensitive to the combination therapy, we decided to inhibit
the PI3K activity concomitantly. As expected, BMP7v in
combination with taselisib significantly reduced the size of
tumor xenografts generated by the injection of PIK3CA-
mutated CR-CSCs (Fig. 5c), suggesting the necessity to
simultaneously add a PI3K inhibitor in the presence of
enhanced activation of the PI3K/AKT pathway. To
determine whether the addition of BMP7v to PI3K inhi-
bitor, taselisib could also induce regression of the disease,
metastatic mouse avatars generated by the injection of
PIK3CA-mutated CR-CSCs into NOD-SCID mice spleen,
were treated 4 weeks after the splenectomy once the
metastatic lesions were detectable. The combination of
PI3K and BMP7v significantly lessened the size of meta-
static lesions of PIK3CA-mutated CR-CSCs, even 4 weeks
after treatment suspension (Fig. 5d-f). The majority of
CD44v6+ cells found in the liver and lung metastases of
mice treated with the PI3Ki-BMP7v combination therapy
underwent cell death, confirming the potential clinical
application of this therapeutic approach in patients with
metastatic CRC (Fig. 5g, h). Altogether, these findings

suggest that BMP7v can turn CD44v6+ cells into a therapy
sensitive CD44v6− differentiated phenotype. Although
PIK3CA-mutated CR-CSCs are less sensitive to the pro-
differentiation activity of BMP7 signaling, the addition of
a PI3K inhibitor restores their sensitivity in established
tumors (Fig. 6a).

Discussion

We previously demonstrated that CD44v6 is a functional
receptor that identifies migrating CSCs able to develop
CRC metastasis [8]. Here, we show that CD44v6 enriched
CR-CSCs lack the expression of BMP7, which is con-
versely confined within the differentiated counterpart
(CD44v6− cells). The heterogeneous expression of BMP7
within the CD44v6− compartment is likely due to the
presence of progenitor cells (CD44v6−/CD133+ cells)
endowed with residual β-catenin activation, which renders
these cells reprogrammable by the microenvironmental
cytokines [8]. Here, we show that BMP7 expression
represents an early event in CRC as confirmed by its
presence in colon adenoma and adenocarcinoma. More-
over, its expression inversely correlated with the patho-
logical grading of CRCs, again supporting the association
between this morphogen and differentiated tumor. In
accordance with the reported effects in glioma stem cells
[41], BMP7v induce the expression of differentiation
markers in CR-CSCs, which gradually reduce their
β-catenin activity and CD44v6 expression. We previously
reported that BMP4 promotes differentiation and affects
the self-renewal activity of CR-CSCs [24]. Through a
SMAD1/4-mediated epigenetic mechanism, BMP4 leads to
the recruitment of histone deacetylase HDAC1 and con-
sequent transcriptional suppression of stemness genes
[42]. Accordingly, targeting the Wnt pathway by BMP7v
curtails the clonogenic activity of CD44v6+ CRC cells and
leads to their terminal differentiation, as highlighted by the
presence of PARP activation and downregulation of the
antiapoptotic proteins Bcl-2 and Bcl-xL. The similar trend
of cell viability in both CD44v6+ and CD44v6− popula-
tions is likely due to the presence, in the CD44v6− frac-
tion, of progenitor cells that are affected by the BMP7v
treatment. Tumor microenvironment reprograms cancer
cells towards an EMT process leading them to acquire a
more pronounced self-renewal and migratory phenotype
[8, 43]. We have shown that cytokines released by cancer-
associated fibroblasts are able to dedifferentiate CD44v6−

cells into CD44v6+ metastatic CR-CSCs, with the induc-
tion of a number of EMT genes [8]. BMP7v drives CR-
CSCs to behave similarly to the differentiated CD44v6−

cells by downregulating the majority of EMT-related
genes, which are needed by CD44v6+ cells to retain an

Fig. 3 BMP7v hampers the self-renewal and recapitulates a CD44v6−-like
cell subpopulation profile. a Colony forming efficiency percentage of
CD44v6+ CR-CSCs treated for 14 days with vehicle, gremlin or
noggin alone or in combination with BMP4 or BMP7v. Data are
reported as mean ± SD of five different CRC sphere cell lines analyzed
(CSC#1, 2, 4, 7, and 10). Representative soft-agar analysis is shown in
the lower part of graph. b Heat map of EMT-, tumor metastasis-, and
Wnt pathway-related genes (2−ΔΔCt expression values) in spheres,
CD44v6− and CD44v6+ cells. Data are presented as normalized
expression values of three different CRC sphere cell lines (CSC#4, 8,
and 18). c Log fold change (logFC) values of differentially expressed
related genes in enriched CD44v6+ cells treated with BMP7v for
3 days. Data are presented as the average of normalized mRNA
expression levels of four different CR-CSC lines (CSC#1, 3, 5, and 7).
Dotted lines represent −1 and 1 logFC values. P value indicates dif-
ference between normalized mRNA expression levels of untreated vs
BMP7v treated samples. d Venn diagram showing upregulated (red)
and e downregulated (green) genes in CD44v6− and BMP7v treated
cells. (Lower panels) Top ten significantly enriched gene sets (FDR
q value ≤ 0.05), selected by using Hallmark, KEGG, and GO, related to
the indicated 7 up- and 48 down-regulated genes common in CD44v6−

cells and CD44v6+ cells treated with BMP7v. P values related to each
enriched gene set are indicated. f Fold change values of the differen-
tially upregulated (red) and downregulated (green) genes further
validated by RT-PCR in CR-CSCs upon treatment with BMP7v for
72 h. Data are expressed as mean ± SD of experiments performed in
CSC# 1, 3, 9, and 21
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aggressive phenotype. We previously demonstrated that
BMP4 induces PTEN upregulation and inhibition of PI3K/
AKT [24], which sustains the stem-like cell properties of

CD44v6+ CR-CSCs [8]. BMP7v displays a similar inhi-
bition on the PI3K/AKT pathway. Here, we have shown
that even though PTEN increased moderately upon
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BMP7v treatment, PI3K protein expression, and AKT
activation levels decreased significantly in CD44v6+ cells,
which differentiate and revert to CD44v6−/PI3Klow cells.
This mechanism is in line with the observation that the
natural compound resveratrol inhibits the PI3K pathway
by upregulating the BMP7 in human colon cancer cells
[44]. The induction of differentiation may represent an
alternative therapeutic approach to render CSCs sensitive
to standard therapies [24, 45]. Differentiation therapy is
currently in phase 2 clinical trial for the cure of acute
promyelocytic leukemia [46]. The expression of anti-
apoptotic genes and the upregulation of survival factors
contribute to CSC resistance to conventional anticancer
therapies [32].

BMP7v reduces the expression levels of anti-apoptotic
proteins and makes PIK3CA wt CRC avatars sensitive to

standard chemotherapy. In addition, BMP7v enhances the
therapeutic response even against CR-CSCs purified from
metastatic lesions of patients who underwent chemotherapy.
About 10–30% of CRCs exhibit PI3K activation sustained by
PIK3CA mutations, which contribute to confer resistance to
standard therapies and targeted agents [47]. PIK3CA-mutated
tumor xenografts display resistance to the combination of
BMP7v and chemotherapy. This is not surprising because it is
likely that the increased β-catenin activation promoted by the
constitutive activation of PI3K counteracts the inhibitory
activity on the Wnt pathway induced by BMP signaling.

PI3K is a target for pharmacological drug design and
therapeutic intervention in many cancers, including CRC [48].
Nowadays, although PI3K inhibitors have a limited effect as
single agents in CRC, several clinical trials are exploring the
efficacy of these inhibitors in different combinatorial treat-
ments [47, 49]. Here we showed that BMP7v is able to
sensitize chemoresistant CR-CSCs to PI3K inhibitors in vitro
regardless their MSI and CMS profiles. Addition of a PI3K
inhibitor to the combination of BMP7v and chemotherapy-
induced tumor regression of PIK3CA-mutant tumor xeno-
graft, further supporting the potential clinical application of
this combination therapy. In line with our previous findings,
PI3K inhibitors alone selectively target disseminating CR-
CSCs [8], whereas in combination with BMP7v treatment
induce disease regression by reducing the size of both primary
tumors and established CRC liver metastasis.

In conclusion, we have shown that BMP7v exerts a potent
antitumor activity through the induction of differentiation of
PIK3CA wt CR-CSCs. Although the presence of PIK3CA
mutation reduces the therapeutic activity of BMP7v, we
provide evidence that the addition of PI3K inhibitors may be
sufficient to restore CR-CSC sensitivity to BMP7v. Unlike
BMP4, BMP7v exerts a significant antiangiogenic effect and
can be administered systemically, due to its solubility and
prolonged half-life, which also facilitate its combination with
standard chemotherapy or targeted agents. Further studies are
needed to investigate the minimal residual disease upon the
combination therapy based on BMP7v and PI3K inhibitor.

Because the efficacy of targeted therapy is limited by the
presence of intratumor heterogeneity, this prodifferentiation
approach coupled with such a considerable antiangiogenic
activity may contribute to overcome the hurdles of dynamic
tumor changes. Thus, BMP7v-based combination therapies
may represent potential novel treatment options for CRC.

Materials and methods

Isolation and treatment of CR-CSCs

Human CRC tissues were obtained from 40 patients at the
time of resection, in accordance with the ethical standards of

Fig. 4 BMP7v exerts antiangiogenic effects and sensitizes chemore-
sistant CSCs to standard therapy. a Azan-Mallory staining on paraffin-
embedded sections of xenografts derived from the injection of CRC
sphere cells and treated for 4 weeks (6–9 weeks) with PBS (vehicle) or
BMP7v. Data are representative of three independent experiments
using different CRC sphere cell lines (CSC#2, 7, and 18). b Percentage
of necrosis evaluated on paraffin-embedded sections of xenografts
treated as in a. Data are shown as mean ± SD of three independent
experiments. c Immunohistochemical analysis of CD31 and VEGFR2
(red staining) on paraffin-embedded sections of xenografts generated
by the injection of CRC sphere cell lines and treated with PBS
(vehicle), BMP4, or BMP7v. Green arrowheads indicate microvessels
expressing CD31 or VEGFR2. Images are representative of three
independent experiments using cells as in a. Nuclei were revealed by
hematoxylin staining (blue). The scale bar represents 20 µm. d Number
of microvessels positive for CD31 (left panel) and VEGFR2 (right
panel) expression, evaluated on paraffin-embedded sections of xeno-
grafts treated as in c. Data are shown as mean ± SD of cells. MVD=
microvessel density. e Fold change of viable cells in 35 CR-CSC lines
treated with oxaliplatin/5-FU for 24 h. Dotted line indicates the
threshold between chemoresistant (red) and sensitive CR-CSCs
(green). f Cell viability percentage in chemoresistant CR-CSCs (R1-
R4) pretreated with BMP7 for 3 days and with oxaliplatin/5-FU (oxa/
5-FU) for additional 24 h as indicated. Data are shown as mean ± SD
of three different experiments performed in the indicated R-CSCs.
g Colony forming efficiency of CR-CSCs treated as in f and evaluated
at 21 days. Representative soft-agar analyses are reported in the lower
part of the graph. Bars show the mean ± SD of seven different CRC
sphere cell lines (CSC#1–3, 5, 7, 10, and 18). h Tumor size of sub-
cutaneous growth of the indicated CR-CSCs. Mice were treated for
4 weeks (6–9 weeks) with vehicle, oxaliplatin/5-FU (oxa/5-FU) and
BMP7v alone or in combination. Error bars show the mean ± SD of
tumor size measured in six mice/group. Black arrowheads indicate
days of treatment. i Immunohistochemical analysis of CD44v6,
β-catenin, Ki67, and CK20 (red color) in paraffin-embedded sections
of CSC#7 xenografts treated as in h. Nuclei were counterstained by
aqueous hematoxylin (blue color). The scale bar represents 20 µm (left
panels). Percentage of CD44v6, β-catenin, Ki67, and CK20 positive
cells in paraffin-embedded sections of tumor xenografts treated with
vehicle (V), BMP7v (B), oxaliplatin/5-FU (O/F), alone or in combi-
nation (B/O/F) for 72 h. Error bars are mean ± SD of positive cell
counts in three serial embedded-paraffin sections of six tumor xeno-
grafts per group derived from the injection of three different CRC
sphere cells (CSC#1, 2, and 7) (right panels)
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the Institutional Committee on Human Experimentation
(authorization CE9/2015, Policlinico Paolo Giaccone,
Palermo) after informed consent. Peritumoral mucosa was

recovered from the uninvolved surrounding tumor tissue.
Clinical data of CRC patients from which CRC sphere cell
lines were derived are reported in Supplementary Table 1.
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CRC sphere cells were isolated and propagated as previously
described [8, 32]. Briefly, specimens were digested in
DMEM medium supplemented with 10 µg/ml of hyalur-
onidase (Sigma) and 0.6 mg/ml of collagenase (Gibco) for
1 h at 37 °C, resuspended in serum-free stem cell medium
comprising EGF (Peprotech) and FGF2 (Peprotech) and
cultured in ultra-low adhesion flasks. To generate SDACs,
CR-CSCs were dissociated and then cultured in DMEM-high
glucose supplemented with 10% FBS in adherent conditions
up to 21 days [24]. Gradual morphological differentiation
was determined by counting of cells in adherent conditions
normalized with the number of CR-CSCs in suspension. To
evaluate differentiation of CRC organoids, CR-CSCs were
dissolved in a 1:10 stem cell medium/Matrigel solution,
placed in a 24-well plate as a single drop covered by medium
and monitored twice a week up to 21 days.

Authentication of CRC sphere cell lines was assessed by
short tandem repeat (STR) DNA profiling (GlobalFiler™

STR kit, Applied Biosystem) using the ABIPRISM 3130
genetic analyzer (Applied Biosystem) as recommended by
the manufacturer’s instructions. STR profiles of CRC sphere
cells were matched with their relative patient-derived tumors.
Primary cultures enriched in CSCs derived from chemore-
sistant metastatic liver lesions were obtained from patients
undergoing hepatectomy with curative intent at the Uni-
versity Polyclinic A. Gemelli, Rome. Cell cultures were
monitored for the presence of mycoplasma. CRC sphere cells
and their enriched CD44v6+ and CD44v6− fractions were
treated with BMP7v (100 ng/ml produced by Eli Lilly as
previously described) [30], gremlin (1 µg/ml, R&D Systems),
noggin (100 ng/ml, R&D Systems), BMP4 (100 ng/ml, R&D
Systems), oxa (10 µM, Selleckchem), 5-FU (10 µM, Sell-
eckchem), and taselisib (PI3Ki, 1 µM GDC-0032, Chemie-
tek). Oxa was added to cell culture media 2 h before 5-FU
treatment. All the compounds above described were added to
cell culture media every 48 h. BMP7v dose was determined
by the evaluation of colony forming efficiency in presence of
different concentration of BMP inhibitors (gremlin and
noggin), when in combination with PI3K inhibitor (taselisib)
its effective dose was selected on the basis of CR-CSC via-
bility. These experiments were conducted in SynergyFinder,
including Bliss and ZIP, to calculate dose-response inhibition
matrix and synergy scores [50].

Fig. 5 BMP7v in combination with PI3K inhibitor hampers tumor
growth and reduces the metastatic lesion size. a Immunoblot analysis
of PI3K, pAKT, AKT, PTEN, pJNK, JNK, pERK, ERK, and p21 in
CD44v6+ and CD44v6− cells treated with vehicle or BMP7v for
3 days. β-actin was used as loading control. One representative of three
independent experiments (CSC#1, 4, and 7) is shown. b Cell viability
percentage in R-CSCs treated with vehicle, BMP7v, PI3K inhibitor
(PI3Ki), or BMP7v in combination with PI3K inhibitor (BMP7v+
PI3Ki) up to 72 h. Data are shown as mean ± SD of three different
experiments performed with the indicated R-CSCs. c Tumor size of
subcutaneous outgrowth of PIK3CA-mutated xenografts. Mice were
treated with vehicle, PI3K inhibitor (PI3Ki), oxaliplatin/5-FU (oxa/5-
FU), BMP7v in combination with PI3K inhibitor (BMP7v+ PI3Ki) or
BMP7 in combination with PI3K inhibitor and oxaliplatin/5-FU
(BMP7v+ PI3Ki+ oxa/5-FU). Data are shown as mean ± SD of
tumor size of six mice/group using CSC#1, 18, and 25. Red arrows
indicate the start and the end (from 6 to 9 weeks) of treatments.
d Kinetics of metastasis formation detected by in vivo imaging ana-
lysis at the indicated time following spleen injection of CSC#1, 18,
and 25 treated with vehicle, BMP7v, PI3K inhibitor (PI3Ki), or
BMP7v in combination with PI3K inhibitor (BMP7v+ PI3Ki) for
4 weeks. Black arrows indicate the start and end of treatments (from
4 to 7 weeks). Data are expressed as mean ± SD of six mice analyzed.
e In vivo whole-body imaging analysis of mice treated as in d and
analyzed at the indicated time points after splenectomy. f Photons
count of all metastatic sites (liver, lung, and intestine) in mice treated
as in d. Error bars are reported as mean ± SD of the xenografts ana-
lyzed as in d (upper panel). Representative in vivo imaging analysis of
metastatic foci in the liver, lung, and intestine of mice treated as
indicated (lower panels). g Immunofluorescence analysis of CD44v6
(red color) and TUNEL (green color) in paraffin-embedded sections of
lung metastasis generated by the injection of CSC#25 in mice treated
with vehicle or BMP7v+ PI3K inhibitor (BMP7v+ PI3Ki). White
arrowheads indicate CD44v6+/Tunel+ CRC cells. Nuclei were coun-
terstained with Toto-3 (blue color). Positive control was performed
treating cells with DNase. The scale bars represent 20 µm. h Percen-
tage of CD44v6+/Tunel+ cells of lung metastasis treated with vehicle
or BMP7v+ PI3K inhibitor (BMP7v+ PI3Ki). Data are mean ± SD of
xenografts derived from injection of three different cell lines (CSC#1,
18, and 25)

Fig. 6 Schematic model of BMP7v effects in primary and metastatic
CRC. a In primary tumor the colon cancer crypt organization, which is
physiologically maintained by BMPs/BMP inhibitor balance, is dis-
rupted. The administration of BMP7v selectively counteracts the
expansion of the CSC compartment by reducing CD44v6 expression.
Moreover, BMP inhibitors (noggin, gremlin, and others), produced by
myofibroblasts, are not able to inhibit BMP7v activity on promoting
the differentiation of CSCs (upper panel). In metastatic tumor, BMP7v
in combination with PI3K inhibitors reduces the number of CD44v6+

cells and hampers the tumor metastatic growth (bottom panel). CSC
cancer stem cell, DCC differentiated cancer cell, DC differentiated cell
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Immunohistochemistry and Immunofluorescence

Immunohistochemistry analysis was performed on 5-μm-
thick paraffin-embedded sections of CRC tissues or CRC
sphere cell-derived tumor xenografts. For intracellular
epitope detection, tissue sections were permeabilized in
ice-cold 0.1% TritonX-100 in PBS for 10 min. Tissue
samples were exposed overnight at 4 °C to specific anti-
bodies for BMP7 (MAB3541, mouse, IgG2b, R&D sys-
tem), E-cadherin (#3195, rabbit, IgG, CST), CD31
(M0823, clone JC70A, mouse IgG1k, Dako), VEGFR2
(AF357, goat, IgG, R&D System), CD44v6 (BBA13,
clone 2F10, mouse, IgG1, R&D system), β-catenin (sc-
7199, rabbit, IgG, Santa Cruz Biotechnology), Ki67
(M7240, mouse, IgG1, DakoCytomation), and CK20
(NCL-L-CK20, mouse, IgG2k, Novocastra Leica). Pri-
mary antibodies were revealed by biotin-streptavidin
peroxidase LSAB 2 Kit (Dako). Stainings were detected
by using 3-amino-9- ethylcarbazole chromogen. Nuclei
were counterstained with aqueous hematoxylin (Sigma).

For Azan-Mallory, tissues were stained with azocarmine
G (Sigma) and 5% of phosphoric acid. Then, sections were
stained with a Mallory mix solution (Sigma). Staining was
analyzed by using Imaging Analyzer Software.

Immunofluorescence staining was performed on
paraffin-embedded sections, cells cytospun or cultured on
coverslips. Cells were fixed in 2% paraformaldehyde for
20 min at 37 °C. Intracellular epitope detection was per-
formed in cells permeabilized in 0.1% TritonX-100 in PBS
for 10 min. Following blocking with 3% bovine serum
albumin (BSA) for 30 min, cells were exposed overnight at
4 °C to BMP7 (MAB3541, mouse, IgG2b, R&D system),
LGR5 (GPR49, rabbit, IgG, Abgent), CDX2 (MAB3665,
mouse, IgG1, R&D Systems), CK20 (NCL-L-CK20,
mouse, IgG2k, Novocastra Leica), E-cadherin (#3195,
rabbit, IgG, CST), vimentin (#5741, rabbit, IgG, CST),
β-catenin (MAB1329, mouse, IgG2b, R&D Systems),
CD44v6 (BBA13, clone 2F10, mouse, IgG1, R&D sys-
tem), BMPR1A (MAB2406, mouse, IgG2b, R&D Sys-
tems), BMPR1B (MAB505, mouse, IgG2a, R&D Systems)
and, BMPR2 (MAB811, mouse, IgG2b, R&D Systems)
antibodies or isotype-matched controls (IMCs). Primary
antibodies were revealed using Alexa Fluor 488 or
Rhodamine-conjugated anti-mouse or anti-rabbit second-
ary antibodies (Invitrogen) in the presence of RNase
(40 μg/ml, Sigma). Nuclei were counterstained using Toto-
3 iodide (Molecular Probes).

Cell quantitation was performed by ImageJ Software
analysis. Tunel assay was performed by using In Situ Cell
Death Detection, AP Kit(Roche Diagnostics GmbH). DNA
strand breaks were detected by 5-bromo-4-chloro-3-indolyl-
phosphate (, Dako) substrate. DNase was used to perform
the positive control.

TMAs were provided by TriStar Technology group (Tri),
LLC, 9700 Great Seneca Highway, Rockville, MD 20850.

Flow cytometry and cell cycle analysis

CD133 and CD44v6 positive and negative subpopulations
were obtained using FACS cell sorter (BD). Cells were
stained for 1 h at 4 °C with CD133-PE (130-090-851,
293C3, mouse IgG2b, Miltenyi), CD44v6-APC
(FAB3660A, clone 2F10, mouse, IgG1, R&D systems) or
corresponding IMCs IgG2b-PE (#130-092-215, mouse,
Miltenyi) or IgG1-APC (#IC002A, mouse, R&D systems).
Before sorting, cells were resuspended in PBS supple-
mented with 2% BSA and 2 mM EDTA, and strained
through a 70 µm mesh to avoid cell hindrance. Dead cells
were excluded with 7-AAD (BD). Quality of postsorting
was verified by flow cytometry using specific antibodies
against CD133 (170-070-702, CD133/1-APC, AC133,
mouse IgG1k, Miltenyi) or CD44v6 (#MA5-16966,
CD44v6-FITC, VFF-7, mouse IgG1, Thermo Scientific).
Cells were then washed twice in PBS, permeabilized with
fixation/permeabilization solution (Cytofix/Cytoperm, BD)
following the manufacturer’s instructions and stained with
BMP7-FITC (FCMAB135F, 2A10, mouse IgG1k, Merck)
or its IMC IgG1k (#F6397, mouse, Sigma-Aldrich). For
flow cytometry analysis of CD133 and CD44v6, PE-
(293C3) or APC-conjugated (2F10) clone were used,
respectively. Cell cycle analysis was performed by quanti-
fication of DNA content on dissociated cells. Cells were
incubated overnight at 4 °C in a buffer containing 50 μg/ml
propidium iodide (Sigma-Aldrich), 0.1% sodium citrate
(Sigma-Aldrich), 0.1% TritonX-100 and 10 μg/ml RNAse
(Sigma-Aldrich). All data were analyzed using FlowJo
software (Tree Star). The percentage of CD44v6+ cells has
been assessed in all the 35 CRC sphere cell lines and
indicated as low (<30%), medium (30–70%), and high
(>70%) in Supplementary Table 2.

Lentiviral particles generation and CR-CSC
transduction

To generate lentiviral particles, packaging cell line HEK-
293T were transfected with second-generation packaging
plasmids (PSPAX2 and pMD2.G plasmids Addgene) in
association with p-TWEEN LUC or TOP-dGFP (Addgene #
35489) lentiviral vectors. Transfection was performed using
X-tremeGENE HP DNA Transfection Reagent (Roche).
Lentiviral supernatants were collected and concentrated
with the Lenti-X Concentrator reagent (Clontech). 1 × 105

CRC sphere cells were transduced with concentrated viral
supernatants for 24 h using 8 μg/ml polybrene. Wnt path-
way activity was monitored by flow cytometry analysis on
the basis of the TOP-dGFP expression levels.
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Cell viability, clonogenic, and invasion assay

The cell viability assay was performed using the CellTi-
ter96® Aqueous One Solution Cell Proliferation Assay Kit
(Promega) according to the manufacturer’s instructions
and examined with GDV programmable MPT reader (DV
990 BV6). For invasion assay, 2 × 103 dissociated CR-
CSCs were plated into 8 µm pore size matrigel (BD)-
coated transwell and treated with vehicle or BMP7v up to
48 h. Supernatant of NIH-3T3 cells cultured in serum-free
medium was used as chemoattractant in the lower part of
the transwell system. Migrating cells were examined and
counted using an optical microscope. For clonogenicity,
CR-CSCs were plated at a clonal density on Agarose Sea
Plague Agar (Invitrogen) and maintained up to 21 days.
Colonies were stained with 0.01% Crystal Violet, eval-
uated based on their size (small 30–60 µm, medium
60–90 µm, and large >90 µm) and counted using ImageJ
software.

Western blot analysis

Cell pellets were resuspended in ice-cold lysis buffer (50 mM
Tris-HCL pH 8, 150mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 1% NP40, 1 mM EDTA) supplemented with a
mix of protease and phosphatase inhibitors (Thermo Fisher
Scientific). Equal amount of protein extracts was resolved on
SDS-PAGE gels and blotted on nitrocellulose membranes.
Membranes were exposed overnight at 4 °C to PARP
(#9524, rabbit, IgG, CST), Caspase-3 (#9662, rabbit, IgG,
CST), cleaved Caspase-3 (Asp175) (#9661, rabbit, IgG,
CST), Bcl-2 (sc-7382, mouse, IgG, Santa Cruz), Bcl-xL (sc-
8392, mouse, IgG, Santa Cruz), PI3K (p110α) (#4249,
C73F8, rabbit, IgG, CST), phospho-AKT (Ser473 XP)
(#4060, D9E, rabbit, IgG, CST), AKT (#9272, rabbit, IgG,
CST), PTEN (#9559, 138G6, rabbit, IgG, CST), phospho-
JNK (Thr183/Tyr185) (#4668, 81E11, rabbit, IgG, CST),
JNK (#9258, 56G8, rabbit, IgG, CST), phospho-ERK
(sc-7383, E-4, mouse, IgG2a, Santa Cruz), ERK (sc-94,
rabbit, IgG, Santa Cruz), p21 (#2946, DCS60, mouse IgG2a,
CST), and β-actin (#3700, 8H10D10, mouse IgG2b, CST).
Primary antibodies were detected using specific secondary
HRP-conjugated antibodies (Thermo Fisher Scientific)
and chemiluminescence signals were revealed using Amer-
sham imager 600 (GE Healthcare). Protein expression levels
were measured by densitometry analysis using ImageJ
software.

Mutation analysis and MSI profile

Total DNA was purified from CR-CSCs using the Blood and
Tissue Kit (QIAGEN). The mutational status of KRAS,

BRAF, PIK3CA, and SMAD4 genes was evaluated by the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) using the following primers specific for
KRASG12/G13 (F-ATCGTCAAGGCACTCTTGCCTAC, R-G
TACTGGTGGAGTATTTGATAGTG), BRAFV600 (F-ACT
CTAAGAGGAAAGATGAAG, R-GTGAATACTGGGAA
CTATGA), PIK3CAE545 (F-ATTGTTCACTACCATCCTC,
R-TAATGTGCCAACTACCAATG) and SMAD4R361 (F-TG
TGGAGTGCAAGTGAAAGC, R-TCAATGGCTTCTGTC
CTGTG). Codon Code Aligner Software was used for
sequence assembly and alignment. Assessment of MSI status
of CR-CSCs was carried out using the GeneQuality CC-MSI
kit (Analitica Advanced Biomedicine). Purified total DNA
was subjected to a multiplex microsatellite PCR including
mononucleotide repeats (BAT25, BAT26, BAT40, NR21,
NR24, and TGFβRII) and dinucleotide repeats (D2S123,
D17S250, D5S346, and D18S58). MSI analysis was carried
out using GeneMapper 5.0 Software (Applied Biosystems).
Samples were classified as MSI-high (four or more markers
instable), MSI-low (1–3 markers instable), or MSS (micro-
satellite stable). Mutation and MSI profiles of CR-CSCs
were performed on a Genetic Analyzer ABIPRISM 3130
(Applied Biosystems). COSMIC-reported mutations of
KRAS, BRAF, PIK3CA, and SMAD4 in the 35 CRC sphere
cell lines used and their MSI profiles are indicated in Sup-
plementary Table 2.

RNA isolation and Real-time PCR

Total RNA was obtained using the RNeasy Plus Mini Kit
(Qiagen GmbH) according to the manufacturer’s instruc-
tions. The yield of the extracted RNA was determined by
Nanodrop ND-1000 (Nanodrop, Wilmington, DE). One
microgram of total RNA was retro-transcribed using the
High-Capacity cDNA Archive Kit (Applied Biosystems)
following the standard protocol. Quantitative real-time PCR
analysis was performed in SYBR Green PCR master mix
(SuperArray Bioscience) containing primers for BMPR1A
(F-GTCATACGAAGATATGCGTGAGGTTGT, R-ATG
CTGTGAGTCTGGAGGCTGGATT), BMPR1B (F-AAG
GCTCAGATTTTCAGTGTCGGGA, R-GGAGGCAGTG-
TAGGGTGTAGGTCTTTATT), BMPR2 (F-GTGACT
GGGTAAGCTCTTGCCGTCT, R-GCAGGTTTATAATG
ATCTCCTCGTGGT), TGFβ1 (F- CTCGCCCTGTACA
ACAGCA, R-GGTTTCCACCATTAGCACGC), TGFβ2
(ACAGACCCTACTTCAGAATTGTT, R-TGGGTTCTG
CAAACGAAAGA) CDH2 (F- GGAGAACCCCATTGA
CATTGT, R-TGTTCCAGGCTTTGATCCCT), MMP2
(TGGTGGGAACTCAGAAGGTG, R-CCACATCTTT
CCGTCACTGC), MMP9 (F- ACTACTGTGCCTTT
GAGTCC, R-CCAGTACTTCCCATCCTTGA), or
GAPDH (F-GCTTCGCTCTCTGCTCCTCCTGT, R-
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TACGACCAAATCCGTTGACTCCG). Relative mRNA
expression levels were normalized with the endogenous
control (GAPDH) and calculated using the comparative Ct
method 2−ΔΔCt. mRNA expression levels of EMT-, tumor
metastasis-, and Wnt pathway-related genes were detected
by RT2 profiler PCR array (PAHS-090, Qiagen) according
to manufacturers’ instructions. Data were analyzed using
the R version 3.5.0 and plotted by the pheatmap version
1.0.10 and VennDiagram 1.6.20, gtools 3.8.1, and ggplot2
3.0.0. GSEA was performed by selecting the Kyoto Ency-
clopedia of Genes and Genomes, Gene Ontology and
Hallmarks within MSigDB version 6.2. Gene sets with a
False Discovery Rate q value ≤ 0.05 were considered sig-
nificantly enriched. CMS1–4 profile of CR-CSCs was based
on the evaluation of RNA-seq data on matched specimens
derived from primary lesions of CRC patients as reported in
Linnekamp et al. [51]. Correlation analysis data were
obtained using the “R2: Genomics Analysis and Visuali-
zation Platform” (http://r2.amc.nl http://r2platform.com) in
CRC samples from the Expression Project for Oncology
(GEO accession number GSE2109).

Animals and tumor models

Dissociated CRC sphere cells (5 × 105) were injected sub-
cutaneously into the flank of 5–6-week-old male NOD-SCID
mice (Charles River), in a total volume of 100 µl of serum-
free medium mixed with matrigel (BD) in a ratio of 1:1. The
Replacement, Reduction, and Refinement (3Rs) principles
were used to estimate the lowest sample size (six mice per
group).

Mice were treated for four weeks with PBS (vehicle) or
BMP7v (50 μg/kg, 3 days/week) alone or in combination
with oxa (0.25 mg/kg, once a week) and 5-FU (15 mg/kg,
2 days/week) by i.p. injection, and with taselisib (5 mg/kg,
once daily) by oral gavage. Treatment with BMP4 was
performed by intratumoral injection of 100 BMP4-coated
beads once a week for 6 weeks. Heparin acrylic beads
(Sigma) were incubated with BMP4 (0.65 μg/μl) for 1 h at
37 °C and washed twice in PBS.

Tumor size was calculated according to the formula: (π/
6) × (smaller diameter)2 × larger diameter.

For in vivo migration experiments, 3 × 105 luciferase
(LUC)-transduced CD44v6+ CR-CSCs were resuspended in
PBS and injected into the spleen of NOD/SCID mice. Fol-
lowing i.p. administration of D-luciferin (150mg/kg, Pro-
mega), the bioluminescence signal of migrating cells was
measured before and 30min after the cell injection and
immediately after splenectomy up to 12 weeks (every
4 weeks) by using Photon IMAGER instrument (Biospace).
No randomization procedure was used. Investigators were not
blinded during analysis.

Statistical analysis

The sample size was chosen to reach a power of 0.9, 0.05
error probability and a large effect size (>0.5) for our groups
of treatments. Data were presented as mean ± standard
deviation. Statistical significance was estimated by Analysis
of Variance (one way or two ways) with Bonferroni post
test, or by unpaired T test. Results were referred to statis-
tically significant as P < 0.05. * indicates P < 0.05, **
indicate P < 0.01, and *** indicate P < 0.001.

Study approval

This study was performed in accordance with the ethical
standards of the Institutional Committee on Human
Experimentation (authorization CE9/2015, Policlinico
Paolo Giaccone, Palermo). All animal experiments were
approved by the Institutional Italian Guidelines for Animal
Welfare of the University of Palermo (D.L. n° 26 March 4,
2014, Authorization #154/2017-PR; Protocol 2B952.5).
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Supplementary Figure Legends 

Figure S1: CD44v6+ CR-CSCs lack BMP7 expression 

a, Correlation analysis between BMP7 mRNA expression levels and the pathological grading in 

CRC samples from R2 database (Tumor Colon EXPO 350). P-value indicates that the negative 

correlation coefficient is statistically significant. b, Post-sorting analysis of CD133 in CD133 

enriched cells. One representative of CSC#4, 8, 23-26 is shown. Grey histograms show the isotype 

matched controls (IMC). c, Percentage of BMP7 positive cells in enriched CD133+ and CD133- 

CRC sphere cells as in (b) assessed by immunofluorescence. Data are expressed as mean ± SD of 6 

different CRC sphere cell lines analyzed (CSC#4, 8, 23-26). d, CD44v6 expression on sorted CRC 

sphere cells as in (b) for CD44v6. e, Percentage of BMP7 positive cells evaluated by 

immunofluorescence analysis in CD44v6+ and CD44v6- cells. Data are expressed as mean ± SD as 

in (c). 

 

Figure S2: BMP7v reduces the content of CD44v6+ CR-CSCs 

a, Relative mRNA expression levels of BMPR1A, BMPR1B and BMPR2 in CD44v6+ and CD44v6- 

cells. Data are expressed as mean ± SD of 5 different CRC sphere cell lines analyzed (CSC#1, 2, 4, 

7, 10). b, Immunofluorescence analysis of BMPR1A, BMPR1B and BMPR2 (green color) in cells 

as in (a). Nuclei were counterstained with Toto-3 (blue color). The scale bars represent 20 µm. c, 

Dose-response curve of BMP7v treatment based on cell viability % at 24 hours. IC50 was calculated 

fitting a no linear regression algorithm. One representative experiment of CSC# 3, 7, 9, 21 is 

shown.  d, Dose-response matrix indicating the inhibition percentage of CR-CSC colony forming 

efficiency following treatment with vehicle, gremlin (left panel) or noggin (right panel) alone or in 

combination with BMP7v for 14 days at the indicated dose concentrations. One representative 

experiment of CSC#1, 2, 7 is shown. e, Flow cytometry analysis of CD133 in CD44v6+cells treated 

with vehicle or BMP7v up to 14 days. One representative experiment of CSC#1, 2, 4, 7, 10 is 

shown. f, Fold MFI change (over time 0) of CD133 and CD44v6 expression in CD44v6+ CR-CSCs 



treated with BMP7v up to 14 days. Data are expressed as mean ± SD of 3 independent experiments 

performed in 5 different CRC sphere cell lines (CSC#1, 2, 4, 7, 10). g, Correlation analysis between 

CDX2 mRNA expression levels and the pathological grading in CRC samples from R2 database 

(Tumor Colon EXPO 350). h, Fold MFI change (over time 0) of β-catenin activity (TOP-GFP) in 

CD44v6+ CR-CSCs treated with BMP7v up to 14 days. Data are expressed as mean ± SD of 3 

independent experiments performed as in (f). i, Flow cytometry analysis of CD44v6+ CR-CSCs 

transduced with TOP-GFP and treated with vehicle (green histogram) or BMP7v (red histogram) 

for 14 days. Negative control is indicated by the grey histogram. One representative experiment of 

CSC#8, 9, 11 is shown. 

 

Figure S3: BMP7 expression levels are positively correlated with E-cadherin whereas 

inversely associated with pathological grading  

a, Correlation analysis between CDH1 (E-cadherin) and BMP7 mRNA expression levels in CRC 

samples from TCGA-COAD and TCGA-READ. b, Immunohistochemical analysis of E-cadherin 

(red staining) in xenograft tumors derived from injection of CR-CSCs treated with vehicle or 

BMP7v for 4 weeks. Two representative experiments of CSC# 1, 8, 25 are shown. Nuclei were 

counterstained by aqueous hematoxylin (blue color). The scale bar represents 100 µm (left panels). 

Box plot indicating the distribution of E-cadherin positive cell percentage measured in xenograft 

tumors treated as indicated in (b) left panels. Data are mean ± SD of 3 different CRC sphere cell 

lines (CSC#1, 8, 25) (right panel). c, Representative flow cytometry analysis of cell cycle in 

CD44v6+ CR-CSCs (CSC#2) treated with vehicle or BMP7v for 72 hours. Plots show the 

percentage of cells in sub-G0 phase (red box), G0-G1 phase (light yellow box), S phase (pink box) 

and G2-M phase (brown box). d and e, Optical density ratio of PARP, c-PARP, Caspase-3 (Casp-

3), cleaved Caspase-3 (cCasp-3), Bcl-2, Bcl-xL expression levels in CD44v6+ and CD44v6- cells 

treated with vehicle or BMP7v for 72 hours. Data are mean ± SD of 3 different CRC sphere cell 

lines (CSC#1, 4, 7). 



Figure S4: BMP7v turns CD44v6+ into CD44v6--like gene expression profile  

a, Up- and b down-regulated genes and their relative involved gene sets, common in CD44v6- cells 

and CD44v6+ cells treated with BMP7v, selected from Hallmark, KEGG and GO. 

 

Figure S5: BMP7v potentiates the effects of chemotherapy and attenuates the activity of 

PI3K/AKT pathway in CR-CSCs 

a, Tumor size of subcutaneous growth of CRC sphere cells treated for 4 weeks with vehicle or dose 

escalation of BMP7v. Arrows indicate the start and the end of treatment (from 6 to 9 weeks). Data 

represent mean ± SD of tumor size of 6 tumors per group using 3 different sphere cell lines 

(CSC#2, 7, 18). b, Relative band densities of PI3K, pAKT, AKT, PTEN, pJNK, JNK, pERK, ERK 

and p21 in CD44v6+ (left panel) and CD44v6- (right panel) cells treated with vehicle or BMP7v for 

72 hours. Data are expressed as mean ± SD of 3 independent experiments using different CRC 

sphere cell lines (CSC#1, 4, 7). c, Zip synergy score evaluation of BMP7v treatment alone or in 

combination with PI3K inhibitor (taselisib) in CR-CSCs for 24 hours at the indicated doses. Red 

area indicates doses of BMP7v and taselisib with synergistic effect. Dotted line indicates the highest 

synergistic area. One representative experiment of CSC# 3, 7, 9, 21 is shown.  

 

Supplementary Table 1: Clinical data of CRC patients from which CRC sphere cell lines were 

derived. 

 

Supplementary Table 2: COSMIC-reported mutations of the indicated genes and MSI profile, 

CD44v6 expression, CMS in CR-CSC lines 

Bluish color indicates wild type genes in specific cell lines while blue, red, green and purple colors 

indicate KRAS, BRAF, PIK3CA and SMAD4 mutations, respectively. Percentage of mutation rate 

in CRC patients reported in COSMIC database (white bars) and in CRC sphere cell lines (black 

bars) is shown on the right. 

 



 

Supplementary Table 1: Clinical data of CRC patients from which CRC sphere cell lines were derived.

CR-CSC# Age/Gender Site Grade TNM classification Stage Ethnicity
1 68/M sigma G3 T2N1M0 IIIA Caucasian
2 41/M left G3 T3N0M0 IIA Caucasian
3 85/F right-ileum G3 T3N2M0  IIIC Caucasian
4 59/F right G2 T3N0M0 IIA Caucasian
5 68/M right G3 T4N1M0  IIIB Caucasian
6 76/M right G2 T2N1M0 IIIA Caucasian
7 62/M right G2 T3N1M0 IIIB Caucasian
8 57/F caecum G3 T3N2M1 IV Caucasian
9 53/F recto-sigmoid G2 T3N2M1 IV Caucasian
10 69/M left G3 T4N3M1 IV Caucasian
11 77/F right G2 T3N1M0  IIIB Caucasian
12 76/M right G2 T3N2M0  IIIC Caucasian
13 63/M right G3 T4N2M0  IIIC Caucasian
14 47/F right G2 T3N0M0  IIA Caucasian
15 69/M left G2 T3N1M1 IV Caucasian
16 79/F right G2 T3N0M0 IIA Caucasian
17 75/M left G2 T2N0M0 I Caucasian
18 57/F left G3 T3N2M1 IV Caucasian
19 63/F sigma G2 T4N2M1 IV Caucasian
20 68/M right G2 T3N1M0 IIIB Caucasian
21 60/F right G2 T3N1MX IIIB Caucasian
22 71/F transverse G2 T3N0M0 IIA Caucasian
23 78/M transverse G2 T3N0M0  IIA Caucasian
24 51/F right G2 T3N0M0 IIA Caucasian
25 60/M left G2 T3N2M0  IIIC Caucasian
26 58/F recto-sigmoid G2 T2N0MX I Caucasian
27 60/M left G3 T3N2M0 IIIC Caucasian
31 67/M right G2 T3N1M0 IIIB Caucasian
33 58/M right G2 T2N0M0 I Caucasian
40 49/M recto-sigmoid G2 T2N1M0 IIIA Caucasian
54 66/F recto-sigmoid G2 T2N1M0 IIIA Caucasian
R1 65/M liver metastasis n.d. T3N0M0 IIA Caucasian
R2 61/F liver metastasis n.d. T3N1M1 IV Caucasian
R3 62/F liver metastasis n.d. T3N1M0 IIIB Caucasian
R4 38/M liver metastasis n.d. T4N1M1 IV Caucasian
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Supplementary Table 2: COSMIC-reported mutations of the indicated genes and MSI profile, CD44v6 expression, CMS in CRC sphere cell lines.
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Bluish color indicates wild type genes in specific cell lines while blue, red, green and
purple colors indicate KRAS, BRAF, PIK3CA and SMAD4 mutations, respectively.
Percentage of mutation rate in CRC patients reported in COSMIC database (white bars) 
and in CRC sphere cell lines (black bars) is shown on the right.
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ABSTRACT
Objective Cancer stem cells are responsible for tumour 
spreading and relapse. Human epidermal growth factor 
receptor 2 (HER2) expression is a negative prognostic 
factor in colorectal cancer (CRC) and a potential target 
in tumours carrying the gene amplification. Our aim was 
to define the expression of HER2 in colorectal cancer 
stem cells (CR- CSCs) and its possible role as therapeutic 
target in CRC resistant to anti- epidermal growth factor 
receptor (EGFR) therapy.
Design A collection of primary sphere cell cultures 
obtained from 60 CRC specimens was used to generate 
CR- CSC mouse avatars to preclinically validate 
therapeutic options. We also made use of the ChIP- seq 
analysis for transcriptional evaluation of HER2 activation 
and global RNA- seq to identify the mechanisms 
underlying therapy resistance.
Results Here we show that in CD44v6- positive CR- 
CSCs, high HER2 expression levels are associated with 
an activation of the phosphatidylinositol 3- kinase (PI3K)/
AKT pathway, which promotes the acetylation at the 
regulatory elements of the Erbb2 gene. HER2 targeting 
in combination with phosphatidylinositol 3- kinase 
(PI3K) and mitogen- activated protein kinase kinase 
(MEK) inhibitors induces CR- CSC death and regression 
of tumour xenografts, including those carrying Kras and 
Pik3ca mutation. Requirement for the triple targeting 
is due to the presence of cancer- associated fibroblasts, 
which release cytokines able to confer CR- CSC resistance 
to PI3K/AKT inhibitors. In contrast, targeting of PI3K/AKT 
as monotherapy is sufficient to kill liver- disseminating 
CR- CSCs in a model of adjuvant therapy.
Conclusions While PI3K targeting kills liver- colonising 
CR- CSCs, the concomitant inhibition of PI3K, HER2 and 
MEK is required to induce regression of tumours resistant 
to anti- EGFR therapies. These data may provide a 
rationale for designing clinical trials in the adjuvant and 
metastatic setting.

INTRODUCTION
Despite major advances in terms of prevention and 
treatment, colorectal cancer (CRC) is one of the 
major causes of cancer- related death worldwide.1 
Diagnosis at stage IV and tumour progression after 

surgery are very often lethal and require a substan-
tial improvement of current therapeutic regimens. 
Over the past decade, the scientific community 
focused on different mechanisms found to be 
responsible for the development of therapy resis-
tance, such as genetic heterogeneity and activation 
of alternative survival pathways.2 Despite the avail-
ability of a large repertoire of new targeted thera-
peutics, there are not many options to treat patients 
with chemoresistant tumours, particularly if asso-
ciated with activation of the signal pathway of rat 
sarcoma (RAS) or epidermal growth factor receptor 
(EGFR) resistance.

The expansion of resistant subclones due to 
tumour heterogeneity is now regarded as the major 
clinical hurdle in patient management.3 About 
36%–40% of patients with CRC are characterised 
by Kras- activating mutation at codons 12, 13 and 
61, while 8%–15% present mutations in the Braf 
gene. In advanced stages, the presence of either 
Braf or Ras mutations correlates with a particularly 
poor prognosis.4 Several studies have shown the 
predictive and prognostic roles of different gene 
mutations belonging to mitogen- activated protein 
kinase (MAPK) and phosphatidylinositol 3- kinase 
(PI3K)/AKT pathways, such as Ras, Braf, Pik3ca and 
PTEN.5 6 EGFRs are the most important actionable 
targets identified so far in CRC. Although the addi-
tion of EGFR- targeting antibodies to chemotherapy 
is the most effective current therapy for Ras wild- 
type (wt) metastatic CRC, the therapeutic response 
is temporary and restricted to a limited number of 
patients due to primary or acquired resistance.7 
Repeated liquid biopsies accompanied by the anal-
ysis of tumour- associated genetic alterations would 
be needed to monitor the treatment responses and 
to adapt new targeted therapies.8 The heteroge-
neity in the clinical responses of these patients with 
Kras- wt CRC has pointed out the contribution of 
other genetic mutations or amplifications.9 For 
instance, beyond the Ras mutation, the activation of 
alternative or parallel downstream signalling inside 
or outside the MAPK pathways is involved in the 
anti- EGFR treatment inefficacy.7 10 Thus, simulta-
neous inhibition of the EGFR family members and 
alternative signalling pathways has been adopted to 
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overcome EGFR therapy resistance determined by the amplifi-
cation of receptor tyrosine kinases.11 12 In contrast to melanoma, 
CRCs harbouring Braf mutations are refractory to BRAF inhibi-
tors, such as vemurafenib.13 CRC resistance to BRAF inhibitors 
remains a major obstacle in clinical settings.14 This unresponsive-
ness is sustained by the activation of a feedback loop involving 
EGFR and downstream pathways.15 Although a recent phase II 
clinical study showed that addition of vemurafenib and cetux-
imab to chemotherapy prolonged the progression- free survival 
of metastatic patients with Braf- mutated tumours by 2.4 months, 
the prognosis of these patients remains poor.16 Moreover, 
another recent study reported that the combined BRAF, EGFR 
and mitogen- activated protein kinase kinase (MEK) inhibition 
in patients with BrafV600E- mutant CRC could increase survival, 
even if patients experienced primary and acquired resistance due 
to a positive feedback regulation of MAPK pathway in tumour 
cells.17

Given that Kras- mutant CRCs display different resistance 
mechanisms to EGFR and MAPK inhibitors, many alternative 
strategies are currently under investigation.18 In addition to 
acquired genetic mutations, the activation of a positive human 
epidermal growth factor receptor 2 (HER2) and HER3 feed-
back loop seems to be one example of antitumour therapy 
escape.19 20 Accordingly, the combined treatment with MEK and 

EGFR/HER2 dual inhibitors has shown a synergistic activity in 
preclinical models based on CRC cell lines bearing Kras muta-
tion.21 The investigation on EGFR family members in CRC has 
been recently focused on HER2. Erbb2 amplification occurs in 
approximately 3%–10% of patients with CRC and may promote 
resistance to EGFR inhibitors.22 23 Moreover, HER2 expression 
appears as a negative prognostic factor that correlates with the 
stage and survival in patients with CRC.24 This hypothesis has 
been recently validated by the clinical trial Heracles, which 
showed that the combination of trastuzumab and lapatinib in 
Erbb2- amplified patients with CRC can induce the regression of 
tumours resistant to anti- EGFR therapies.25 Constitutive expres-
sion of HER2 can be also driven by the degree of its enhancer 
and promoter activities.26

Myc overexpression may contribute to promote therapy 
resistance in Kras- mutant CRCs.27 While the MAPK effector 
promotes Myc stabilisation, its proteosomal degradation is 
mediated by GSK3β.28 29 The role of Myc in the tumourigenesis 
programme is mediated by the upregulation of the miR-17–92 
cluster, which is associated with a poor prognosis.30

Colorectal cancer stem cells (CR- CSCs) are responsible 
for tumour development, spreading and resistance to chemo-
therapy.31 32 We have created a large collection of primary 
CRC cells growing as spheroids and able to reproduce the 
patients’ tumour in mouse avatars. We have recently shown 
that CR- CSCs express CD44v6 and depend on the PI3K/
AKT pathway for survival and spreading.31 33 Herein, we 
have studied the molecular pathways that should be targeted 
to kill CR- CSCs both in the adjuvant and metastatic settings. 
While targeting the PI3K/AKT pathway is sufficient to kill 
disseminating CR- CSCs, we found that HER2 is constitu-
tively expressed in CR- CSCs and that the simultaneous 
targeting of HER2, PI3K and MEK neutralises the protective 
effect of tumour stroma and induces tumour regression, even 
in the presence of aggressive mutational backgrounds.

METHODS
A detailed description of the methods can be found in online 
supplemental information.

RESULTS
CD44V6-positive CRC cells express high levels of HER2 and 
are cetuximab resistant
EGFR inhibitors promote an effective therapeutic response 
in about 50%–55% of the patients with Ras/Braf- wt CRC, 
whereas Braf- and Kras- mutant CRC cells are completely 
resistant.9 In accordance with clinical data, treatment with 
cetuximab affected the cell viability of about a half of the 
Ras/Braf- wt primary colorectal cancer sphere cells (CSphCs) 
and delayed the outgrowth of tumour xenografts (figure 1A, 
online supplemental figure 1A,B and online supplemental 
table 1).

Primary resistance to the EGFR blockade is mostly due 
to a constitutive activation of the RAS- MAPK signalling 
network.9 Accordingly, a global RNA- Seq transcriptome 
analysis of cetuximab- resistant versus sensitive Ras/Braf- 
wt CSphCs showed 252 differentially expressed genes 
(DEGs) (online supplemental figure 1C and online supple-
mental table 2). The gene set enrichment analysis (GSEA) 
computed with the Molecular Signatures Database displayed 
the enrichment of genes associated with activation of the 
MAPK- signalling pathway, including the negative feedback 
regulator DUSP434 (figure 1B and online supplemental 

Significance of this study

What is already known on this subject?
 ► Advanced colorectal cancer (CRC) remains essentially 
incurable, particularly in the presence of genomic alterations 
in the signalling pathway of rat sarcoma (RAS).

 ► Human epidermal growth factor receptor 2 (HER2) expression 
seems to correlate with the stage of disease and reduced 
survival in CRC.

 ► Targeting Erbb2 amplification has a significant therapeutic 
activity in patients with CRC.

 ► The phosphatidylinositol 3- kinase (PI3K)/AKT pathway is 
constitutively activated in colorectal cancer stem cells (CR- 
CSCs) and sustains the expression of CD44v6, which drives 
the metastatic dissemination.

What are the new findings?
 ► The constitutive activation of PI3K/AKT is associated with 
high expression levels of HER2 in CD44v6- positive CR- CSCs.

 ► HER2, in combination with PI3K and mitogen- activated 
protein kinase kinase (MEK) inhibitors, leads to cancer stem 
cell death and tumour regression in CRC avatars resistant to 
anti- epidermal growth factor receptor (EGFR) therapy and to 
combinations of PI3K, BRAF and HER2 targeting.

 ► Liver disseminated CR- CSCs can be effectively killed by PI3K/
AKT inhibitors in an experimental model of adjuvant therapy.

 ► Cytokines released by cancer- associated fibroblasts, 
particularly hepatocyte growth factor (HGF), stromal cell- 
derived factor-1 (SDF-1) and osteopontin (OPN), confer 
resistance to the targeting of the PI3K/AKT pathway and 
surrogate the protective effect of tumour microenvironment.

How might it impact on clinical practice in the foreseeable 
future?

 ► PI3K/AKT inhibitors could be effective in the adjuvant setting 
for CRC.

 ► Targeting HER2, MEK and PI3K may provide a valuable 
therapeutic strategy against anti- EGFR- resistant advanced 
CRCs.

copyright.
 on N

ovem
ber 5, 2021 at U

niversita degli Studi di Palerm
o. Protected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2020-323553 on 12 January 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
https://dx.doi.org/10.1136/gutjnl-2020-323553
http://gut.bmj.com/


3Mangiapane LR, et al. Gut 2021;0:1–10. doi:10.1136/gutjnl-2020-323553

GI cancer

Figure 1 High expression of HER2 confers resistance to anti- epidermal growth factor receptor (EGFR) treatment in CD44v6- positive CR- CSCs.
(A) Waterfall plot of cetuximab response in Ras/Braf- wt, Braf- mutant and Kras- mutant CSphC lines following 72 hours of treatment. (B) Top four 
significantly enriched gene sets in hallmark, canonical pathways MSigDB collections (false discovery rate (FDR) Q- value≤0.05) identified through 
the analysis of differentially expressed genes between cetuximab resistant versus sensitive Ras/Braf- wt sphere cells. P values related to each 
enriched gene set are indicated. (C) Erbb2 and Erbb3 mRNA expression levels in Ras/Braf- wt sphere cells resistant and sensitive to cetuximab. Gapdh 
amplification was used as endogenous control. Data are represented as ±SD of three experiments performed with 31 Ras/Braf- wt. (D) CD44v6 
expression performed in cells as in (C). (E) Viable cell number variation in enriched CD44v6− and CD44v6- positive Ras/Braf- wt treated with cetuximab 
for 72 hours and normalised with the values of cells treated with vehicle (indicated as 100%, red dotted line). Boxes and whiskers represent 
mean±SD of six experiments performed with 15 resistant and 16 sensitive Ras/Braf- wt sphere cells. (F) Variation of Egfr, Erbb2 and Erbb3 mRNA 
expression levels in CD44v6- positive versus CD44v6− cells. Gapdh amplification was used as endogenous control. Data are represented as mean±SD 
of nine experiments performed with three Ras/Braf- wt (CSphC#14, 21 and 33), three Braf- mutants (CSphC#1, 2 and 5) and three Kras- mutants 
(CSphC#10, 11 and 16). (G) Immunoblot analysis of HER3, HER2 and EGFR on purified CD44v6− and CD44v6- positive Ras/Braf- wt (CSphC#21), 
Braf- mutant (CSphC#2) and Kras- mutant (CSphC#11) CR- CSphC populations. β-Actin was used as loading control. (H, left panel) Representative 
immunofluorescence analysis of CD44v6 and HER2 on paraffin embedded sections from human CRC tissue specimen. Nuclei were counterstained with 
TOTO-3. Scale bars, 20 µm. Percentages of CD44v6, HER2 and CD44v6/HER2 positivity in eight human CRC tissues are shown on the right panel. Data 
are mean±SD of eight different samples. (I) Browser view of the Erbb2 locus, showing different isoforms of Erbb2 and chromatin states (ChromHMM 
tracks). Two promoters and three potential enhancers are highlighted (Prom1, Prom2, ENH1, ENH2 and HGE). (J) ChIP- qPCR for the histone marks 
H3K27ac and H3K4me1 at the indicated enhancer regions (ENH1, ENH2 and HGE) in Braf- mutant cells positive or negative for CD44v6. Enrichment is 
indicated as % relative to the input. CR- CSC, colorectal cancer stem cell; CSphC, colorectal cancer sphere cell; ENH1, intron 1 enhancer; ENH2, intron 2 
enhancer; HER2, human epidermal growth factor receptor 2; HGE, HER2 gene body enhancer; MSigDB, Molecular Signatures Database; wt, wild type. 
*indicates P<0.05 and ***indicates P<0.001.
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figure 1D). Besides the activation of signalling pathway of 
MAPK, Ras/Braf- wt CSphCs resistant to cetuximab showed 
higher mRNA expression levels of Erbb2 compared with 
those sensitive (figure 1C). In line with literature,23 our 
CSphC collection showed a 9.7% of Erbb2 amplification 
(online supplemental table 1). We previously reported that 
while CD44v6 is a functional marker that identifies tumour- 
initiating CR- CSCs, the CD44v6- negative population 
represents the progenitor and differentiated fraction.31 33 A 
cohort of 31 out of 47 primary CSphC lines showed that 
the high percentage of CD44v6 expression levels resided 
in the Ras/Braf- wt cells resistant to cetuximab, even though 
these expression levels are similarly distributed between Ras/
Braf-wt, Braf- mutated and Kras- mutated cell lines (figure 1D 
and online supplemental figure 1E). Because the CD44v6- 
positive population, within the Ras/Braf- wt cells, is resistant 
and increases after treatment with cetuximab (figure 1E and 
online supplemental figure 1F), we investigated whether the 
expression in signalling pathways associated with drug resis-
tance may differ between the stem and differentiated cell 
compartments. Reverse phosphoproteomic analysis (RPPA) 
of CSphCs showed that, while MAPK pathways and HER2 
are highly regulated, EGFR and HER3 are expressed in a 
lesser extent in the CD44v6- positive than in the CD44v6− 
fraction (online supplemental figure 1G). The analysis at 
mRNA and protein levels confirmed an increased HER2 
expression in the tumourigenic CD44v6- positive popula-
tion of CRC cells, independently of the mutational back-
ground (figure 1F,G and online supplemental figure 1H,I). 
Accordingly, immunofluorescence analysis of patient tumour 
sections and tumour spheres indicated that the majority of 
CD44v6- positive cells coexpressed HER2 (figure 1H and 
online supplemental figure 1J).

We next investigated the transcriptional regulation of Erbb2 
expression in CD44v6- positive fraction by evaluating its 3′ regulatory 
elements. Interestingly, H3K27 acetylation (H3K27ac) was enriched 
at the analysed regions of HER2 gene body enhancer (HGE), intron 
1 enhancer (ENH1) and intron 2 enhancer in CD44v6- positive 
compartment, whereas H3K4me1 enrichment was equally found 
in both CD44v6− and CD44v6- positive cell fractions at all three 
enhancer regions (figure 1I,J and online supplemental figure 1K). 
These data indicate that the enhancers are poised in both cellular 
fractions but only fully activated in the CD44v6- positive compart-
ment, suggesting that the activation of Erbb2 transcription mediated 
by the increased acetylation is restricted to the CD44v6- positive 
CRC cell compartment.

PI3K/AKT pathway activation is associated with the 
transcriptional regulation of Erbb2 in CD44v6-positive cells
The transcriptomic analysis of CD44v6high versus CD44v6low cells 
highlighted the presence of 173 DEGs (online supplemental figure 
2A and online supplemental table 3). In CD44v6high cells, the GSEA 
enriched for genes related to the activation of PI3K/AKT signalling 
pathway, such as NOS335 (figure 2A and online supplemental figure 
2B). To investigate the role of PI3K in the transcriptional regulation 
of Erbb2, we induced an activating Pik3ca mutation into Pik3ca- wt 
low expressing HER2 CSphC lines by using CRISPR nuclease in 
combination with a specific donor DNA that introduced the E545K 
point mutation (online supplemental figure 2C and online supple-
mental table 1). The presence of a Pik3caE545K is associated with an 
increased expression of HER2 and phospho- AKT (figure 2B,C and 
online supplemental figure 2D). Interestingly, immunofluorescence 
analysis of primary tumour sections indicated that HER2- positive 

cells were mainly prominent in the tumour invasion front and 
displayed activation of the PI3K/AKT pathway (figure 2D). The 
essential role of PI3K in the transcriptional regulation of Erbb2 was 
further supported by ChIP- qPCR analysis showing that overexpres-
sion of the mostly represented Pik3ca activating mutation in breast 
cancer, the Pik3caH1047R, in mammary IMEC- MYC cells enhances 
the transcriptional activity of both Erbb2 promoters (prom 1 and 
prom 2) and ENH1 and HGE (online supplemental figure 2E). Since 
the inhibition of the PI3K/AKT pathway hampers the cell viability 
of CD44v6- positive cells,33 we evaluated whether the addition of a 
PI3K inhibitor to the combination therapy could affect the viability 
of both CD44v6- positive and CD44v6− cells. To confirm the depen-
dence of CR- CSCs on the PI3K activity, we tested an AKT (miran-
sertib) and two PI3K (BKM120 and taselisib) inhibitors on several 
primary CSphC lines. Both miransertib and PI3K inhibitors reduced 
considerably the viability of CD44v6- positive cells in vitro regardless 
of the mutational background (online supplemental figure 2F–H), 
confirming that the PI3K/AKT pathway plays a key role on CR- CSC 
survival.

We previously showed that CRC development is sustained by 
cancer stem cells (CSCs), whose dissemination is responsible for 
CRC metastasisation,33 suggesting that targeting disseminated 
CR- CSCs may prevent tumour relapse and increase survival of 
patients with CRC.31 Thus, we investigated the ability of PI3K inhib-
itors to target disseminated sphere cells in the liver before they were 
able to make metastases in a model of adjuvant treatment. We found 
that the administration of taselisib in immunocompromised mice 
was able to prevent the formation of liver metastases after dissem-
ination of CSphCs by spleen injection (figure 2E). These findings 
support the investigation of PI3K/AKT inhibitors in clinical trials 
aiming at killing disseminated metastasis- initiating CR- CSCs. The 
different survival properties of CD44v6 cells in vitro and in estab-
lished tumours are likely due to the protective activity of the tumour 
microenvironment.31 Outside the protective tumour context, PI3K 
and AKT inhibitors can kill CR- CSCs. In contrast, the protective 
activity of cells and cytokines present in the tumour microenviron-
ment may require the targeting of multiple pathways to overcome 
the enhanced survival of CR- CSCs. This hypothesis is supported by 
the significant therapeutic activity of PI3K inhibitors on micrometas-
tases and small tumour lesions.36 In order to identify some possible 
soluble mediators of such protective activity, we then measured 
the release of cytokines from cancer- associated fibroblasts (CAFs). 
Among the cytokines more abundantly produced by CAFs, we 
selected HGF, SDF-1 and OPN (figure 2F) to further investigation, 
based on their ability to support PI3K/AKT activity and stemness 
properties in CSphCs.33 We next investigated whether the presence 
of CAFs would influence the survival of CSphCs exposed to the PI3K 
inhibitor. The coculture of GFP- labelled tumour spheres with CAFs 
protected cells from taselisib treatment (figure 2G), suggesting that 
CAFs could play a critical role in opposition to the killing activity of 
PI3K inhibitors in CRC. Moreover, neutralisation of HGF, SDF-1 
and OPN completely prevented the protective activity of CAFs 
(figure 2H), indicating that these cytokines are responsible for deliv-
ering a survival signal in CR- CSCs that makes ineffective the PI3K 
targeting. Exposure of CSphCs, CD44v6- positive and CD44v6− 
cell fractions to CAF- released cytokines enhanced the expression of 
Erbb2 mRNA (figure 2I and online supplemental figure 2I). Inter-
estingly, in the presence of tumour microenvironmental cytokines, 
Erbb2 expression levels were not affected by the treatment with the 
PI3K inhibitor (online supplemental figure 2J–L). We also observed 
that HGF plays a major role in CAF- mediated protection of CSphCs 
treated with taselisib (figure 2J). Taken together, these data suggest 
that the tumour microenvironment protects CR- CSCs from the 
targeting of the PI3K/AKT pathway.
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Figure 2 Activation of PI3K/AKT pathway is accompanied by elevated Erbb2 expression levels in CD44v6- positive CRC cells. (A) Top 10 significantly 
enriched gene sets in hallmark, canonical pathways MSigDB collections (FDR Q- value≤0.05) computed by the analysis of differentially expressed 
genes between CD44v6high and CD44v6low cells. (B) mRNA relative levels of Erbb2 in CSphCs and their corresponding CRISPR/Cas9-Pik3caE545K cells. 
Data are represented as mean±SD of six independent experiments performed with Ras/Braf- wt (CSphC#23), Braf- mutant (CSphC#5) and Kras- mutant 
(CSphC#15) cells and their corresponding CRISPR/Cas9-Pik3caE545K cells. (C) Immunoblot analysis of HER2, pAKT and AKT on Ras/Braf- wt (CSphC#23), 
Braf- mutant (CSphC#5) Kras- mutant (CSphC#15) cells. β-Actin was used as loading control. (D) Representative immunofluorescence analysis of 
HER2 and pAKT on paraffin- embedded sections from six human CRC tissue specimens. Nuclei were counterstained with TOTO-3. Scale bars, 20 µm. 
(E, left panels) In vivo whole- body imaging analysis of mice at 0 and 30 min and 12 weeks injected with sphere cells into the spleen. Five days after 
cell injection, mice were treated daily with taselisib for 3 weeks. Signal within the red dotted area represents the bioluminescence quantification. 
Kinetics of metastasis formation at the indicated time points (right panels). Black arrows indicate the start and end of treatment (from day 6 to week 
4). Data are mean±SD of four independent experiments of six mice per group using Kras- mutant (CSphC#8 and 11) sphere cell lines. (F) Lollipop 
plot representing the amount of cytokines released by immortalised CAFs. Data are mean of six independent experiments using cells purified from 
six different patients. (G) Cell death (blue colour) evaluated by immunofluorescence (upper panels) and flow cytometry (lower panels) in sphere cells 
(CSphC#8) transduced with GFP (green colour) cocultured with CAFs CD90 positive (red colour) and treated with a PI3K inhibitor (taselisib) for 72 
hours in the presence or absence of hepatocyte growth factor (HGF), stromal cell- derived factor-1 (SDF-1) and osteopontin (OPN) blocking antibodies 
(inhibitors). Scale bars, 40 µm. (H) Percentage of cell death in cells as in (G). Data are mean±SD of three independent experiments using Ras/Braf- wt 
(CSphC#14, 21 and 33), Braf- mutant (CSphC#1, 2 and 5) and Kras- mutant (CSphC#8, 10 and 11) sphere cell lines. (I) Erbb2 mRNA expression levels 
in CD44v6− enriched cells treated with CAF CM and the indicated cytokines. Data are mean±SD of three independent experiments performed with 
cells derived from Ras/Braf- wt (CSphC#14 and 33), Braf- mutant (CSphC#1 and 5) and Kras- mutant (CSphC#10 and 11) sphere cell lines. (J) Cell 
death in sphere cells exposed to CAF CM and treated with taselisib for 72 hours in the presence of cytokine neutralising antibodies as indicated. 
Data are mean±SD of three independent experiments performed with Ras/Braf- wt (CSphC#6, 14, 21 and 33), Braf- mutant (CSphC#1, 2, 4 and 5) and 
Kras- mutant (CSphC#8, 10, 11 and 17) sphere cell lines. CAF, cancer- associated fibroblast; CM, conditioned medium; CRC, colorectal cancer; CSphC, 
colorectal cancer sphere cell; HER2, human epidermal growth factor receptor 2; MSigDB, Molecular Signatures Database; wt, wild type. *indicates 
P<0.05, ** indicates P<0.01 and ***indicates P<0.001.
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MEK sustains CR-CSCs resistance to the triple targeting of 
HER2, BRAF and PI3K
To further analyse the therapeutic potential of PI3K inhibitor in 
combination with MAPK pathway targeting, tumour xenografts, 
generated by the subcutaneous injection of CSphCs, were initially 
treated with either trastuzumab or cetuximab in combination with 
BRAF and PI3K inhibitors. These treatments were largely ineffec-
tive. We observed only a transient stabilisation of Braf- mutated 
tumours and a short delay in the disease progression of Ras/Braf- 
wt and Kras- mutated tumours (figure 3A and online supplemental 
figure 3A). These experiments allowed us to evaluate the potential 
mechanisms of acquired resistance to such triple combinations. 
CSphCs surviving the combinatorial treatment showed a significant 
phosphorylation of p235–236 S6 kinase (online supplemental figure 
3B), which could follow the activation of RAS/ERK and mammalian 
target of rapamycin (mTOR) and result in the engagement of the 
Myc pathway.37 38 The activation of PI3K/AKT and MAPK pathways 
were confirmed by western blot in tumour specimen- derived subcu-
taneous xenograft treated with the triple combination (figure 3B and 
online supplemental figure 3C). This phenomenon was paralleled by 
a strong activation of the PI3K/AKT and MAPK pathways, particu-
larly in the presence of Braf or Kras mutations (figure 3B). Moreover, 
cells surviving the combinatorial treatment showed high expression 
levels of the miR-17–92 cluster (online supplemental figure 3D), 
whose upregulation is associated with Myc expression.39 Altogether, 
these findings indicate that PI3K and MEK promote CR- CSC resis-
tance to the targeting of BRAF, HER2 and PI3K signalling pathways.

Replacement of BRAF targeting with a MEK inhibitor caused a 
marked reduction of the PI3K/AKT and MAPK pathway activation 
and a decrease of phosphorylation of S6 kinase (figure 3C and online 
supplemental figure 3E,F). Viability of CSphCs was severely affected 
by the use of trametinib combination regardless of the mutational 
status and remarkably diminished the Myc- regulated miRNAs in 
cells previously exposed to vemurafenib- based combination (online 
supplemental figure 3G,H).

We then investigated whether the MEK inhibitor- based combi-
nation is also able to overcome the protective effect mediated by 
the tumour microenvironment. Beside PI3K, CAF- released cyto-
kines boosted MAPK pathway activation, which persisted after the 
treatment of CSphCs with vemurafenib- based combination therapy 
(figure 3D). Conversely, pharmacological targeting of MEK, instead 
of BRAF, promoted a considerable cell death, paralleled with a 
marked reduction of MEK/ERK, AKT activation and Myc expres-
sion in CSphCs, independently of the presence of Erbb2 amplifica-
tion and the exposure to CAF conditioned medium (figure 3D,E and 
online supplemental figure 3I). Of note, sphere cells able to survive 
to a prolonged exposure to the vemurafenib- based treatment remain 
sensitive to the triplet containing trametinib (online supplemental 
figure 3J). Altogether, these data suggest that the tumour microen-
vironment confers therapy resistance mediated by Myc through the 
activation of MAPK and PI3K–AKT pathways.

MEK inhibition-based therapy is synthetically lethal in CR-
CSCs
In line with these results, we found that the replacement of vemu-
rafenib with MEK inhibitors in the triple combination prevented 
the tumourigenic activity retained by sphere cells (figure 4A,B) and 
tumour progression when delivered in vivo, as indicated by the 
decrease in Ki67, CD44v6 and CK20 expression (figure 4C,D and 
online supplemental figure 4A–C). Of note, Braf- mutated or Kras- 
mutated xenograft tumours that recurred following the treatment 
with the vemurafenib- based triple combination, tumor xenografts 
resulted very sensitive to the trametinib- based combination therapy, 

as shown by the massive tumour regression and lack of regrowth even 
6 weeks after treatment suspension (figure 4E). Next, we examined 
whether this MEK- targeted triplet was effective on a large number 
of primary CSphC cultures of different mutational backgrounds and 
their corresponding tumour xenografts. To confirm the effectiveness 
of this treatment, we tested other MEK and PI3K inhibitors (cobi-
metinib and taselisib) in combination with trastuzumab. Importantly, 
tumour size generated by the subcutaneous injection of primary 
sphere cells was significantly hampered by the treatment with 
either trametinib in combination with trastuzumab and BKM120 
or cobimetinib plus trastuzumab and taselisib, independently of the 
mutational status (figure 4A and online supplemental figure 4D,E). 
Of note, this latter combination remarkably reduced the CD44v6 
expression level on xenograft- derived CRC cells (online supple-
mental figure 4F). Consistently, cobimetinib plus trastuzumab and 
taselisib induced the death of a conspicuous number of cells that 
were substituted by fibrosis, resulting in a considerable decrease in 
the amount of Ki67- positive and CK20- positive cells (online supple-
mental figure 4G). Thus, simultaneous MEK/HER2/PI3K inhibition 
exerted a potent antitumour activity in CRC xenografts regardless 
of the mutational status. Altogether these data demonstrate that the 
combination treatment with HER2, PI3K and MEK inhibitors is 
synthetically lethal for CRC cells (figure 4F).

DISCUSSION
The currently available targeted therapies for advanced CRC have 
a limited effect, particularly on the survival of patients carrying 
tumours with Kras mutation.5 We recently demonstrated that 
CD44v6- positive CR- CSCs are responsible for metastatic spreading 
and have a constitutive activation of the PI3K/AKT pathway that 
appears essential for their survival.33 Here, we demonstrate that 
CR- CSCs express high levels of HER2, which are associated with 
a constitutive activation of the PI3K/AKT pathway. Inhibition of 
HER2, MEK and PI3K kills CR- CSCs and promotes a long- lasting 
regression of all the tumour xenografts tested, regardless of their 
mutational background.

Among the attempts to target the actionable mutations in CRC, 
the treatment with anti- HER2 in patients carrying Erbb2 amplifi-
cation has been successful in clinical trials, whereas patients with 
BrafV600E- mutant CRC are poorly responsive to the administration of 
vemurafenib or dabrafenib.13 40

Although the existence of synthetic lethality between BRAF and 
EGFR in Braf- mutated CRC cells would predict the potential ther-
apeutic effect of a combined targeting, we found that CR- CSCs 
are resistant to the combination of anti- EGFR or anti- HER2 and 
BRAF inhibitors due to the constitutive activation of the PI3K/AKT 
pathway. This could be the reason why vemurafenib, in combination 
with irinotecan and cetuximab, showed a weak therapeutic effect in 
patients with metastatic CRC.41

Here, we found that the regulatory elements of Erbb2 transcrip-
tion are acetylated in CD44v6- positive cells. While this can explain 
why CR- CSCs are remarked by high HER2 expression, the poten-
tial ability of PI3K to promote a transcriptional activation of Erbb2 
corroborates the hypothesis that both of these oncogenic pathways 
should be targeted simultaneously. Since HER2 expression is lost on 
CR- CSC differentiation, it is likely that the specific expression of 
HER2 in the CD44v6- positive cell compartment results from the 
considerable reduction of the PI3K/AKT signalling pathway and 
β-catenin activity observed in their differentiated progeny.33

Although sphere culture models mostly recapitulate the genetic 
landscape and the transcriptomic profile of parental tumour, repre-
senting valuable preliminary tools to identify potentially effec-
tive targeted therapies,42 43 it is fundamental to dissect the tumour 
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Figure 3 HER2/MEK/PI3K combinatorial targeting counteracts the protective effect of cytokines produced by CAF. (A) Size of xenograft tumours 
generated by subcutaneous injection of Ras/Braf- wt (CSphC#14, 21 and 33), Braf- mutant (CSphC#1, 2, 3 and 5) or Kras- mutant (CSphC#8, 11 and 16) 
sphere cells. Mice were treated for the first 4 weeks with vehicle (vehicle) or Vemu (or V), cetuximab (Cmab or C), Tmab (or T) and a PI3K inhibitor (B) 
alone or in combination as indicated. ‘I’ indicates the time of cell injection. Treatment was started at time 0. Data are mean values of six independent 
experiments (n=6 mice per group). (B) Immunoblot analysis of pAKT, AKT, pGSK3β, GSK3β, pERK, ERK and Myc on tumour xenograft- derived cells of 
mice injected with RasBraf/Braf- wt (CSphC#21), Braf- mutant (CSphC#3), Kras- mutant (CSphC#11) sphere cells. Mice were treated with vehicle or V 
in combination with T and B, and sacrificed 1 week after the treatment suspension (5 weeks). β-Actin was used as loading control. (C) Representative 
Western blot analysis of pAKT, AKT, pGSK3β, GSK3β, pERK, ERK and Myc in Ras/Braf- wt (CSphC#21), Braf- mutant (CSphC#3), Kras- mutant 
(CSphC#11) sphere cells treated for 24 hours with vehicle or T+Mi+B. β-Actin was used as loading control. (D) Immunoblot analysis of the indicated 
proteins in Kras- mutant (CSphC#9) sphere cells treated with vehicle or V in combination with T and B or T+Mi+B cultured in fetal bovine serum (FBS)- 
free Dulbecco’s modified eagle medium (DMEM) or CAF CM for 24 hours. (E) Cell death percentage in CSphCs exposed to hepatocyte growth factor 
(HGF), stromal cell- derived factor-1 (SDF-1) and osteopontin (OPN) blocking antibodies (inhibitors) and treated as indicated for 72 hours. Data are 
mean±SD of three independent experiments performed with Ras/Braf- wt (CSphC#14, 21 and 33), Braf- mutant (CSphC#1, 2 and 5) and Kras- mutant 
(CSphC#8, 10 and 11) sphere cell lines. B, BKM120; CAF, cancer- associated fibroblast; CSphC, colorectal cancer sphere cell; T, trastuzumab; T+Mi+B, 
trastuzumab in combination with MEKi and BKM120; V, vemurafenib; V+T+B, vemurafenib in combination with trastuzumab and BKM120; wt, wild 
type; CM, conditioned medium.
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Figure 4 Therapeutic potential of HER2, PI3K and MEK targeting in CRC. (A) Size of tumours generated by subcutaneous injection of surviving 
Ras/Braf- wt (CSphC#14, 21 and 33), Braf- mutant (CSphC#1, 2 and 5) and Kras- mutant (CSphC#8, 11 and 16) sphere cells after 5 days of in vitro 
combination treatment as indicated. Data reported are mean±SD of tumour size for each cell lines (n=6 mice per group). (B) Representative 
macroscopic and Azan- Mallory analysis on tumour xenografts at 5 weeks treated as in (A). (C) Individual subcutaneous tumour volume plots of mice 
generated by the injection of four CSphC lines bearing the indicated different mutational background and treated for 4 weeks (0–4 weeks) with 
vehicle (vehicle) or Tmab plus MEKi plus BKM120. ‘I’ indicates the time of cell injection. Treatment was started at time 0. Data show kinetic growth 
of xenograft tumours generated by the injection of Ras/Braf- wt (CSphC#14, 21, 33 and 56), Braf- mutant (CSphC#1, 2, 3 and 5) and Kras- mutant 
(CSphC#8, 9, 11 and 16) CSphCs. (D) Representative H&E and immunohistochemical analysis of CD44v6, Ki67 and CK20 on tumour xenografts 
generated by the injection of Kras- mutant (CSphC#11) sphere cells treated as in (C) at the time of sacrifice (10 weeks). Scale bars, 200 µm. (E) Tumour 
size of mice xenografted with Braf- mutant (CSphC#1–5) and Kras- mutant (CSphC#8, 9, 11, 13 and 16) mutant sphere cells. Mice were treated with 
vehicle (vehicle, blue lines) or sequential treatments. A combination of Vemu, Tmab, BKM120 (Vemu+Tmab+BKM120, orange line) was used as first 
line (0–4 weeks, orange arrowheads) and after 2 weeks off- treatments, Tmab in combination with MEKi and BKM120 (Tmab+MEKi+BKM120, black 
lines and arrowheads) or the same Vemu combination used in the first 4 weeks (orange arrowheads) was administered from weeks 6 to 10. Off- 
treatments are highlighted with grey regions. ‘I’ indicates the time of cell injection. Data are expressed as mean±SD of subcutaneously implanted 
CSphC lines for each mutational status (n=6 mice per group). (F) Scheme of the signalling axis illustrating the site of action of the triple combination 
therapy. Surgery is the main treatment for primary CRC followed by adjuvant therapy. PI3Ki has shown efficacy in targeting disseminating CRC cells, 
impeding tumour progression (upper panel). However, PI3Ki as single agents are unable to counteract the TME protective influence in metastatic 
lesions. Triple combination treatment (PI3Ki, HER2i and MEKi) induces tumour regression by overcoming CAF- secreted cytokine effect (lower left 
panel). In CD44v6- positive CR- CSCs characterised by high PI3K pathway activity, TME- derived cytokines upregulate HER2 and CD44v6 expression 
levels, activate mitogen- activated protein kinase (MAPK) pathway and increase Myc protein levels, jeopardising the potential therapeutic efficacy of 
PI3Ki. The additional targeting of HER2 and the Myc upstream kinase MEK achieves a synthetic lethal effect in CR- CSCs (lower right panel). HER2, 
BRAF, PI3K and MEK inhibitors are indicated as I. CAF, cancer- associated fibroblast; CRC, colorectal cancer; CR- CSC, colorectal cancer cancer stem 
cell; CSphC, colorectal cancer sphere cell; HER2, human epidermal growth factor receptor 2; MEKi, trametinib; PI3Ki, PI3K inhibitors; TF, transcriptional 
factor; Tmab, trastuzumab; TME, tumour microenvironment; Vemu, vemurafenib; wt, wild type. *indicates P<0.05, ** indicates P<0.01 and 
***indicates P<0.001.
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microenvironment contribution in mediating resistance of cancer 
cells to therapeutic drugs.

According to our previous observation, we found that tumour 
microenvironmental cytokines produced by CAFs contribute to reca-
pitulate a protective effect against antitumour drugs expanding the 
CD44v6- positive compartment expressing HER2. We showed that 
HGF and to a lesser extent OPN and SDF-1 make CR- CSCs resis-
tant to the targeting of the PI3K/AKT pathway, possibly explaining 
the disappointing results obtained in the clinical trials that evaluated 
the therapeutic effects of PI3K inhibitors in metastatic patients.44 
Such vulnerability of CR- CSCs in the absence of CAFs suggests that 
PI3K/AKT inhibitors can contribute to kill cells disseminated into the 
liver as part of adjuvant treatment due to the absence of a protective 
microenvironment. This hypothesis is strengthened by the obser-
vation that treatment with taselisib prevents the formation of liver 
metastases in mice receiving sphere cells by spleen injection.

In a subsequent set of experiments, we show that the addi-
tion of PI3K inhibitors to the combination of vemurafenib with 
trastuzumab or cetuximab induces a partial response of Braf- 
mutated tumours and a temporary stabilisation followed by a 
slower progression of Ras/Braf- wt and Kras- mutated tumours. 
Such transient therapeutic effect induces the rapid accumulation 
of tumour- initiating cells resistant to this triplet likely due to the 
presence of tumour microenvironmental cytokines.

The RPPA analysis in residual CSphCs spared by the HER2/BRAF/
PI3K targeting allowed us to identify, through the regulation of S6 
kinase phosphorylation, MEK and PI3K as major components of the 
resistance pathway. Accordingly, we observed increased levels of Myc 
in cells simultaneously exposed to agents targeting HER2, BRAF and 
PI3K. The concomitant activation of S6 kinase and MEK in sphere 
cells resistant to the vemurafenib- based triple combinations suggests 
that the failure to target both RAF and PI3K downstream pathways 
is responsible for maintaining activation of ERK and high Myc levels 
and promoting the pharmacological resistance of CR- CSCs to this 
triplet.

MEK is a key downstream element of the RAS- RAF pathway able 
to indirectly activate Myc.15 Replacement of vemurafenib with MEK 
inhibitors in the triple combination was able to significantly limit 
ERK activation and downregulate Myc expression while inducing a 
considerable therapeutic response in Braf- mutated and Kras- mutated 
tumours progressing after the vemurafenib- based combination. Of 
note, our data showed that MEK inhibition- based triplets were able 
to kill CR- CSCs in the presence of cytokines released by CAFs and 
to induce tumour regression in all CR- CSC- based xenografts tested, 
regardless of the mutational status and Erbb2 amplification. Hence, 
HER2, PI3K and MEK appear as critical therapeutic targets in 
CR- CSCs, independently of the genomic abnormalities developed 
in patients’ tumours. This combination appears the most active both 
in tumour xenografts and in the in vitro experiments designed in the 
presence of the CAF- released cytokines.

The advent of targeted therapies and the study of the associated 
resistance mechanisms revealed the presence of clonal heteroge-
neity in CRC.45 Most of the current therapeutic strategies, including 
targeted combination treatments, affect differentiated cells and spare 
CSCs that eventually reinitiate tumour growth. It is therefore clear 
that the identification of the critical pathways responsible for the 
increase of survival and therapy resistance of CR- CSCs appears as 
a major priority to define possible effective treatments for patients 
with advanced CRC. This is particularly true for metastatic patients 
carrying oncogenic alterations in the RAS pathway, who have very 
limited therapeutic options. Our data show that MEK inhibition 
in association with PI3K and HER2 targeting can induce tumour 
regression even in tumours carrying mutations in the RAS pathway. 
Although targeted therapy is less toxic than standard chemotherapy, 

EGFR inhibitors are commonly associated with adverse events, 
including the inhibition of the MEK/ERK signal pathway, which 
compromises the epidermis cell differentiation leading to skin 
lesions.46 Given that HER2 inhibitors generally display minimal 
dermatological side effects as compared with those induced by 
EGFR inhibitors,23 as shown by current clinical studies for the treat-
ment of advanced CRC,25 we foresee that triple targeting of HER2, 
MEK and PI3K may have a superior patient compliance and overall 
treatment outcome.

Here, we have shown that some biological features of CR- CSCs 
have the potential to be exploited in the clinics. The specific expres-
sion of HER2 in CR- CSCs, independently of gene amplification, 
suggests that HER2 should be regarded as key therapeutic target 
that deserves further preclinical and clinical investigations in CRC. 
The good therapeutic response, observed in clinical trial by HER2 
targeting in patients with amplified tumours, increases the feasibility 
of this approach. Moreover, we provide evidence that targeting of 
the PI3K/AKT pathway could be exploited both in advanced disease 
and in the adjuvant setting. These findings may help define new ther-
apeutic strategies based on CR- CSC targeting.
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SUPPLEMENTAL INFORMATION 
 
METHODS 
 
CRC sphere cell culture 

Purification and propagation of sphere cells was assessed as previously described1 from 60 primary 

tumor specimens (age range 40–80 years) from CRC patients undergoing colon resection, in 

accordance with the ethical standards regarding Human Experimentation (authorization CE9/2015, 

Policlinico Paolo Giaccone, Palermo) (online supplemental table 1). CSphCs were cultured in 

serum-free stem cell medium (SCM) supplemented with EGF and b-FGF. Authentication of CSphC 

lines was routinely performed using a short tandem repeat DNA profiling kit (GlobalFiler™ PCR 

kit, Applied Biosystem) following the manufacturer's instructions and analyzed by ABI PRISM 

3130 (Applied Biosystem). CSphC DNA profiles were matched with their relative patient tumor 

tissues. Mycoplasma presence was assessed with the MycoAlertTM Plus Mycoplasma Detection Kit 

(Lonza) every 3 months. To assess Erbb2 copy number in CR-CSphCs we analyzed DNA samples 

using Digital Droplet PCR (Bio-Rad). After droplet generation and PCR amplification, plates were 

loaded in a Bio-Rad QX200 droplet reader and analyzed using the QuantaSoft v1.7.4 software (Bio-

Rad) to evaluate droplets positive for Erbb2 and/or Rpp30. Negative (no DNA) and positive (Erbb2 

amplified SKBR3 established cell line) controls were included in each plate. An Erbb2/Rpp30 ratio 

< 1.25 identified non-amplified samples.2, 3 The mutational profiles of the CSphCs were assessed by 

using a custom NGS panel and sequencing data were generated by MiSeq platform (Illumina).  

 

CRC sphere cell treatment 

CSphCs were treated with vemurafenib 1µM (S1267, Selleckchem), cetuximab 20 µg/ml and 

trastuzumab 10 µg/ml (kindly provided by the Department of Central Hospital Services- Policlinico 

Paolo Giaccone), taselisib 0.5 µM (GDC-0032, Chemietek), BKM120 1 µM (S2247, Selleckchem), 

trametinib 100 nM (S2673, Selleckchem), cobimetinib 0.5 µM (S8041, Selleckchem) or miransertib 

2 µM (S8339, Selleckchem) . All the drugs were added in culture media every 48 hours.  

The primary human CAF cell lines were isolated from CRC tissues obtained in accordance with the 

ethical policy of the University of Palermo Committee on Human Experimentation. For co-culture 

experiments, 1x105 immortalized CAFs (CAFs) were plated as monolayer into 12-well plates for 48 

hours, until confluence was reached and subsequently 6x105 GFP-transduced CSphCs were seeded 

in presence or absence of HGF (1 µg/ml, MAB294, R&D), OPN (2 µg/ml, AF1433, R&D) and 

SDF-1 (50 µM, A5602, Sigma-Aldrich) neutralizing antibodies. After 48 hours cells were treated 

with 0.5 µM of taselisib for additional 72 hours. The preparation of CAF conditioned medium 

(CAF CM) was performed by culturing 1×106 cells in 5 ml of SCM for 48 hours. To analyze Erbb2 
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expression levels, CSphCs were exposed to CAF CM, HGF (100 ng/ml, PeproTech), OPN (1 

µg/ml, Sigma-Aldrich) and SDF-1 (100 ng/ml, PeproTech) for 48 hours. 

 

Cell survival  

Cell proliferation and viability were evaluated by using CellTiter-Glo®Luminescent Cell Viability 

Assay Kit (Promega) according to the manufacturer‟s instructions and analyzed by Infinite® F500 

(Tecan). Tripan blue exclusion test was accomplished to validate cell viability. CSphC death was 

assessed by adding Hoechst 33342 (Thermo Fisher Scientific) or 7-AAD (BD Pharmingen) and 

analyzed by a fluorescence microscope or flow cytometer, respectively. 

 

Reverse-Phase Protein microArrays 

The RPPA assay was carried out by the Functional Proteomics RPPA Core Facility by MD 

Anderson (Houston, TX, USA)4 on a service basis (online supplemental table 4). The data analysis 

was performed by our group. Briefly, cell pellets were lysed for protein extraction by resuspension 

in a buffer containing T-PER reagent (Thermo Fisher Scientific), 300 mM NaCl (J.T.Baker; 

Avantor Performance Materials, Center Valley, PA), protease and phosphatase inhibitor cocktails 

(Sigma-Aldrich), followed by 20 min incubation on ice. Following protein extraction, samples 

underwent centrifugation at 10,000xg for 10 minutes and, subsequently, supernatants were 

transferred to fresh tubes for quantification of total protein concentration (Bradford reagent method, 

Thermo Fisher Scientific). Before shipping for RPPA assay service, lysates were diluted to a final 

concentration of 0.5 µg/µl using 2X sodium dodecyl sulfate (SDS) buffer (Thermo Fisher 

Scientific) and 2-mercaptoethanol was added to a final concentration of 2.5%. Analysis of pre-

normalized RPPA data was performed by means of the “R3.6” software and the following 

packages: „base‟, „coin‟, „exactRankTests‟, „gridExtra‟, „grid‟, „tidyverse‟, „plyr‟, „dendextend‟ and 

„ComplexHeatmap‟. 

 

Western blot 

Cell were lysed in presence of ice-cold buffer containing Tris-HCL 10 mM (Sigma-Aldrich), NaCl 

50 mM (Sigma-Aldrich), sodium pyruvate 30 mM (Sigma-Aldrich), NaF 50 nM (Sigma-Aldrich), 

ZnCl2 5 µM (Sigma-Aldrich), triton 1% (Bio-Rad), protease inhibitor cocktail (Sigma-Aldrich), 

phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich), sodium orthovanadate 0.1 nM (Sigma-

Aldrich), sodium butyrate 10 mM (Sigma-Aldrich) and PMSF 1 mM (Sigma-Aldrich). Proteins 

extracted were loaded in SDS-PAGE gels and blotted on nitrocellulose membranes. After incubation 

with blocking solution (0.1% Tween 20 and 5% non-fat dry milk in PBS) for 1 hour at room 
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temperature, membranes were exposed overnight at 4oC to HER3/ErbB3 XP (D22C5, rabbit IgG, 

CST), HER2/ErbB2 XP (D8F12, rabbit IgG, CST), EGF receptor XP (D38B1, rabbit IgG, CST), 

phospho-AKT XP (Ser473; D9E, rabbit, IgG, CST), AKT (rabbit polyclonal, CST), phospho-

GSK3α/β (Ser21/9; D17D2, rabbit IgG, CST), GSK-3β (27C10, rabbit IgG, CST), phospho-ERK 1/2 

(Thr202/Tyr204; rabbit polyclonal, CST), ERK 1/2 (137F5, rabbit IgG, CST), Myc (rabbit 

polyclonal, CST), phospho-MEK1/2 (Ser217/221; 41G9, rabbit IgG, CST) or MEK1/2 (rabbit 

polyclonal, CST). β-actin (8H10D10, mouse, CST) was used as loading control to normalize protein 

expression. Primary antibodies were revealed using anti-mouse or anti-rabbit HRP-conjugated (goat 

H+L, Thermo Fisher Scientific) for 1 hour at room temperature and detected with SuperSignal™ 

West Dura Extended Duration Substrate (Thermo Fisher Scientific) using Amersham imager 600 

(GE Healthcare). Protein levels were calculated by densitometric analysis using ImageJ software. 

 

Cytokines quantification 

CAF-released cytokines involved in tumor inflammation, cell proliferation and immune response 

processes were quantified using the Bio-Plex Pro™ Human Cytokine 21-plex and 27-plex Assay 

(Bio-Rad). HGF, OPN, SDF-1 and TGF-β production was assessed by using the Human Cancer 

Biomarker Panel 1 16-plex #171AC500M, Bio-Plex Pro Human Cytokine SDF-1α Set 

#171B6019M, and Bio-Plex Pro™ TGF-β 3-plex Assay #171W4001M, respectively. Raw data were 

analyzed by Bio-Plex Software (Bio-Rad). 

Flow cytometry and cell sorting 

Cells were harvested, washed in PBS twice and stained for 1 hour at 4°C with conjugated 

antibodies CD44v6-APC (2F10, mouse IgG1, R&D systems) or isotype matched control (IC002A, 

mouse IgG1, R&D systems) and analyzed using both Accuri C6 Plus and FACSLyric (BD) flow 

cytometers. CD90 expression was assessed by using CD90 purified antibody (5E10, mouse IgG1k, 

BD) or isotype matched control (MOPC-21, mouse IgG1k, BD) and subsequent labeling with 

secondary antibodies Alexafluor 647 (goat anti-mouse IgG1, Thermo Fisher Scientific). Enrichment 

of CD44v6 or OFP expressing cells was accomplished by FACSMelody cell sorter. Prior to sorting, 

cells were washed with PBS containing 2% BSA and 2 mM EDTA and filtered with a 70 µM mesh 

to prevent clogging. Post-sorting acquisition was performed in order to verify the population purity. 

Dead cells were excluded on the basis of the uptake of 7-AAD (0.25 µg/1x106 cells, BD 

Biosciences). 
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RNA Extraction, Real-Time PCR and RNASeq 

Total RNA of CSphCs was isolated by using Trizol Reagent (Thermo Fisher) and retro-transcribed 

with the high-capacity c-DNA reverse Transcription kit (Applied Biosystem). Real-time PCR was 

performed by using the rotor gene probe PCR master mix (Qiagen) and the following primers: 

Erbb2 (Hs01001580_m1), Erbb3 (Hs00176538_m1), Egfr (Hs01076078_m1) and Gapdh 

(Hs02786624_g1) (Applied Biosystem). The relative mRNA level was normalized to Gapdh and 

calculated by using the comparative Ct method (ΔΔCt).  

To evaluate the miRNA expression profiles of CSphCs untreated and exposed to different 

treatments, total RNA samples were retro-transcribed and real time PCR were performed using 

Megaplex pools kit (Applied Biosystem) specific for a set of 384 microRNAs (TaqMan Human 

MicroRNA Array A) as recommended by manufacturer‟s instructions. Collected data were 

analyzed with the Thermo FisherCloud software. 

NEBNext Ultra Directional RNA Library Prep Kit for Illumina was used for the preparation of 

RNASeq samples following the manufacturer‟s instructions. mRNA was purified using oligo-dT 

magnetic beads from total RNA. Retrotranscribed cDNA was used for ligation with adapters and 

PCR amplification. Clustering and DNA sequencing was assessed using the Illumina NextSeq 500. 

Analysis was performed by using the Illumina data analysis pipeline RTA v2.4.11 and Bcl2fastq 

v2.17. Raw sequencing reads were aligned to Ensembl release 84 (GRCh38 assembly) using the 

HISAT2 2.1.0 pipeline. Data were analyzed using the R version 3.5.0 and plotted by the pheatmap 

version 1.0.10, gtools 3.8.1 and ggplot2 3.0.0. Gene set enrichment analysis (GSEA) was assessed 

by selecting Hallmarks and canonical pathways within molecular signatures database (MSigDB) 

version 7.0. False Discovery Rate q value ≤ 0.05 was used to identify significantly enriched gene 

sets. 

 

Chromatin immunoprecipitation (ChIP) and ChIP-qPCR  

Chromatin was isolated from both CD44v6+ and CD44v6- CSphCs, IMEC, IMEC-MYC and 

IMEC-MYC-PI3K cells. Cells were fixed adding formaldehyde directly to the cell culture media to 

reach a final concentration of 1%, then were incubated for 10 min at room temperature (RT). The 

reaction was quenched adding glycine to a final concentration of 125 mM and incubated 5 min at 

RT. The medium was removed and cells were washed 3 times with cold, sterile PBS plus protease 

inhibitor, then cells were collected by centrifugation at 4°C for 5 min at 1200 rpm. ChIP 

experiments were performed as previously described. 5, 6 Briefly, cell pellets were lysed in lysis 

buffer (50 mM Tris-HCl pH 8, 0.1% SDS, 10 mM EDTA pH 8, 1 mM PMSF (Sigma-Aldrich), 

protease inhibitor cocktail (Roche)) and chromatin was sonicated with a Bioruptor Pico sonicator 
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(Diagenode) for 25 cycles of 30 s, to reach an average fragment size of ~ 300 kb. Following 

quantification, 10 µg of sonicated chromatin were used in each immune-precipitation and incubated 

overnight at 4°C with 4 µg of indicated antibodies: anti- monomethyl histone H3 Lys4 (rabbit 

polyclonal, Abcam); anti-acethyl histone H3 Lys27 (rabbit polyclonal, Abcam). Concomitantly, 

protein G-coupled Dynabeads (Thermo Fisher Scientific) were blocked overnight at 4°C with 1 

mg/ml sonicated salmon sperm DNA (Thermo Fisher Scientific) and 1 mg/ml BSA and then 

incubated with the ChIP reactions for 4 hours at 4°C. Magnetic beads were sequentially recovered 

and resuspended in RIPA buffer (10 mM Tris-HCl, pH 8, 0.1% SDS, 1 mM EDTA, pH 8, 140 mM 

NaCl, 1% DOC, 1% Triton, 1 mM PMSF, protease inhibitor cocktail), washed 5 times with ice-cold 

RIPA buffer, twice with ice-cold RIPA-500 buffer (10 mM Tris-HCl, pH 8, 0.1% SDS, 1 mM 

EDTA, pH 8, 500 mM NaCl, 1% DOC, 1% Triton, 1 mM PMSF, protease inhibitor cocktail), twice 

with ice-cold LiCl buffer (10 mM Tris-HCl, pH 8, 0.1% SDS, 1 mM EDTA, pH 8, 250 mM LiCl, 

0.5% DOC, 0.5% NP-40, 1 mM PMSF, protease inhibitor cocktail) and once with TE buffer (10 

mM Tris-HCl, pH 8, 1 mM EDTA, pH 8, 1 mM PMSF, protease inhibitor cocktail). Finally, the 

crosslinking was reversed in direct elution buffer (10 mM Tris-HCl, pH 8, 0.5% SDS, 5 mM 

EDTA, pH 8, 300 mM NaCl) at 65°C overnight and DNA was purified using Agencourt AMPure 

XP SPRI beads (Beckman, #A63882) and dissolved in 60 ml of Tris-HCl, pH 8. DNA was analyzed 

by quantitative PCR using the 2x SensiFAST SYBR No-ROX Mix (Bioline). The following oligos 

were used: Prom1 (fwd: CACCATCATGTGTCGCCAAG / rev: 

GCAGGTTGGAAGAGGCAAAA), ENH2 (fwd: CAGTTTGTGGCCTGGACATC / rev: 

TACCTACTTCACCAGCCAGC), Prom2 (fwd: GGCTTGGGATGGAGTAGGAT / rev: 

AAATTCCCTAGGCTGCCACT), ENH1 (fwd: GACCACCAGAGTCCAGAGAG / rev: 

TCTCCGAACAAAAGGGACCA), HGE (fwd: GATCCGGAAGTACACGATGC / rev: 

GGCTGGGAGGACTTCACC), control (fwd: GATCAAGTCAGGCTGAATACACG / rev: 

TCTGTGCTCCTAGCTTGTCCC). All experimental values were shown as percentage of input. To 

take into account background signals, we subtracted the values obtained with a non-immune serum 

to the relative ChIP signals. 

 

CRISPR editing and lentiviral transduction 

CSphCs were transfected with 1 µg of all-in-one OFP vector system for CRISPR-based genome 

editing (Thermo Fisher Scientific) and 1 µg of pMA-T plasmid containing customized donor DNA 

for Pik3caE545K (Thermo Fisher Scientific), using the X-tremeGENE HP DNA Transfection Reagent 

(Roche) according to the manufacturer's instructions. DNA from control and transfected CSphCs 

was purified using the DNeasy Blood & Tissue Kit (Qiagen). The presence of Pik3caE545K mutation 
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was assessed using the HotStarTaq Plus Master Mix Kit (Qiagen) using the following primer set: F-

ATTGTTCACTACCATCCTC; R-TAATGTGCCAACTACCAATG. Amplified products were 

then purified using the MinElute PCR Purification Kit (Qiagen). Purification and base pair 

sequence were prepared using the BigDye Terminator v3.1 Cycle Sequencing Kit and BigDye X-

Terminator Purification Kit (Applied Biosystems), respectively. Capillary electrophoresis was 

performed on ABI PRISM 3130 Genetic Analyzer.  

Lentiviral particles were generated by transfecting HEK-293T packaging cells with p-TWEEN 

LUC-GFP plasmids together with psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259) in 

DMEM 10% FBS supplemented with XtremeGENE HP DNA Transfection Reagent (Roche). For 

stable cell transduction, concentrated lentiviral particles were added to 1x105 cells in culture 

medium in the presence of 8 μg/mL of polybrene (Sigma-Aldrich). hTERT-immortalized human 

mammary epithelial cells (IMEC) were transduced with pMXs-c-Myc, PGK-Pik3ca H1047R, 

pBABE-puro-Ras V12, and MSCV-p53DD-iGFP vector, respectively as previously described.6 

CAFs immortalization has been performed using a pLV-hTERT-IRES-hygro lentiviral plasmid 

(Addgene). Hygromycin (10 µg/ml; ant-hg-5, Invivogen) was used for selection of CAFs.  

 

Animals and tumor models 

6-8 weeks old male NOD/SCID mice were purchased by Charles River Laboratories and housed in 

the animal house at the Department of Biomedicine, Neuroscience and Advanced Diagnostics 

(Bi.N.D., University of Palermo). Mice were kept in a barrier facility for animals in a temperature-

controlled system with a 12 hours dark/light cycle. Mice were given ad libitum access to pelleted 

chow [Special Diets Services-811900 VRF1 (P), Essex, UK] and to 0.45 mm filtered tap water in 

sterile drinking bottles. Each cage (1284L, Tecniplast S.p.A., Italy) provided with radiation-

sterilized bedding (SAWI Research Bedding, JELU-WERK, Germany) has been used to house a 

maximum of 6 mice. Enrichment material such as soft paper and small red plastic houses (The 

Mouse House, ACRE011, Tecniplast) was used to meet animal welfare. All the surgical procedures 

have been performed during daytime, in accordance with the animal care committee guidelines of 

the University of Palermo (Italian Ministry of Health authorization n. 154/2017-PR). Subcutaneous 

xenografts were generated by injecting 2.5x105 CSphCs in the flank of NOD/SCID mice, in 150 µl 

of 1:1 SCM/Matrigel (BD) solution. After tumor appearance (0.03-0.06 cm3), mice were 

randomized in control and treatment groups (6 mice/group). Mice were treated for 5 days/week, for 

4 weeks, with vehicle, taselisib (5 mg/Kg, once-daily, oral gavage), vemurafenib (20 mg/Kg, twice-

daily, oral gavage), trastuzumab (5 mg/Kg, once-weekly, i.p.), cetuximab (40 mg/Kg, twice-weekly, 

i.p.), BKM120 (20 mg/Kg, once-daily, oral gavage), trametinib (0.3 mg/Kg, once-daily, oral 
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gavage) or cobimetinib (5 mg/Kg, once-daily, oral gavage). Tumors were measured twice per week 

by a digital caliper. Tumor volume was calculated using the formula: largest diameter x (smallest 

diameter)2 x π/6. Once the endpoints were reached (2 cm in tumor diameter or when mice showed 

signs of suffering), animals were sacrificed accordingly to Directive 2010/63/EU guidelines (D.lgs 

26/2016) and organs were collected for subsequent analyses. For the adjuvant therapy experiments, 

3×105 LUC-transduced Kras-mutant CSphCs resuspended in PBS were injected into the spleen of 

NOD/SCID mice. The migration of sphere cells was assessed at the time of cell injection and at 30 

min immediately after splenectomy up to 12 weeks (every 4 weeks) following i.p. injection of 

VIVO Glo TM Luciferin (150 mg/kg, Promega) by using in vivo imaging system (IVIS Spectrum, 

PerkinElmer). After 5 days of sphere cells injection, mice were treated for 3 weeks with vehicle or 

taselisib. 

 

Immunofluorescence/Immunohistochemistry 

Cytospun of CD44v6+ and CD44v6- cell fractions were fixed and permeabilized as previously 

described.1 Cells were exposed overnight at 4°C to specific antibodies to detect CD44v6 (2F10, 

mouse IgG1, R&D systems) and HER2 (D8F12, rabbit IgG, CST). Subsequently, cells were labeled 

with secondary antibodies, Rhodamine Red-x Goat anti-Mouse IgG1 and Alexa Fluor-488 Goat 

anti-rabbit IgG (Life Technologies). Nuclei were counterstained using TOTO-3 iodide (Life 

Technologies). Cells were examined under a confocal microscope. For CAF-CSphC co-culture 

experiment, cells were labeled with CD90 (SE10, mouse IgG1, BD Pharmingen) and subsequently 

with Alexa Fluor-647 Goat anti-mouse IgG1 (Life Technologies). Nuclei were counterstained using 

Hoechst (33258, Thermofisher). Cell staining were examined by using EVOS Cell Imaging System 

(Life Technologies). 

Immunohistochemical and immunofluorescence analysis were performed on 5-µm-thick paraffin-

embedded xenograft sections using antibody specific for CD44v6 (2F10, mouse IgG1, R&D 

systems), HER2 (D8F12, rabbit IgG, CST), phospho-AKT XP (Ser473; D9E, rabbit, IgG, CST), 

Ki67 (T595, IgG1k, Novocastra) and CK20 (Ks20.8, IgG2ak, Novocastra). Stainings were then 

revealed using byotine-streptavidine system (Dako) and detected with 3-amino-9-ethylcarbanzole 

(AEC, Dako). Nuclei were counterstained with aqueous hematoxylin (Sigma-Aldrich). Azan-

Mallory and H&E stainings were performed using standard protocols. 
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Statistical analysis 

Results are shown as mean ± SD for at least three repeated independent experiments for each group. 

The mean and SD were obtained by analyzing replicates using Prism 5 (GraphPad Software, La 

Jolla, CA, USA) applying ANOVA test (one-way or two-way) with Bonferroni multiple 

comparisons test. P-values less than 0.05 were considered statistically significant. *indicates 

P<0.05, ** indicates P<0.01 and ***indicates P<0.001. RNA-seq data were normalized with log2-

counts per million transformation. Differential expression analyses between diverse conditions were 

conducted in R (v3.6.1) by using limma package. P-values for log2 fold-change values are corrected 

with Benjamini-Hochberg procedure, only statistically significant differences were reported. 

ggplot2 and pheatmap packages were used for plotting the distributions and line plots, and 

heatmaps with clustergrams and sample annotations, respectively. 
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SUPPLEMENTAL FIGURE LEGENDS 
 
Supplementary Figure 1. CD44v6 positive cells express high levels of HER2 and MAPK-ERK 
signaling molecules. (A) Dose-response of cetuximab (Cmab) on Ras/Braf-wt (CSphC#14, 21) and 
Braf-mutant (CSphC#2, 5) sphere cell lines at the indicated time points. Data are mean ± S.D. of 3 
independent experiments. (B) Waterfall plot of cetuximab response in Ras/Braf-wt xenograft 
tumors from sensitive CSphCs treated for 4 weeks and analyzed 1 week after treatment suspension. 
Braf- and Kras-mutant xenografts served as control. (C) Unsupervised clustering of RNA-seq data 
from sphere cells sensitive and resistant to cetuximab and harboring the indicated mutations. (D) 
Log fold change (logFC) values of a subset of statistically differentially expressed genes, involved 
in the MAPK pathway, in sensitive versus resistant Ras/Braf-wt sphere cells to cetuximab, obtained 
by limma analysis. (E) Statistical distribution of CD44v6 positivity in 47 CSphC lines characterized 
by the indicated mutational background. Boxes and whiskers represent median ± S.D. of 6 
experiments. Dotted lines indicate high (≥70%), medium (69%-31%) and low (≤30%) CD44v6 
levels. (F) (Left panel) Representative immunohistochemical analysis for CD44v6 on tumor 
xenografts generated by the injection of Ras/Braf-wt (CSphC#14) sphere cells and treated with 
cetuximab for 4 weeks. Scale bars, 200 µm. (Right panel) Percentage of CD44v6 positivity in tumor 
xenografts generated by the injection of Ras/Braf-wt (CSphC#14, 21, 33) sphere cells. Data are 
mean ± S.D. of 3 independent experiments. (G) RPPA analysis of CRC spheres (Bulk) and enriched 
CD44v6+ and CD44v6- Braf- (CSphC#2) mutant cells. (H) Immunoblot analysis of HER3, HER2 
and EGFR and their relative bar graphs on CD44v6- and CD44v6+ cells derived from 10 different 
CR-CSphC lines with different mutational backgrounds (CSphC#1, #2, #3, #9, #11, #15, #16, #21, 

#33, #37). E-actin was used as loading control. Data are mean ± S.D. of 3 independent experiments 
performed with 10 different sphere cell lines. (I) Bar graphs of immunoblot band densities for 
HER2 on enriched CD44v6+ and CD44v6- Ras/Braf-wt, Braf- and Kras- mutant cells. Data are 
mean ± S.D. of 3 independent experiments performed in Ras/Braf-wt (CSphC#14, 21, 33), Braf- 
(CSphC#1, 2, 3, 5) and Kras- (CSphC#8, 11, 16) mutant CD44v6 fractions. (J) 
Immunofluorescence analysis for HER2 and CD44v6 on CD44v6+ and CD44v6- in Ras/Braf-wt 
(CSphC#21), Braf- (CSphC#2) and Kras- (CSphC#11) mutant cells. Nuclei were counterstained 
with TOTO-3. Data are representative of 2 independent experiments performed with Ras/Braf-wt 
(CSphC#14, 21), Braf- (CSphC#2, 5) and Kras- (CSphC#8, 11) mutant sphere cells. Scale bars, 10 
µm. (K) Browser view of RNA-seq analysis on Braf-mutant CD44v6 positive (green) and negative 
(red) CSphCs. The tracks of expression (RPKM normalized) for ERRB2 (Upper panel) and Gapdh 
(Lower panel) are shown. For each cell type, tracks of three different biological replicates are 
shown.  
 
Supplementary Figure 2. PI3K activation is associated with increased Erbb2 transcription 
levels. (A) Unsupervised clustering of RNA-seq data from CD44v6high (>70%) and CD44v6low 
(<30%) cells. (B) LogFC values of a subset of statistically differentially expressed genes, enriched 
for PI3K pathway, in CD44v6high vs CD44v6low cells. Data were computed by limma package in R. 
(C) (Upper panels) Schematic diagram of OFP CRISPR Nuclease and donor DNA (pMA-T) 
vectors. (Lower panels) Electropherograms showing the DNA sequence of Pik3ca-wt low 
expressing HER2 CR-CSphC lines (CSphC#23, 5, 15), following targeted genome editing. Red 
stars indicate the newly introduced point mutation (red letters GÆA). crRNA=CRISPR RNA; 
tracr=trans-activating crRNA; Pol III=terminator. (D) Bar graphs of immunoblot band densities for 
HER2, pAKT and AKT on Ras/Braf-wt (CSphC#6, 23), Braf- (CSphC#2, 5), Kras- (CSphC#10, 
15) mutant cells and their corresponding CRISPR/Cas9-Pik3caE545K cells. Data are mean ± S.D. of 3 
independent experiments performed with the indicated CSphCs. (E) ChIP-qPCR for the histone 
marks H3K27Ac using amplicons for 2 promoters (Prom1 and Prom2), 3 potential enhancer regions 
(Enh1, Enh2, and HGE) and negative control (Control) in IMEC, IMEC-MYC and IMEC-MYC-

PI3K cells. Enrichment is indicated as % of input. (F) Percentage of viable CD44v6 low (d30%), 
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medium (31-69%) and high (t70%) cells treated with miransertib, BKM120 and taselisib for 72 
hours. Boxes and whiskers represent median ± S.D. of 3 experimental replicates of 29 CR-CSphC 
lines. (G) Percentage of cell viability in 29 CR-CSphC lines, harboring the indicated mutations, 
exposed to different doses of PI3K and AKT inhibitors as indicated. Boxes and whiskers represent 
median ± S.D. of 3 experimental replicates of 29 CR-CSphC lines. (H) Percentage of cell viability 
of CD44v6+ and CD44v6- Braf- (CSphC#2, 3, 4, 5) and Kras- (CSphC#8, 9, 10, 11, 16) mutant 
sphere cells treated with BKM120. Data are mean ± S.D. from 3 independent experiments. (I) 
mRNA expression levels of Erbb2 in CSphCs and CD44v6+ enriched cells treated as indicated for 
48 hours. Data are mean ± S.D. of 3 independent experiments performed with Ras/Braf-wt 
(CSphC#14, 33), Braf- (CSphC#1, 5) and Kras- (CSphC#10, 11) mutant sphere cell lines. (J) 
Erbb2 mRNA expression levels in CSphCs treated with vehicle or taselisib in presence of CAF 
CM. Data are mean ± S.D. of 3 independent experiments using Ras/Braf-wt (CSphC#7, 27), Braf- 
(CSphC#2, 3) and Kras- (CSphC#12, 20) mutant sphere cell lines. (K) Erbb2 mRNA expression 
levels in tumor xenografts treated with vehicle or BKM120 for 4 weeks. Mice were sacrificed 1 
weeks after treatment suspension. Data are means ± S.D. of 6 mice per group injected with 
Ras/Braf-wt (CSphC#14, 21, 33), Braf- (CSphC#1, 2, 5) or Kras- (CSphC#8, 11, 16) mutant sphere 
cells. (L) Representative immunofluorescence analysis for HER2 on tumor xenografts generated by 
the injection of Braf- (CSphC#2) mutant sphere cells and treated as in K. Nuclei were 
counterstained with Toto-3 (blue color). Scale bars, 20 µm. 
 
Supplementary Figure 3. Triple targeting of HER2, MEK and PI3K overcomes the protective 
effect mediated by CAF-released cytokines. (A) Size of xenograft tumors generated by 
subcutaneous injection of Braf- (CSphC#1, 2, 3, 5) and Kras- (CSphC#8, 11, 16) mutant cells, 
treated for 4 weeks as indicated and monitored up to 10 weeks. “I” indicates the time of cell 
injection. Time-point 0 indicates the start of treatment. Data are mean ± S.D. of 3 independent 
experiments (n=6 mice per group). (B) RPPA analysis of Ras/Braf-wt (CSphC#14), Braf- 
(CSphC#2) and Kras- (CSphC#11) mutant cells treated with vehicle or vemurafenib (Vemu) in 
combination with trastuzumab (Tmab) and PI3K inhibitor (BKM120) (VTB). Total and 
phosphorilated S6 are indicated. (C) Relative band densities of immunoblots for pAKT, AKT, 
pGSK, GSK3, pERK, ERK and Myc in tumor xenografts-derived cells of mice injected with 
Ras/Braf-wt (CSphC#14, 21, 33), Braf- (CSphC#1, 2, 3), Kras- (CSphC#8, 11, 16) mutant sphere 
cells treated with vehicle (Vehicle) or vemurafenib (Vemu) in combination with trastuzumab (Tmab) 
and PI3K inhibitor (BKM120) (V+T+B). Data are expressed as mean ± S.D. of 3 subcutaneously 
implanted CSphC lines for each mutational status (n= 6 mice per group). (D) (Left panel) 
Representative average of miRNAs equivalent CT values on tumor xenograft-derived cells isolated 
from mice injected with Kras- (CSC#8) mutant CR-CSphCs treated with vehicle (Vehicle) or 
vemurafenib in combination with trastuzumab plus PI3K inhibitor (Vemu+Tmab+BKM120). (Right 
panel) Clustergrams of miRNAs expression levels of those indicated with arrows in the correlation 
plot. Data are representative of 3 independent experiments performed with 3 different CR-CSphCs 
(CSC#8, 11, 16). (E) Bar graphs of immunoblot relative band densities for pAKT, AKT, pGSK, 
GSK, pERK, ERK and Myc in Ras/Braf-wt, Braf- and Kras- mutant sphere cells treated with vehicle 
(Vehicle) or trastuzumab (Tmab) in combination with trametinib (MEKi) and PI3K inhibitor 
(BKM120) (T+Mi+B). Data are mean ± S.D. of 3 independent experiments performed with 
Ras/Braf-wt (CSphC#14, 21, 33), Braf- (CSphC#1, 2, 3) and Kras- (CSphC#8, 11, 16) mutant 
sphere cultures. (F) RPPA analysis of Braf- (CSphC#2) and Kras- (CSphC#11) mutant cells treated 
with vehicle or trastuzumab (Tmab) in combination with trametinib (MEKi) and PI3K inhibitor 
(BKM120) (TMiB) for 24 hours. Total and phosphorilated S6 expression levels are indicated. (G) 
Heatmap of viability percentage of cells with the indicated mutational background treated with 
vehicle (Vehicle) or trastuzumab in combination with MEKi and BKM120 (T+Mi+B) for 72 and 
120 hours. Data are the mean of 3 experimental replicates performed on 30 cell lines. (H) (Left 
panel) Representative average of miRNAs equivalent CT values on Kras- (CSC#11) mutant CR-
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CSphCs, exposed to the indicated therapeutic regimen combinations. Before treating with 
trastuzumab in combination with MEK inhibitor and BKM120 (Tmab+MEKi+BKM120) for 24 
hours, cells were pre-treated with vemurafenib in combination with trastuzumab and BKM120 for 5 
days and maintained for 2 days off-drug period. (Right panel) Clustergrams of miRNAs expression 
levels, indicated with arrows in the correlation plot. Data are representative of 3 independent 
experiments performed with different CR-CSphCs (CSC#8, 11, 16). (I) Bar graphs of immunoblot 
relative band densities for pAKT, AKT, pMEK, MEK, pERK, ERK and Myc in Braf- (#1, 2, 3) 
Kras- (CSphC#8,11, 16) mutant sphere cells treated with vehicle (Vehicle) or vemurafenib (V) in 
combination with trastuzumab (T) and BKM120 (V+T+B) or trastuzumab in combination with 
MEKi and BKM120 (T+Mi+B) and cultured in FBS-free DMEM or CAF CM for 24 hours. Data are 
expressed as mean ± S.D. of 3 independent experiments. (J) Growth of cells previously untreated 
(Vehicle) or treated with vemurafenib in combination with trastuzumab and BKM120 (Pre-treated 
V+T+B) for 5 days and exposed to trastuzumab in combination with MEKi and BKM120 (T+Mi+B) 
or V+T+B. Data are expressed as mean ± S.D. of 4 independent experiments performed with 15 CR-
CSphCs with different mutational backgrounds.  

Supplementary Figure 4. The triple targeting of MEK, HER2 and PI3K induces regression of 
xenograft tumors generated by the injection of CR-CSCs. (A) Subcutaneous size of tumor 
xenografts generated by sphere cell lines bearing the indicated mutational background and treated 
as indicated. Time-point “I” indicates cell injection and 0 the start of treatment. Data are mean ± 
S.D. of 3 independent experiments (n=6 mice per group). (B) H&E and immunohistochemical 
analysis of CD44v6, Ki67 and CK20 on tumor xenografts generated by the injection of Braf- 
(CSphC#2) mutant sphere cells. Mice were treated for 4 weeks with vehicle (Vehicle) or 
trastuzumab (Tmab) plus trametinib (MEKi) plus BKM120 (BKM120). (C) Evaluation of CD44v6 
positivity by flow cytometry in CR-CSphCs obtained from Ras/Braf-wt, Braf- and Kras- mutant 
xenografts treated as indicated, and analyzed 2 weeks after treatment suspension. Data are 
expressed as mean ± S.D. of 3 independent experiments performed with Ras/Braf-wt (CSphC#21, 
24, 33), Braf- (CSphC#2, 3, 5) and Kras- (CSphC#8, 11, 13) mutant cells. (D) Cell viability of the 
indicated sphere cells exposed for 72 and 120 hours to trastuzumab (Tmab) in combination with 
cobimetinib (Cob) and taselisib (Tas). Data are expressed as mean ± S.D. of 4 independent 
experiments. (E) Subcutaneous outgrowth of Kras- (CSphC#8, 9, 11, 13) mutant sphere cell-
derived xenograft tumors at the indicated weeks and treated with vehicle (Vehicle) or trastuzumab 
(Tmab) in combination with cobimetinib (Cob) and taselisib (Tas) for 4 weeks. Data are means ± 
S.D. of tumor size for each cell line (n= 6 mice per group). “I” indicates the time of cell injection 
and 0 the start of treatment. (F) CD44v6 flow cytometry analysis on cells dissociated from tumor 
xenografts treated as in (E). Grey histograms represent the relative isotype matched control. (G) 
Representative azan mallory staining and immunohistochemical analysis of CD44v6, CK20 and 
Ki67 on tumor xenografts obtained from the injection of Kras- (CSphC#9, 11) mutant sphere cells 
treated as indicated. Scale bars, 100 µm. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2020-323553–10.:10 2021;Gut, et al. Mangiapane LR



 

 

REFERENCES 
 
1 Todaro M, Alea MP, Di Stefano AB, Cammareri P, Vermeulen L, Iovino F, et al. Colon 
cancer stem cells dictate tumor growth and resist cell death by production of interleukin-4. Cell 
stem cell 2007;1:389-402. 
2 Gevensleben H, Garcia-Murillas I, Graeser MK, Schiavon G, Osin P, Parton M, et al. 
Noninvasive detection of HER2 amplification with plasma DNA digital PCR. Clinical cancer 
research : an official journal of the American Association for Cancer Research 2013;19:3276-84. 
3 Takegawa N, Yonesaka K, Sakai K, Ueda H, Watanabe S, Nonagase Y, et al. HER2 
genomic amplification in circulating tumor DNA from patients with cetuximab-resistant colorectal 
cancer. Oncotarget 2016;7:3453-60. 
4 Li J, Zhao W, Akbani R, Liu W, Ju Z, Ling S, et al. Characterization of Human Cancer Cell 
Lines by Reverse-phase Protein Arrays. Cancer cell 2017;31:225-39. 
5 Fagnocchi L, Cherubini A, Hatsuda H, Fasciani A, Mazzoleni S, Poli V, et al. A Myc-driven 
self-reinforcing regulatory network maintains mouse embryonic stem cell identity. Nature 
communications 2016;7:11903. 
6 Poli V, Fagnocchi L, Fasciani A, Cherubini A, Mazzoleni S, Ferrillo S, et al. MYC-driven 
epigenetic reprogramming favors the onset of tumorigenesis by inducing a stem cell-like state. 
Nature communications 2018;9:1024. 
 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2020-323553–10.:10 2021;Gut, et al. Mangiapane LR



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2020-323553–10.:10 2021;Gut, et al. Mangiapane LR



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Chapter 3 
Pharmacological targeting of the novel β-catenin chromatin-

associated kinase p38α in colorectal cancer stem cell 
tumorspheres and organoids 

 
Martina Lepore Signorile, Valentina Grossi, Simone Di Franco, Giovanna Forte, Vittoria 

Disciglio, Candida Fasano, Paola Sanese, Katia De Marco, Francesco Claudio Susca, Laura 
Rosa Mangiapane, Annalisa Nicotra, Gabriella Di Carlo, Francesco Dituri, Gianluigi 

Giannelli, Giuseppe Ingravallo, Gianluca Canettieri, Giorgio Stassi and Cristiano Simone 
 

Published in Cell Death and Disease, 2021 



Lepore Signorile et al. Cell Death and Disease ���������(2021)�12:316�
https://doi.org/10.1038/s41419-021-03572-4 Cell Death & Disease

ART ICLE Open Ac ce s s

Pharmacological targeting of the novel β-catenin
chromatin-associated kinase p38α in colorectal
cancer stem cell tumorspheres and organoids
Martina Lepore Signorile1, Valentina Grossi1, Simone Di Franco2, Giovanna Forte1, Vittoria Disciglio1, Candida Fasano1,
Paola Sanese1, Katia De Marco1, Francesco Claudio Susca3, Laura Rosa Mangiapane2, Annalisa Nicotra2,
Gabriella Di Carlo4, Francesco Dituri5, Gianluigi Giannelli5, Giuseppe Ingravallo4, Gianluca Canettieri6, Giorgio Stassi2 and
Cristiano Simone 1,3

Abstract
The prognosis of locally advanced colorectal cancer (CRC) is currently unsatisfactory. This is mainly due to drug
resistance, recurrence, and subsequent metastatic dissemination, which are sustained by the cancer stem cell (CSC)
population. The main driver of the CSC gene expression program is Wnt signaling, and previous reports indicate that
Wnt3a can activate p38 MAPK. Besides, p38 was shown to feed into the canonical Wnt/β-catenin pathway. Here we
show that patient-derived locally advanced CRC stem cells (CRC-SCs) are characterized by increased expression of
p38α and are “addicted” to its kinase activity. Of note, we found that stage III CRC patients with high p38α levels
display reduced disease-free and progression-free survival. Extensive molecular analysis in patient-derived CRC-SC
tumorspheres and APCMin/+ mice intestinal organoids revealed that p38α acts as a β-catenin chromatin-associated
kinase required for the regulation of a signaling platform involved in tumor proliferation, metastatic dissemination, and
chemoresistance in these CRC model systems. In particular, the p38α kinase inhibitor ralimetinib, which has already
entered clinical trials, promoted sensitization of patient-derived CRC-SCs to chemotherapeutic agents commonly used
for CRC treatment and showed a synthetic lethality effect when used in combination with the MEK1 inhibitor
trametinib. Taken together, these results suggest that p38α may be targeted in CSCs to devise new personalized CRC
treatment strategies.

Introduction
Colorectal cancer (CRC) is the third most frequent

malignancy but the second leading cause of death for
tumor worldwide1. The survival rate of affected patients
largely depends on the stage at which the tumor is diag-
nosed. About one-third of CRC patients have stage III

disease, which is characterized by spread to regional
lymph nodes and absence of distant metastases2. Stage III
CRC patients are at high risk for tumor recurrence, and
their overall prognosis, for which the N stage has been
found to be a reliable indicator, remains unsatisfactory
even with curative surgery and adjuvant chemotherapy3.
Indeed, it is reported that more than one-third of stage III
CRC patients will develop recurrence or metastasis within
5 years of systemic therapy4.
CRC stem cells (CRC-SCs) are involved in drug resis-

tance, tumor recurrence, and metastasis after primary
treatment. Indeed, conventional therapies wipe out bulk
tumor populations, while CRC-SCs are resistant to che-
motherapy and radiotherapy5. Therefore, new treatment
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approaches targeting CRC-SCs are needed in order to
achieve complete tumor eradication6.
Several dysregulated signaling pathways confer to can-

cer stem cells (CSCs) a survival advantage over current
therapies; among these pathways, the main driver con-
trolling CSC fate is Wnt signaling7. During carcinogen-
esis, increasing amounts of β-catenin resulting from APC
inactivation translocate into the nucleus and modulate the
transcriptional activity of TCF/LEF transcription factors8.
High levels of nuclear β-catenin lead to constitutive
activation of the Wnt pathway, loss of normal cellular
architecture, and neoplastic conversion9.
Previous reports indicate that p38α, one of the four p38

isoforms (α, β, γ, δ), is highly expressed in colorectal
neoplasms compared to normal mucosa10 and is the main
p38 isoform in colorectal and ovarian cancer cells11–13.
Importantly, Wnts can activate p38 MAPKs. Indeed,
Wnt3a was recently shown to stimulate p38 activation in
mouse F9 teratocarcinoma cells. Of note, Wnt-induced
p38 activation appears to regulate canonical Wnt/β—
catenin signaling8, and p38 was found to phosphorylate
GSK3β at Thr390, which inactivates GSK3β kinase
activity, leading to β-catenin accumulation14.
Our previous results indicate that p38α is required for

CRC cell proliferation and survival, and its inhibition
induces growth arrest, autophagy, and cell death both
in vitro and in vivo11,15–17. Recently, we demonstrated the
existence of a p38α-ERK synthetic lethality crosstalk that
is crucial for CRC therapy response. Indeed, combined
inhibition of p38α and MEK1 efficiently reduced the
volume of xenografted tumors and colitis-associated
orthotopic tumors in vivo10,12. Besides, resistance to cis-
platin (CDDP), irinotecan (CPT-11), and 5-fluorouracil
(5-FU) chemotherapy has been shown to involve MAPK
signaling, and recent studies identified p38α MAPK as a
mediator of resistance to various agents in CRC
patients13. Our previous studies also revealed that p38α
inhibition sensitizes chemoresistant CRC cells to CDDP,
with the combined treatment inducing Bax-dependent
apoptosis in both chemosensitive and chemoresistant
cells18.
p38α is considered a prototypical chromatin-associated

kinase. Indeed, it can associate with and phosphorylate
several transcription factors and can recruit subunits of
the SWI/SNF ATP-dependent remodeling complexes
directly to the DNA, thereby modulating chromatin
structure and transcription19. p38α also phosphorylates
MSK1, which in turn phosphorylates Ser10 on histone
H3, inducing a transcriptional activation-permissive
chromatin modification20. Additionally, p38α can physi-
cally interact with RNA polymerase II and promote the
transcription elongation step21.
In recent years, a role has emerged for the p38 pathway

in CSC regulation. Indeed, p38 seems to promote survival

in hypoxic and serum-starved CRC-SCs22 and mediates
CSC drug resistance to oxaliplatin and anti-angiogenic
agents23. Moreover, p38-inhibited cells showed decreased
expression of CSC markers and reduced sphere-forming
ability in head and neck squamous cell carcinoma24.
Here, we performed an extensive characterization of

p38α in patient-derived stage III CRC-SCs, identifying it
as a direct interactor of β-catenin, the key element of the
Wnt pathway. p38α acts as a chromatin-associated kinase
involved in the activation of β-catenin target gene tran-
scription, and its pharmacological manipulation affects
various cancer features. Importantly, we show that tar-
geting p38α may overcome chemoresistance in a CRC-SC
model, with p38α levels being a potential new marker of
therapeutic efficacy in stage III CRC patients.

Results
p38α is a potential marker of therapeutic efficacy in stage
III CRC patients
Stage III CRC patients are eligible for adjuvant and

combination therapies but still have a poor prognosis. In
an attempt to identify potential targets for stage III disease
therapy, we performed a meta-analysis on a cohort of
colorectal tumor tissues retrieved from The Cancer
Genome Atlas (TCGA) PanCancer Atlas. This dataset
encompasses clinical data of 580 CRC patients with stage
I–IV disease. We stratified the 171 stage III CRC patients
based on p38α mRNA level Z-score and classified them as
p38α high (80 patients) or p38α low (91 patients) to
investigate the association between p38α expression and
prognosis. We found that high expression of p38α was
associated with worse disease-free survival (DFS, p-value
= 0.0209) and progression-free survival (PFS, p-value=
0.0382) (Fig. 1A, B).

Establishment and characterization of patient-derived
stage III CRC-SCs
Patient-derived CRC-SCs are currently used as a model

to evaluate drug response25. We thus characterized var-
ious CRC cell lines established from stage III CRC
patients and grown as tumorspheres by analyzing their
mutation status, chromosomal and microsatellite
instability (MSI), and expression of a group of surface
markers (Fig. S1A, B). Immunoblot analysis showed
increased amounts of c-Myc in patient-derived CRC cells
compared to HCEC-1CT normal colonocytes and the
CRC cell lines HCT116 and HT29. Notably, patient-
derived CRC-SCs also proved rich in β-catenin, phospho-
p38, and the stem cell markers CD44 and CD133, while
expressing low levels of keratin 20, a major cellular pro-
tein found in mature enterocytes (Fig. S1B). All patient-
derived CRC-SC lines (#8, #9, #21, and #40) used in this
study were also found to express high levels of phospho-
p38α (p-p38α, i.e., p38α-active form) (Fig. S1C). In order
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to characterize our CRC-SC-based pre-clinical model, we
performed immunohistochemical analyses showing that
CRC-SCs recapitulate parental tumor histological features
and cellular heterogeneity in terms of p-p38α expression
and nuclear localization. Interestingly, p-p38α expression
is maintained in CRC-SCs even after the in vivo passage,
as demonstrated by the analysis of tumor xenografts
generated by subcutaneous injection of CRC-SCs
(Fig. 2A). Importantly, our results also showed that
most cells expressing CD44v6, an alternative splicing
form of CD44 playing a major role in cancer progression,
cell migration, and invasion26, are characterized by
nuclear localization of p-p38α, thus suggesting that acti-
vation of p38α is crucial for CRC-SCs (Fig. 2B).

p38α is a new functional member of β-catenin complexes
In order to characterize the functional relationship

between p38α and the Wnt/β-catenin pathway in CRC,
we assessed p38α and β-catenin protein localization in
our colorectal model systems.
HCEC-1CT and HT29 cells were serum-starved to

retain β-catenin in the cytoplasm and then switched to a
serum-containing medium with or without LiCl, a well-
established agonist of the Wnt/β-catenin pathway.
Immunoblot analysis confirmed that expression of
β-catenin and its direct target gene c-Myc is barely
detectable under serum starvation, while it increases
substantially after serum stimulation. Interestingly, p38α
showed the same nuclear/cytoplasmic localization of
β-catenin under all treatment conditions. Specifically,
both were predominantly found in the nucleus in the CRC
cell line, while they were primarily located in the cyto-
plasm in HCEC-1CT cells (Fig. S2A). These data were
corroborated by immunofluorescence staining (Fig. S2B).
Experiments performed in patient-derived stage III

CRC-SC tumorspheres cultured with or without a Wnt/
β-catenin pathway inhibitor (PRI-724) or activator (Wnt3a
alone or in combination with LiCl) confirmed p38α–
β-catenin nuclear/cytoplasmic co-localization under all
treatment conditions also in these cells (Fig. S2C).
These results prompted us to ascertain whether p38α

directly interacts with β-catenin. We thus performed an in
vitro-binding assay between a full-length His-tagged
β-catenin recombinant protein and a GST-tagged p38α
fusion protein, using GST-p300-320-530 as a positive
control27, and found that p38α directly interacts with
β-catenin in vitro (Fig. 3A).
Of note, co-immunoprecipitation (Co-IP) experiments

performed in HEK293 cells transiently transfected with
HA-tagged p38α and FLAG-tagged β-catenin confirmed
that this interaction also occurs in cellulo (Fig. 3B).
Next, we evaluated whether endogenous p38α is a

partner of β-catenin complexes in our colorectal model
systems. Immunoprecipitation of whole-cell lysates with
an antiserum against p38α or β-catenin, followed by
immunoblotting, indicated that p38α is a molecular part-
ner of β-catenin complexes in these cells (Figs. 3C; S3A).
Further immunoprecipitation experiments in HCEC-

1CT, HT29 cells, and patient-derived CRC-SCs subjected
to a cellular fractionation protocol revealed that p38α and
β-catenin co-immunoprecipitate mainly in the cytoplasm
in normal colonocytes but predominantly in the nucleus in
CRC cells and patient-derived CRC-SCs (Fig. 3D, E; S3B).
To validate the results obtained in cellulo, we performed

in vivo experiments in APCMin/+ mice, which are het-
erozygous for a missense mutation in the APC gene and
model human familial adenomatous polyposis (FAP) as
they develop multiple intestinal polyps that acquire car-
cinoma features after exposure to the carcinogen drug

Fig. 1 p38α is a potential marker of therapy efficacy in stage III
CRC patients. A, B Kaplan–Meier curve of disease-free survival (DFS)
(A) and progression-free survival (PFS) (B) in stage III CRC patients as a
function of p38α levels.
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Fig. 2 CRC-SCs recapitulate parental tumor features. A Representative hematoxylin and eosin staining and immunohistochemical analysis of
p-p38α in primary CRC, isolated CRC-SCs, and CRC-SC-derived xenografts. Scale bars, 100 µm. B Representative immunocytochemical analysis of
CD44v6 (red) and p-p38α (brown) in CRC-SCs #21. White arrow-heads indicate CD44v6+/p-p38α+ CRC-SCs. Scale bar, 100 µm.

Lepore Signorile et al. Cell Death and Disease ���������(2021)�12:316� Page 4 of 18

Official journal of the Cell Death Differentiation Association



Fig. 3 Functional interaction between p38α and β-catenin in in vitro models of CRC. A In vitro binding assay between GST-p38α fusion protein
and HIS-β-catenin. Bound proteins were analyzed by immunoblotting using anti-GST and anti-HIS antibodies. B Co-immunoprecipitation with anti-
HA and anti-FLAG antibodies in HEK293 cells overexpressing HA-p38α or FLAG-β-catenin. C Co-immunoprecipitation of endogenous p38α and
β-catenin in the indicated cells. D and E Co-immunoprecipitation of endogenous p38α and β-catenin in nuclear and cytoplasmic fractions of the
indicated cells. F Co-immunoprecipitation of endogenous p38α and β-catenin in nuclear and cytoplasmic fractions from C57BL/6 mice normal colon
tissue and AOM-treated APCMin/+ mice adenocarcinoma tissue. Input corresponds to 10% of the lysate. Anti-IgGs were used as negative controls.
Lamin B1: nuclear loading control; PDI: cytoplasmic loading control; N= nucleus, C= cytoplasm, β-cat= β-catenin.
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azoxymethane (AOM)28. We found increased levels of p-
p38, p-ERK, β-catenin, and c-Myc in mouse colon ade-
noma and adenocarcinoma compared to normal colon
mucosa (Fig. S3C). Moreover, p38α and β-catenin co-
immunoprecipitated mainly in cytoplasmic fractions in
normal colon mucosa but mostly in nuclear fractions in
adenocarcinoma tissue (Figs. 3F; S3D).

p38α is a novel β-catenin chromatin-associated kinase
Based on the above findings, it is reasonable to speculate

that p38α may be involved in β-catenin transcriptional
activity in the nucleus of cancer cells. To confirm this
hypothesis, we performed a dual-luciferase reporter assay
on a c-Myc promoter-Luc construct29. Intriguingly,
overexpression of p38α in HEK293 cells significantly
enhanced transcriptional activity in a manner comparable
to β-catenin overexpression. Moreover, concomitant
overexpression of both proteins further increased c-Myc
transcriptional activity (Fig. 4A).
To investigate the functional role of p38α and β-catenin

complexes in transcriptional regulation, we then eval-
uated p38α and β-catenin co-occupancy of various
β-catenin target gene promoters by chromatin immuno-
precipitation (ChIP). HT29 cells were serum-starved to
inhibit β-catenin activity in the nucleus and then switched
to a serum-containing medium. ChIP assays revealed that
serum mitogens dramatically stimulated β-catenin and
p38α recruitment to Wnt responsive elements (WREs) of
several β-catenin target genes, including c-Myc, c-Met,
Survivin, and CD44, which are all involved in CRC pro-
gression (Fig. 4B). Re-ChIP experiments were then per-
formed to confirm β-catenin and p38α co-occupancy,
providing evidence that these proteins bind to the same
chromatin regions after serum stimulation (Fig. 4B).
Similar results were obtained in CRC-SCs, which showed
co-recruitment of p38α and β-catenin on β-catenin-
binding motifs of all analyzed target genes. This occurred
to an even higher extent when cells were cultured with the
Wnt pathway activator Wnt3a. These data suggest that
p38α supports β-catenin in the activation of β-catenin
target gene transcription in these cells (Figs. 4C; S3E).
Subsequently, we investigated the effect of p38α phar-

macological inhibition (with the selective inhibitor rali-
metinib) or genetic ablation (with two specific siRNAs) on
the regulation of β-catenin target gene expression. Real-
time PCR experiments showed that treatment of HT29
cells with ralimetinib or specific siRNAs leads to the
downregulation of β-catenin target genes, including CD44
and Cyclin D1 (cell cycle markers), Survivin (apoptosis
inhibition), c-MET (migration and invasion), and SOX9
and TCF7 (CSC proliferation markers) (Fig. 4D). These
data were confirmed in patient-derived CRC-SCs treated
with Wnt3a and/or ralimetinib and/or the Wnt pathway
inhibitor PRI-724, and suggest that p38α is involved in the

activation of β-catenin target gene transcription in CRC
cells and patient-derived CRC-SC tumorspheres (Fig. 4E).
β-catenin transcriptional activity is regulated by well-

known phosphorylation signals in the N-terminus and C-
terminus regions30. We thus searched for novel β-catenin
residues that could be directly phosphorylated by p38α.
Since 85% of the p38α phosphorylation sites described so
far are Ser-Pro or Thr-Pro motifs31, we performed an in
silico phosphorylation prediction analysis with DISPHOS
1.3, NETPHOS 3.1, Phosida, iPTMnet, and Phosphosite
Plus servers, focusing on serine and threonine residues.
We identified eight putative phosphosites (S47, S129,
S179, S222, T472, T547, S680, and S721) that were
recognized by at least four prediction servers (Fig. S4). Of
note, many of these residues have been described as being
phosphorylated in vivo in different human cancers32,33.
These findings suggest that β-catenin may be a substrate
of p38α. To verify this hypothesis, we performed an
in vitro kinase assay using purified proteins. Our results
showed that active p38α can efficiently phosphorylate
β-catenin (Fig. 4F). Furthermore, we carried out Co-IP
studies to ascertain whether activation of p38α is required
for the physical interaction with β-catenin in CRC-SC
tumorspheres. Our results showed that p38α active form
(p-p38α) interacts with β-catenin and p38α pharmacolo-
gical inhibition with ralimetinib does not prevent the
formation of the complex (Fig. S5A–C).

p38α inhibition downregulates CRC-SC markers in an
in vivo model
We previously detected a significant reduction in tumor

size in the small intestine and colon of APCMin/+ mice
treated with the p38α inhibitor SB20219011. Moreover, we
observed malignant regression, with foci of inflammatory
cells replacing adenomatous glands, in tumors of treated
animals10. Thus, to further explore the clinical potential of
p38α pharmacological inhibition for β-catenin target gene
downregulation, we performed in vivo experiments in this
murine model. Four-month-old animals were adminis-
tered with AOM (14mg/kg body weight) once a week for
5 weeks; one month later, they were subjected to daily
intraperitoneal injections of SB202190 (0.05 μmol/kg body
weight) or DMSO for 14 days and then sacrificed (Fig. 5A).
Analysis of hematoxylin and eosin-stained colon sections
revealed the presence of several variably pedunculated
adenomatous polyps in DMSO-treated APCMin/+ mice,
with most glands showing irregular margins and stratified
pencil-shaped nuclei of various sizes. In contrast, intestinal
polyps detected in SB202190-treated animals were not
pedunculated, and an overall regression of adenomatous
morphology was observed (Fig. 5B). Immunohistochemical
analysis of healthy colon sections from C57BL/6 control
mice showed no nuclear p-p38α or c-Myc staining, while
cyclin D1 expression was limited to gland pits, and
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Fig. 4 (See legend on next page.)
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sporadic staining was detected for CD44v6. Conversely, in
AOM-treated APCMin/+ mice colon sections, p-p38α
staining showed high nuclear positivity in vehicle-injected
animals, whereas decreased expression was detected in
epithelial cells of SB202190-treated animals. Importantly,
considerable neoplastic regression was observed in
SB202190-injected mice colon tumors. Histopathological
analysis also revealed significantly detectable neutrophilic
and lymphoid infiltrates in all tumors treated with the
p38α inhibitor. Moreover, nuclear c-Myc and cyclin
D1 staining was detected in colon sections from vehicle-
treated mice, while colon tumors from SB202190-injected
animals showed faint cytoplasmic positivity with a stron-
ger reduction in nuclear areas. In control tumor samples,
staining for CD44v6 was observed at the bottom of
intestinal crypts, where CRC-SCs reside, while no staining
was detected in the crypts from tumors treated with
SB202190 (Fig. 5C). These results confirmed that p38α
pharmacological inhibition induces the downregulation of
CRC-SC markers, which likely reflects a reduction in the
resistant tumor cell population. The above data further
strengthen the potential of p38α inhibition in CRC in vivo.

Targeting p38α in patient-derived CRC-SCs to circumvent
chemoresistance
CRC-SC cultures are heterogeneous and comprise

variable amounts of differentiated and CSC populations26.
In order to evaluate the specific effect of p38α inhibition
on CSCs versus differentiated cells in CRC-SC cultures,
cell samples enriched for the top 20% CD44v6high or
CD44v6low subsets by cell sorting (Fig. S6) were treated
with ralimetinib and scored for viability and clonogenic
potential. Our results showed that pharmacological inhi-
bition of p38α reduces the proliferative capacity of both
the CSC and the differentiated/progenitor cell compart-
ments, identified as CD44v6high and CD44v6low, respec-
tively (Fig. 6A, B). Importantly, our results also indicate
that pharmacological inhibition of p38α significantly
reduced the clonogenic potential of both cell subsets
(Fig. 6C).

Since CSCs are involved in drug resistance and disease
recurrence, we evaluated the potential of ralimetinib as a
sensitizing agent in chemoresistant CRC-SCs as part of a
synergistic approach with currently used chemother-
apeutics (CHTs), such as 5-FU, CDDP, CPT-11, or tra-
metinib, a MEK1 inhibitor that is already approved for
clinical use (Fig. 6D).
To this end, CRC-SCs pre-treated with ralimetinib for

48 h were subsequently treated with CHTs/trametinib for
24 h. Our results revealed that the combined therapeutic
strategy (ralimetinib+CHTs/trametinib) has nonlinear
cumulative effects and is more effective than CHTs/tra-
metinib alone. Indeed, pre-treatment with ralimetinib
reduced CRC-SC proliferative index (Figs. 6E; S7A) and
increased cell death (Figs. 6F; S7B). These data support
the potential of p38α inhibition to enhance sensitivity
to CHTs.
Then, we performed a soft agar assay to assess the ability

of patient-derived CRC-SCs to form colonies of anchorage-
independent tumor cells. Our results showed that com-
bined treatment with ralimetinib and CHTs or trametinib
almost completely abolishes CRC-SC clonogenic activity
compared to each single treatment (Figs. 6G; S7C).
Since patient-derived CRC-SCs grow as spheres, we also

performed a spheroid-based migration assay to assess
their invasive capacity. We found that co-treatment with
ralimetinib and CHTs or trametinib leads to a remarkable
decrease in CRC-SC migratory ability (Figs. 6H; S7D).
We further investigated the biological impact of co-

treatment with ralimetinib and CHTs or trametinib on
patient-derived CRC-SC fate by analyzing Ki67 expression
and annexin V staining by flow cytometry. Ki67 is com-
monly used as a marker of cell proliferation; in addition, it
is involved in the maintenance of the stem cell niche and
thus can also be used as a CSC marker34. Based on our
results, pre-treatment with ralimetinib enhanced the
growth-inhibitory activity of CHTs and trametinib (Figs.
7A; S7E), and this effect was associated with induction of
apoptosis, while no necrosis was observed (Figs. 7B; S7F).
Activation of the apoptotic pathway in co-treated CRC-

(see figure on previous page)
Fig. 4 p38α is a novel β-catenin chromatin-associated kinase. A Luciferase assay for c-Myc promoter activity. HEK293 cells were serum-starved for
24 h and transfected with either the empty vector (pcDNA) or pcDNA3.1-HAHA-p38α and/or pcDNA-β-catenin expression constructs. B Chromatin
immunoprecipitation (ChIP) and re-ChIP assays in HT29 cells. Cells were serum-starved for 48 h and then switched to a serum-containing medium for
4 h. In ChIP assays (upper panels), chromatin was pulled down with anti-p38α and anti-β-catenin antibodies. In re-ChIP assays (lower panels),
chromatin was pulled down with anti-p38α antibodies and then re-immunoprecipitated with anti-β-catenin antibodies and vice versa. Anti-IgGs
were used as negative controls. C ChIP with anti-p38α and anti-β-catenin antibodies. CRC-SC tumorspheres were treated or not with Wnt3a (50 ng/
ml) for 4 h. B, C Quantification was done using the % input method. D Real-time PCR analysis of β-catenin target genes in HT29 cells treated with
ralimetinib (10 µM) or two p38α-specific siRNAs (sip38α #1 and #2) for 48 h. E Real-time PCR analysis of β-catenin target genes in CRC-SC
tumorspheres treated with Wnt3a (50 ng/ml) for 4 h with or without ralimetinib (10 µM) or PRI-724 (25 nM) for 20 h. D, E Data are presented as mRNA
fold change vs. control. F In vitro kinase assay showing β-catenin phosphorylation by p38α. UT= untransfected. A *P < 0.05 vs. BASIC, #P < 0.05 vs.
untransfected cells, ▴P < 0.05 vs. p38α-transfected or β-catenin-transfected cells. B *P < 0.05 vs. serum-starved cells. C, E *P < 0.05 vs. untreated cells,
and #P < 0.05 vs. Wnt3a-treated cells. D *P < 0.05 vs. control (DMSO or control siRNA). F *P < 0.05 vs. active p38α.
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Fig. 5 p38α inhibition downregulates CRC-SC markers in an in vivo model. A Mice treatment scheme. B Hematoxylin and eosin staining of
AOM-treated APCMin/+ mice injected with the p38α inhibitor SB202190 or DMSO. Original magnification: 200x. C Immunohistochemistry analysis of
colon tissue sections from C57BL/6 and AOM-treated APCMin/+ mice injected with the p38α inhibitor SB202190 or DMSO. Original
magnification: 100x.
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Fig. 6 (See legend on next page.)
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SCs was further confirmed by immunoblotting for cleaved
PARP (Fig. 7C).
As additional evidence, a live/dead staining assay per-

formed on patient-derived CRC-SC tumorspheres cul-
tured in Matrigel showed a marked reduction in cell
survival upon combined treatment with ralimetinib and
CHTs or trametinib in this reconstituted 3D culture
system (Fig. 7D).
Overall, these data indicate that p38α inhibition makes

chemoresistant patient-derived CRC-SCs more sensitive
to 5-FU, CDDP, CPT-11, and trametinib, and prone to
apoptosis.

Targeting p38α as part of a synthetic lethality approach in
APCMin/+ mice intestinal organoids
The above preclinical data, along with previous evidence

showing the existence of a p38α-ERK synthetic lethality
crosstalk that is crucial for CRC therapy response10,12,
support further investigation of a CRC-SC-targeted syn-
thetic lethality approach based on p38α inhibition.
Budding organoids formed from adenoma crypt cells of

APCMin/+ mice were thus used to assess the survivability
of intestinal stem cells after treatment with ralimetinib
and trametinib. Live/dead staining revealed the synthetic
lethality effect of p38α and MEK1 combined inhibition
(Fig. 8A). These data were confirmed by the reduced
number (Fig. 8B) and size (Fig. 8C) of organoids after
treatment with both inhibitors.

Discussion
CRC is a leading cause of cancer-related death, with a

5-year survival rate of 5% in metastatic patients3. Recur-
rence and metastasis depend on a small subset of cells
within the tumor, called CSCs5, which are exposed to
selective pressure35 and retain the potential for self-
renewal, differentiation, and tumorigenicity36. Indeed,
current therapies are generally based on drugs that affect
rapidly dividing cells, while CRC-SCs show a low
proliferative potential37. Furthermore, CRC-SCs display

alterations of DNA repair mechanisms and express high
levels of proteins that are involved in CHT resistance38.
Hence, targeting this specific cell subpopulation may be
an effective strategy to eradicate CRC and increase the
survival of metastatic patients.
Several approaches focused on the CSC population are

currently being evaluated, some of which successfully entered
clinical trials (e.g., ClinicalTrials.gov ID NCT01190345,
NCT01440127).
Here, we identified p38α as a new druggable member of

β-catenin chromatin-associated kinase complexes in col-
orectal model systems (normal colonocytes, CRC cell
lines, and patient-derived CRC-SCs that recapitulate
parental tumor histological features). Moreover, we
showed that CRC cells and patient-derived CRC-SCs have
higher levels of activated p38α than normal colonocytes
and are “addicted” to p38α activity.
Interestingly, our meta-analysis on a cohort of color-

ectal tumors retrieved from TCGA PanCancer Atlas
dataset correlated p38α mRNA levels to stage III disease
prognosis, with high p38α expression being associated
with worse DFS and PFS. Based on these findings, p38α
may be used as a marker of resistance and a predictor of
therapy response in CRC.
We also demonstrated that p38α acts as a β-catenin

chromatin-associated kinase involved in tumor prolifera-
tion, metastatic dissemination, and chemoresistance.
Indeed, our data suggest that p38α serves as a regulator of
gene expression by interacting with β-catenin-TCF/LEF
transcriptional complexes that are recruited to WREs.
The recruitment of protein kinases to promoter reg-
ulatory elements can have important functional con-
sequences; in particular, these proteins may represent new
therapeutic targets in cancer cell signaling.
Our analysis of p38α recruitment on β-catenin target

gene promoters using ChIP re-ChIP assays suggests that
the Wnt signaling pathway likely converges on p38α and
β-catenin, which co-regulate target gene expression.
Indeed, p38α feeds into the Wnt pathway at least in two

(see figure on previous page)
Fig. 6 Targeting p38α in patient-derived stage III CRC-SCs to circumvent chemoresistance. A Growth kinetics of CD44v6low-enriched and
CD44v6high-enriched CRC-SCs treated with ralimetinib (10 μM) or the vehicle for up to 72 h. B Viable cell number variation in CD44v6low- and
CD44v6high-enriched CRC-SCs treated with ralimetinib (10 μM) for 72 h. Values were normalized against those of vehicle-treated cells. C Limiting
dilution assay performed on CD44v6low-enriched and CD44v6high-enriched CRC-SCs. The graph shows the clonogenic capacity of each cell subset.
A–C CD44v6low and CD44v6high represent cell samples enriched for the top 20% cells with the lowest and highest expression of CD44v6, respectively.
A, C *P < 0.05: CD44v6high treated with ralimetinib vs. CD44v6high treated with the vehicle; and #P < 0.05: CD44v6low treated with ralimetinib vs.
CD44v6low treated with the vehicle. D Treatment scheme: CRC-SCs were pre-treated with ralimetinib (10 μM) for 48 h and then treated with 5-FU
(2 μM), CDDP (30 μM), CPT-11 (30 μM), or trametinib (1 nM) for another 24 h in the presence of ralimetinib. E Quantification of cell viability by Cell Titer
Glo in CRC-SCs #21 treated as described in (D). F Quantification of cell death by trypan blue staining in CRC-SCs #21 treated as described in (D). G
Colony-forming ability of CRC-SCs #21 seeded onto double-layer soft agar and treated as described in (D). Data represent the percentage of colonies
relative to DMSO-treated cells. Original magnification: 100x. H Migratory ability of growth factor-starved CRC-SCs #21 placed in the inner chamber of
transwell plates and treated with the indicated compounds for 16 h. Migrating cells were fixed and counted under a fluorescence microscope. Original
magnification: 100x. Tram= trametinib. *P < 0.05: treatment vs. control (DMSO); and #P < 0.05: combined treatment vs. corresponding single treatments.
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Fig. 7 (See legend on next page.)
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different ways: one in the cytoplasm, at the level of
GSK3β, as demonstrated by Thornton and colleagues37,
and the other at the chromatin level, by interacting with
and phosphorylating β-catenin on WREs, as shown by
our data.
Activation of p38α and nuclear β-catenin is observed in

many tumors, and several genes targeted by these sig-
naling pathways are crucial for cancer development and
progression. For instance, it has been demonstrated that
c-Myc, the main Wnt/β-catenin target, is consistently
overexpressed in CRC-SCs and its downregulation sup-
presses CRC-SC self-renewal and xenograft growth39.
Interestingly, we found that p38α pharmacological inhi-
bition does not prevent the formation of the p38α–
β-catenin complex but downregulates several β-catenin
target genes, including c-Myc, in a manner comparable to
the Wnt/β-catenin inhibitor PRI-724, which is currently
being evaluated in clinical trials (e.g., ClinicalTrials.gov ID
NCT04351009). Moreover, our results revealed that both
the CSC and the differentiated cell compartments of
CRC-SC cultures are efficiently targeted by treatment
with the p38α kinase inhibitor ralimetinib.
In our model systems, the combined use of CHTs and

ralimetinib proved more effective than CHTs alone.
In particular, ralimetinib promoted sensitization of

patient-derived CRC-SCs to CHTs commonly used in
CRC therapy, such as 5-FU, CDDP, and CPT-11, as shown
by a reduction in Ki67-positive cells and induction of
apoptosis. These combined treatments also affected key
CRC-SC features that contribute to tumor aggressiveness
and metastatization, including their colony-forming and
migratory ability. Moreover, ralimetinib showed a syn-
thetic lethality effect when used in combination with the
MEK1 inhibitor trametinib in patient-derived CRC-SC
tumorspheres, in a human 3D culture system, and in
APCMin/+ mice organoids.
Overall, our results confirmed the crucial role of the

p38α–β-catenin axis in the regulation of intestinal
tumorigenesis, suggesting that p38α manipulation could
be an effective therapeutic approach in stage III CRC
patients. Indeed, it may be used to target CRC-SCs in
addition to bulk tumor populations to counter uncon-
trolled proliferation, metastatic dissemination, and che-
moresistance. Several p38α inhibitors passed phase I

clinical trials and are currently in phase II or III for
inflammatory diseases and cancer40–45. In particular, rali-
metinib displayed a tolerable safety profile, with pre-
liminary evidence of antineoplastic activity in a recent
phase I trial (ClinicalTrials.gov ID NCT01393990, com-
pleted in March 2020) in patients with advanced or
metastatic cancer. Moreover, it is currently being tested in
combination with other agents in an ongoing phase I study
in CRC patients (ClinicalTrials.gov ID NCT02860780).
Altogether, our preclinical data support further clinical

development of ralimetinib as a sensitizing agent to
commonly used CHTs and suggest the potential of a
synthetic lethality approach based on p38α and MEK1
inhibition.

Materials and methods
Clinical data
CRC tissues were obtained from four patients at the

time of resection, in accordance with the ethical standards
of the Institutional Committee on Human Experimenta-
tion (authorization CE9/2015, Policlinico P. Giaccone,
Palermo) after informed consent.

Cell lines and intestinal 3D models
HCT116 and HT29 cells were cultured in DMEM

(#11360-070, Gibco) with 10% FBS (#0270-106, Gibco)
and 100 IU/ml penicillin–streptomycin (#15140-122,
Gibco). HEK293 cells were supplemented with 1%
pyruvate (#11360070, Gibco) and 1% NEAA (#11140,
Sigma-Aldrich). HCEC-1CT cells were cultured in
COLO-UP (Evercyte) medium supplemented with
100 IU/ml penicillin–streptomycin (#15140-122, Gibco).
#8, #9, #21, and #40 cells were isolated and propagated
from CRC patients as previously described38. All cell lines
were tested to be mycoplasma-free (#117048; Minerva
Biolabs). Human intestinal 3D cultures were generated
from CRC-SCs as previously described46. Mouse intestinal
organoids were generated from APCMin/+ male mice as
previously described47,48. All cell cultures were performed
in a 37 °C and 5% CO2 incubator.

Chemicals
5-FU (F6627), Wnt3a (H17001), LiCl (L9650), and

Trypan blue (T8154) were purchased from Sigma-

(see figure on previous page)
Fig. 7 Combined treatment with ralimetinib and chemotherapeutics or trametinib has a synergistic cytotoxic effect. A Flow cytometry
analysis of Ki67 expression in CRC-SCs #21 treated as described in Fig. 6D. Populations were gated identically using the unstained background
populations shown in gray behind the Ki67-negative (blue) and Ki67-positive (red) populations. The graph on the right summarizes the percentage of
Ki67-positive cells. B Flow cytometry analysis of annexin V staining in CRC-SCs #21 treated as described in Fig. 6D. The graph on the right summarizes
the percentage of apoptotic cells (early+ late). C Immunoblot analysis of cleaved PARP levels in CRC-SCs #21 treated as described in Fig. 6D. β-actin
was used as a loading control. D Live/dead staining of CRC-SCs #21 grown as 3D cultures and treated as described in Fig. 6D. Tram= trametinib.
Green: live cells; red: dead cells. *P < 0.05: treatment vs. control (DMSO); and #P < 0.05: combined treatment vs. corresponding single treatments.

Lepore Signorile et al. Cell Death and Disease ���������(2021)�12:316� Page 13 of 18

Official journal of the Cell Death Differentiation Association



Aldrich. Cisplatin (S1166), Ralimetinib (S1494), Trame-
tinib (S2673), Irinotecan (S2217), PRI-724 (S8262), and
SB202190 (S1077) were purchased from SelleckChem.

Cloning and plasmids
Efficiency DH5α Competent Cells (C2987H) and BL21

(DE3) Competent E. coli (C2527I) were purchased from

Fig. 8 Targeting p38α as part of a synthetic lethality approach in APCMin/+ mice intestinal organoids. A Brightfield imaging of organoids
formation from single adenoma intestinal crypts isolated from APCMin/+ mice at T0 and after 24 h treatment with ralimetinib (10 μM) and/or
trametinib (1 nM). Treated organoids were also subjected to live/dead staining. Green: live cells; red: dead cells. B Quantification of APCMin/+ mice
intestinal organoids after 24 h treatment with ralimetinib (10 μM) and/or trametinib (1 nM). C Average area of APCMin/+ mice intestinal organoids after
24 h treatment with ralimetinib (10 μM) and/or trametinib (1 nM), as measured using ImageJ software. *P < 0.05: treatment vs. control (DMSO).
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New England Biolabs and were used for all cloning
experiments. Cells were grown in standard LB media.
Plasmids were generated as previously described49. The
pcDNA-human-β-catenin (#16828) plasmid was pur-
chased from Addgene. Primer sequences are listed in
Supplementary Table 1.

Cell transfection and RNA interference
HEK293 cells were transfected with mammalian

expression plasmids using Lipofectamine 3000 (#L3000015,
Thermo Fisher Scientific) according to the manufacturer’s
instruction. For RNA interference, HT29 cells were trans-
fected with 50 nM validated siRNAs (Ambion) directed
against MAPK14 using the HiPerfect reagent (#301704,
QIAGEN) according to the manufacturer’s instructions.
siCTRL (Eurofins) was used as a non-silencing control.
siRNA sequences are listed in Supplementary Table 1.

Recombinant protein expression/purification
BL21 competent cells, transformed with different

constructs, were grown in LB medium with antibiotics
and induced with IPTG. Cells were lysed with B-PER
lysis buffer (#78248, Thermo Fisher Scientific). GST-
fusion proteins were purified with Pierce Glutathione
Magnetic Agarose Beads (TH269836, Thermo Fisher
Scientific) according to the manufacturer’s instructions.
His-fusion proteins were purified with Dynabeads
His-Tag Isolation and Pulldown (10104D, Thermo
Fisher Scientific) according to the manufacturer’s
instructions.

Immunoblotting
Nuclear and cytoplasmic fractions were obtained by

using the Nuclear Extraction Kit (#ab113474, Abcam)
according to the manufacturer’s instructions. Immuno-
blots were carried out as previously described10. Primary
antibodies: anti-β-actin (#3700), anti-c-Myc (#9402), anti-
p44/42 MAPK (Erk1/2) (#9102), anti-phospho p44/42
MAPK (Erk1/2) (Thr202/tyr204) (#9106S), anti-p38
MAPK (#9212), anti-p38α MAPK (#9228), anti-
phospho-p38 MAPK (Thr180/Tyr182) (#9211), anti-
Lamin B1 (#12586), anti-Keratin20 (BK13063S),
anti-PDI (#2446S), anti-β-catenin (#9562), anti-GST
(#2625), anti-CD133 (#5860), anti-CD44 (#3570), anti-
Musashi (#2154) all from Cell Signaling Technologies,
anti-HIS-tag (H1029), anti-FLAG (F1804), anti-HA-tag
(H3663) all from Sigma-Aldrich, anti-lgr5 (GPCR)
(75732) from Abcam, HSP90 α/β (sc13119) from Santa
Cruz Biotechnology, p-p38 MAPK α (Thr180, Tyr 182)
(MA5-15177) from Invitrogen and anti-phospho-p38α
(MAB8691) from R&D Systems. Rabbit IgG HRP and
Mouse IgG HRP (#NA934V and #NA931V, GE Health-
care, respectively) were used as secondary antibodies and
revealed using the ECL-plus chemiluminescence reagent

(RPN2232, GE Healthcare). Densitometric evaluation was
performed by ImageJ software.

Co-immunoprecipitation
Co-IP was carried out as previously described10. Cells

were lysed with the Nuclear Extraction Kit (ab113474,
Abcam) according to the manufacturer’s instructions.
Primary antibodies: p38α (#8690, Cell Signaling),
β-catenin (#9562, Cell Signaling), and p-p38 MAPK α
(Thr180, Tyr 182) (MA5-15177, Invitrogen). IgG was used
as a negative control.

Annexin V staining
2 × 104 cells/plate were stained with Muse Annexin V

and Dead Cell Reagent (Luminex MCH100105) according
to the manufacturer’s instructions.

Immunofluorescence
Cells were seeded on glass coverslips, fixed in 4% par-

aformaldehyde, and permeabilized using 0.01–0.1% Tri-
ton X-100. Coverslips were incubated with the indicated
primary antibodies and then with Alexa Fluor 488 (#A-
11094, Thermo Fisher Scientific) and 647 (#A-32728)
secondary antibodies; nuclei were counterstained using
DAPI (D9542, Sigma-Aldrich). Slides were sealed
using Vectashield Mounting Medium (#H1000, Vector
Laboratories). Images were acquired using a Zeiss fluor-
escence microscope. Primary antibodies: p38α (#8690,
Cell Signaling) and β-catenin (#9562, Cell Signaling).

Quantitative real-time PCR
RNA extraction and real-time PCR were performed as

previously described10. Primer sequences are listed in
Supplementary Table 1.

Histology and immunohistochemistry
Tissue specimens were formalin-fixed in 4% buffered

formalin, embedded in paraffin, sectioned at 4 mm
thickness, and stained with hematoxylin and eosin.
Additional sequential sections (3–5 μm) were cut and used
for immunohistochemical analysis. Sections were dewaxed
and rehydrated in dH2O. Endogenous peroxidase activity
was blocked by incubation in 3% hydrogen peroxide for
10min. Antigen retrieval was conducted in 10mM sodium
citrate buffer (pH 6.0) for 30min. Sections were incubated
overnight with the primary antibodies: p-p38α (1:100,
M45-15177, Thermo Fisher Scientific), β-catenin (1:400,
9562, Cell Signaling), c-Myc (1:100, #9402, Cell Signaling),
cyclin D1 (1:50, #2978, Cell Signaling), and CD44v6 (1:250,
AB2080, Merck Millipore). Then, they were incubated
with secondary biotinylated antibodies and subsequently
with streptavidin–biotin–peroxidase (Envision+ System
HRP anti-rabbit and anti-mouse, K8002, Agilent). Samples
were developed with DAB and mounted with permanent
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mounting media. Negative controls were used in each
experiment. p-p38α, β-catenin, c-Myc, Cyclin D1, and
CD44v6 immunoreactivity was evaluated by a semi-
quantitative approach by two independent pathologists, in
a blinded manner, who scored the percentage of positive-
stained cells and the intensity of the staining (0: absent, 1:
mild and focal, 2: moderate, 3: intense and diffuse).
Immunocytochemical analysis was performed on

cytospins using p-p38 MAPK α (Thr180, Tyr 182) (MA5-
15177) (1:100) from Invitrogen. Single staining was
revealed using a biotin–streptavidin system (Dako) and
detected with 3-amino-9-ethylcarbazole (Dako). Nuclei
were counterstained with aqueous hematoxylin (Sigma).

Chromatin immunoprecipitation
Chromatin isolated from HT29 cells and CRC-SCs was

subjected to chromatin immunoprecipitation using the
MAGnify Chromatin Immunoprecipitation System
(492024, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Chromatin was sonicated to
a fragment length of about 200–500 bp and immunopre-
cipitated with 1 µg of rabbit IgG: p38α (#8690, Cell Sig-
naling) and β-catenin (#9562, Cell Signaling). For re-ChIP,
immune complexes were eluted with elution buffer (TE
buffer, 10 mM DTT) for 30 min at 37 °C, diluted with the
dilution buffer provided in the kit, and subjected to
immunoprecipitation with a second antibody of interest.
Primer sequences are listed in Supplementary Table 1.

In vitro pull-down assay
His-β-catenin recombinant human protein was incubated

with GST-p38α fusion protein. p300 (302-530)-GST fusion
protein was used as a positive control. Fusion proteins were
precipitated with Dynabeads His-Tag Isolation and Pull-
down (10104D, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Primary antibodies: poly-
Histidine (H1029, Sigma-Aldrich) and GST (#2625, Cell
Signaling). Rabbit IgG HRP and Mouse IgG HRP
(#NA934V, #NA931V, GE Healthcare, respectively) were
used as secondary antibodies and revealed using the ECL-
plus chemiluminescence reagent (RPN2232, GE Healthcare).

Cell sorting
For CRC-SC sorting, cells were collected, washed in

PBS, and stained for 1 h at 4 °C with conjugated antibodies
specific for CD44v6 (2F10 APC, mouse IgG1; R&D Sys-
tems) or a corresponding isotype-matched control (IMC).
Dead cell exclusion was performed by using 7-AAD
(0.25 µg/1 × 106 cells, BD Biosciences). Cells were washed
with 2% BSA and 2mM EDTA in PBS and filtered with a
70 µm mesh to prevent cell clogging. Isolation of
CD44v6low and CD44v6high cells was performed by using
the FACSMelody cell sorter. Post-sorting analysis was
performed to verify the purity of sorted populations.

Karyotyping protocol
CRC-SCs were seeded at high density (2 × 106 cells/ml).

After 24 h, colcemid-treated CRC-SCs were incubated in a
hypotonic solution, fixed in a chilled fixative solution, and
then washed extensively. Chromosomes were counted
using an Olympus microscope.

Mutation analysis
For targeted deep DNA re-sequencing, the sequen-

cing library was prepared as previously described25.
MSI analysis was performed with a reference panel of
five fluorescent dye-labeled microsatellite primers (NR-
21, BAT-25, MONO-27, NR-24, BAT-26) using the
MSI Analysis System kit (MD1641, Promega). Ampli-
fied fragments were detected by loading the PCR pro-
ducts for capillary electrophoresis using an ABI Prism
3500 Genetic Analyser and the POP-4 polymer
(4393710, Applied Biosystems) according to the man-
ufacturer’s instructions. MSI status was determined
upon analysis with GeneMapper software, Version_4.1
(Applied-Biosystems).

Cellular assays
For cell viability assays, viability was assessed using the

CellTiter-Glo Luminescent Cell Viability Assay Kit
(G7570, Promega) according to the manufacturer’s
instructions. The luminescent signal was read using a
SPECTROstar Omega microplate reader (BMG Labtech).
The CellTiter 96® AQueous One Solution Cell Pro-
liferation Assay (G3580, Promega) (MTS) was performed
according to the manufacturer’s instructions and analyzed
by using the GDV MPT reader (DV 990 BV6).
For cell death assays, cell death was assessed by cell

counting as previously described17. Human intestinal 3D
cultures and APCMin/+ mouse intestinal organoids were
stained using the LIVE/DEAD® Cell Imaging Kit (R37601,
Thermo Fisher Scientific) according to the manufacturer’s
instructions.
For clonogenic assays, dissociated CRC-SCs were plated

in triplicate at 500 cells/well suspended in 0.3% agarose
over a layer of 0.5% agarose and treated as indicated.
For motility assays, 1 × 104 control or treated CRC-SCs

were suspended in 200 μl of non-supplemented stem cell
medium and plated into the upper wells of Matrigel-
coated Boyden chambers containing 8 μm diameter
polycarbonate membranes (CLS3422-48EA, Corning).
Lower wells contained 600 μl of stem cell medium sup-
plemented with 20 ng/ml EGF and 10 ng/ml basic FGF
and the relevant drugs.
For proliferation assays, CRC-SCs treated as indicated

were analyzed to determine the percentage of proliferat-
ing cells based on Ki67 expression using the Muse
Ki67 Proliferation Kit (MCH100114, Merck Millipore)
according to the manufacturer’s instructions.
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For the luciferase assay, HEK293 cells were lysed
with 100 µl Passive Lysis (E1910, Promega) and the
assay was performed according to the manufacturer’s
instructions.
Analysis of p38α kinase activity was performed using

the ADP-Glo Kinase Assay (V6930, Promega) according
to the manufacturer’s instructions. p38α active protein
(25 ng, V2701, Promega) was assayed in a kinase reaction
buffer with 50 µM ATP and varying concentrations of
human recombinant β-catenin (0.5, 1, and 1.5 μg). 1 μg of
p38 peptide substrate was used as a control. The gener-
ated luminescence was measured using a luminometer
(SPECTROstar Omega microplate reader, BMG Labtech).

ELDA
CD44v6low- and CD44v6high-enriched cells were plated

at 1, 2, 4, 8, 16, 32, 64, and 128 cells per well in 96-well
plates. Clonal frequency was calculated using the extreme
limiting dilution analysis (ELDA) tool (http://bioinf.wehi.
edu.au/software/elda/index.html).

In vivo studies
For in vivo studies, normal, adenoma, and adenocarci-

noma colon mucosa tissues were obtained from C57BL/6
mice (n= 12), APCMin/+ mice (n= 12), and APCMin/+

mice (n= 24) treated with 14mg/kg of AOM (A5486,
Sigma-Aldrich), respectively. Four-month-old APCMin/+

male mice were administered with AOM (14mg/kg body
weight) once a week for 5 weeks; one month later, they
were subjected to daily intraperitoneal injections of the
p38α inhibitor SB202190 (0.05 μmol/kg body weight) or
DMSO for 14 days and then sacrificed. Body weight was
recorded daily. Procedures involving animals and their
care were conducted in conformity with the institutional
guidelines that comply with national and international
laws and policies.

TCGA PanCancerAtlas data source and meta-analysis
To study the association between p38α mRNA expres-

sion levels and CRC aggressiveness, RNA-seq gene
expression data (Z-scores) of 592 CRC patients and TNM
stage clinical data of 580/592 patients were obtained from
TCGA PanCancerAtlas through the cBioPortal website50.
Patients were stratified based on p38α mRNA Z-score
into two groups with high (>median, n= 296/592) or low
(≤median, n= 296/592) p38α mRNA expression. Statis-
tical analysis was performed using R (version 3.6.2), an
open-source freely available software environment for
statistical computing and graphics. Survival curves of
stage III CRC patients (n= 171) were assessed according
to the Kaplan–Meier method, and DSF and PFS were used
as the endpoint. Differences between stage III CRC
patients with high p38α mRNA (n= 80/171) and low

p38α mRNA (n= 91/171) were assessed using the log-
rank test and R packages “survival” and “survminer”51–53.

In silico prediction analysis
In silico prediction analysis was performed using DIS-

PHOS 1.3, NETPHOS 3.1, Phosida, iPTMne, and Phos-
phosite Plus servers.

Quantification and statistical analysis
The statistical significance of the results was analyzed

using the Student’s t-tail test, and P < 0.05 was considered
statistically significant. Results are representative of at
least three independent experiments.
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Supplementary figure legends 1 

Supplementary Figure 1. Characterization of patient-derived stage III CRC-SCs  2 

(A) Mutation, chromosomal (CIN) and microsatellite instability (MSI) analysis of patient-3 

derived stage III CRC-SCs (#40, #8, #21, #9) F=female; M=male; R=rectum; S=sigmoid. 4 

(B) Immunoblot analysis showing the expression of several stem cell markers in CRC-SCs 5 

#21, HCEC-1CT normal colonocytes, HCT116 and HT29 CRC cell lines. β-actin was used 6 

as a loading control. 7 

(C) Immunoblot analysis showing p-p38α levels in CRC-SCs. HSP90 was used as a 8 

loading control. 9 

 10 

Supplementary Figure 2. p38α and β-catenin subcellular co-localization 11 

(A) Left panels: Immunoblot analysis showing p38α and β-catenin subcellular localization 12 

in HCEC-1CT and HT29 cells under different culture conditions. Cells were serum-starved 13 

for 48 h and then switched to a serum-containing medium with or without LiCl (10 mM) 14 

for 4 h. Right panels: Densitometric analysis of the indicated proteins normalized against 15 

the loading control. 16 

(B) Left panels: Immunofluorescence analysis showing p38α and β-catenin subcellular 17 

localization in HCEC-1CT and HT29 cells under serum starvation and after serum 18 

addition. Right panel: Quantification of p38α and β-catenin co-staining. 19 

(C) Upper panels: Immunoblot analysis showing p38α and β-catenin subcellular 20 

localization in CRC-SCs #40, #9, and #21 treated with PRI-724 (1 µM) for 24 h or with 21 

Wnt3a (50 ng/ml) and/or LiCl (10 mM) for 4 h. Lower panels: Densitometric analysis of 22 

the indicated proteins normalized against the loading control. 23 

(A, C) Lamin B1: nuclear loading control; PDI: cytoplasmic loading control. 24 

UT=untreated; N=nucleus; C=cytoplasm; LiCl=lithium chloride. 25 



2 
 

Statistical analysis was performed using Student’s t-tail test; *P<0.05 vs UT; #P<0.05 vs. 26 

serum-starved cells was considered statistically significant.  27 

 28 

Supplementary Figure 3. Functional interaction between p38α and β-catenin in 29 

patient-derived stage III CRC-SCs and mouse models 30 

(A) Co-immunoprecipitation of endogenous p38α and β-catenin in patient-derived stage III 31 

CRC-SCs #40. 32 

(B) Co-immunoprecipitation of endogenous p38α and β-catenin (β-cat) in nuclear and 33 

cytoplasmic fractions of patient-derived stage III CRC-SCs #40. Lamin B1: nuclear 34 

loading control; PDI: cytoplasmic loading control. 35 

(C) Immunoblot analysis of the indicated proteins in C57BL/6 mice and in APCMin/+ mice 36 

treated or not with azoxymethane. 37 

(D) Densitometric analysis of co-immunoprecipitated p38α and β-catenin in nuclear and 38 

cytoplasmic fraction from colon tissues isolated from 12 C57BL/6 mice and 12 AOM-39 

treated APCMin/+ mice.  40 

(E) ChIP with anti-p38α and anti-β-catenin antibodies in CRC-SCs #21 and #8. 41 

Quantification was done using the % input method. 42 

N=nucleus; C=cytoplasm, AOM=azoxymethane. Statistical analysis was performed using 43 

Student’s t-tail test; *P<0.05 was considered statistically significant.  44 

 45 

Supplementary Figure 4. Prediction analysis of phosphorylation sites on β-catenin 46 

amino acid sequence 47 

Schematic representation of the human β-catenin protein highlighting functional domains 48 

and binding sites of the main interactors. In silico prediction analysis was performed using 49 

five different servers: DISPHOS 1.3, NETPHOS 3.1, Phosida, iPTMnet, and Phosphosite 50 

Plus.  51 
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 52 

Supplementary Figure 5. Involvement of p38α active form in p38α-β-catenin 53 

complexes 54 

(A) Immunoprecipitation of whole-cell lysates with an antiserum against p38α followed by 55 

immunoblotting with anti-β-catenin and anti-p-p38 antibodies in CRC-SCs #21. 56 

(B) Immunoprecipitation of whole-cell lysates with an antiserum against β-catenin 57 

followed by immunoblotting with anti-p38α and anti-p-p38 antibodies in CRC-SCs #21. 58 

(C) Immunoprecipitation of whole-cell lysates with an antiserum against p-p38α followed 59 

by immunoblotting with anti-β-catenin and anti-p38α antibodies in CRC-SCs #9. 60 

(A-C) Input corresponds to 10% of the lysate.  61 

 62 

Supplementary Figure 6. CRC-SC sorting of CD44v6low- and CD44v6high-enriched 63 

populations 64 

Flow cytometry gating strategy (single cells/viable cells gates) and cell sorting of top 20% 65 

CD44v6low versus CD44v6high CRC-SCs #8, #9, #21, and #40. Insets indicate the specific 66 

isotype-matched control (IMC). 67 

 68 

Supplementary Figure 7. p38α inhibition sensitizes patients-derived stage III CRC-69 

SCs to chemotherapeutics 70 

(A) Quantification of cell viability by Cell Titer Glo in CRC-SCs #40, #8, and #9 pre-71 

treated with ralimetinib (10 μM) for 48 h and then treated with 5-FU (2 μM), CDDP (30 72 

μM), CPT-11 (30 μM), or trametinib (1 nM) for another 24 h in the presence of 73 

ralimetinib. 74 

(B) Quantification of cell death by trypan blue staining in CRC-SCs #40, #8, and #9 75 

treated as described in (A). 76 
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(C) Colony-forming ability of CRC-SCs #40, #8, #9 seeded onto double-layer soft agar 77 

and treated as described in (A). Data represent the percentage of colonies relative to 78 

DMSO-treated cells. 79 

(D) Migratory ability of growth factor-starved CRC-SCs #40, #8, and #9 placed in the 80 

inner chamber of transwell plates and treated with the indicated compounds for 16-20 h. 81 

Migrating cells were fixed and counted under a fluorescence microscope. 82 

(E) Graph summarizing the percentage of Ki67-positive cells detected by flow cytometry 83 

analysis in CRC-SCs #40, #8, and #9 treated as described in (A). 84 

(F) Graph summarizing the percentage of apoptotic cells (early + late) detected by flow 85 

cytometry analysis of annexin V staining in CRC-SCs #40, #8, and #9 treated as described 86 

in (A). 87 

Blue dots: #40; red dots: #9; green dots: #8. 5-FU=5-fluorouracil; CDDP=cisplatin; CPT-88 

11=irinotecan; Tram=trametinib. Statistical analysis was performed using Student’s t-tail 89 

test; *P<0.05: treatments vs. control (DMSO); and #P<0.05: combined treatment vs. 90 

corresponding single treatments. 91 
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SUMMARY

Limited therapeutic options are available for advanced colorectal cancer (CRC).
Herein, we report that exposure to a neo-synthetic bis(indolyl)thiazole alkaloid
analog, nortopsentin 234 (NORA234), leads to an initial reduction of proliferative
and clonogenic potential of CRC sphere cells (CR-CSphCs), followed by an adap-
tive response selecting the CR-CSphC-resistant compartment. Cells spared by
the treatment with NORA234 express high levels of CD44v6, associated with
a constitutive activation of Wnt pathway. In CR-CSphC-based organoids,
NORA234 causes a genotoxic stress paralleled by G2-M cell cycle arrest and acti-
vation of CHK1, driving the DNA damage repair of CR-CSphCs, regardless of the
mutational background, microsatellite stability, and consensus molecular sub-
type. Synergistic combination of NORA234 and CHK1 (rabusertib) targeting is
synthetic lethal inducing death of both CD44v6-negative and CD44v6-positive
CRC stem cell fractions, aside from Wnt pathway activity. These data could pro-
vide a rational basis to develop an effective strategy for the treatment of patients
with CRC.

INTRODUCTION

Notwithstanding the recent advances in cancer research and therapy, in terms of early diagnosis and treat-

ment options, colorectal cancer (CRC) represents the second-leading cause of cancer-related death, owing

to the phenomena of primary and acquired resistance to antitumor therapy, as well as the onset of recur-

rence andmetastatic disease (Dillekas et al., 2019; Siegel et al., 2020). All these biological mechanisms have

been recently demonstrated to be driven by a specific cancer cell subset, called cancer stem cells (CSCs),

which is endowedwith peculiar features shared with healthy stem cells responsible for tumor initiation, pro-

motion, and progression (Puglisi et al., 2009; Todaro et al., 2014; Turdo et al., 2019). CSCs are characterized

by several hallmarks that render them resistant to conventional therapy and able to disseminate to distant

organs, including slow cycling, stemness/differentiative capacity, high expression of adenosine-triphos-

phate-binding cassette transporters, antiapoptotic proteins, and DNA damage repair machinery (Di

Franco et al., 2014; Saigusa et al., 2009). Despite the advent of targeted therapies for the treatment of can-

cer, the resistance phenomenon and, in most cases, the low specificity are the key challenges. Thus, there is

an urgent need to design innovative antitumor therapies that can efficiently target CRC stem cells (CR-

CSCs) and, at the same time, reduce conventional treatment side effects (Veschi et al., 2020). We showed

that activated CR-CSCs express CD44v6 and depend on the PI3K/AKT and Wnt pathway for their survival

and spreading (Todaro et al., 2014; Vermeulen et al., 2010). Importantly from a clinical perspective, we have

recently demonstrated that the expression of CD44v6, as well as the regulation of Wnt pathway, is a highly

dynamic process during tumor progression, which is finely modulated by the tumor microenvironment (Le-

nos et al., 2018).

Recent findings have shown the promising use, as potential adjuvant, of natural compounds of different

sources (Nobili et al., 2009). Although natural compounds need high doses for the completion of their bio-

logical activity, the low toxicity and capability of inhibiting multiple pathways represent a resourceful long-

term strategy to boost standard anticancer therapeutic regimens (Lodi et al., 2017). In this context,
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alkaloids, being characterized by a nitrogen atom within a heterocyclic ring, interact with a wide spectrum

of molecules and have been recently recognized as an important source for cancer treatment (Carbone

et al., 2020; Cascioferro et al., 2020a, 2020b; Habli et al., 2017; Jung et al., 2019; Kumar and Agnihotri,

2019; Lu et al., 2012). Among alkaloids, particular attention was given to nortopsentin, whose analogs

showed good antiproliferative activity against several human tumor cell lines (Cascioferro et al., 2019; Ku-

mar et al., 2011). We have reported that nortopsentin analogs effectively inhibit the in vitro activity of CDK1,

causing a block in the G2/M cell cycle phase increasing the apoptotic events of pancreatic cancer cells (Car-

bone et al., 2015). Based on the significant functional effects of natural derivative compounds toward can-

cer (Habli et al., 2017; Moudi et al., 2013; Nobili et al., 2009), it is reasonable to hypothesize that CSCs could

represent an elective target.

Importantly, in addition to the targeting of multiple intracellular pathways (Millimouno et al., 2014), alka-

loids have been demonstrated to trigger DNA damage response (DDR) in cancer cells (Ehrhardt et al.,

2013; Habli et al., 2017). After DNA damage, specific kinases such as ataxia telangiectasia mutated

(ATM) and ataxia telangiectasia and Rad3 related (ATR) are recruited and activated, thus leading to activa-

tion of downstream effectors, including CHK1 (Walker et al., 2009). The activation of the ATR/CHK1 axis,

which was highly detected in CRC, is pivotal for the cell cycle arrest in G2/M phases and activation of

the DDR pathway (Gralewska et al., 2020; Zhang and Hunter, 2014). This hallmark enhances the capability

of CSCs to activate DDR and induce resistance to anticancer therapy. CHK1 inhibitors are currently under

clinical trial aiming to sensitize cancer cells to genotoxic agents (Hong et al., 2018; Rogers et al., 2020). In

particular, the CHK1 inhibitor LY2603618 (rabusertib) displays a potent effect and a highly selective CHK1

inhibitor activity, without targeting CHK2 (King et al., 2014; Klaeger et al., 2017; van Harten et al., 2019).

Considering the potent antitumor activity of bis-indole neo-synthetic alkaloid compounds (Gul and Ha-

mann, 2005), herein, we evaluate the biological activity of the bis-indole neo-synthetic alkaloid

NORA234, as an anticancer agent that efficiently targets CR-CSCs.

RESULTS

CRC sphere cells possess intrinsic resistance to conventional chemotherapy

Taking advantage of our broad collection of primary cell lines, which recapitulate themain characteristics of

parental cancer cells including the genomic and transcriptomic survey, we sought to explore the molecular

mechanisms underlying the resistance of CRC sphere cells (CR-CSphCs) to standard chemotherapeutic

regimen. Regardless from mutational status, CR-CSphCs displayed a stable proliferation after treatment

with 5-fluorouracil (5-FU) in combination with oxaliplatin (Figure 1A). Of note, treated CR-CSphCs under-

went a block on S phase, likely owing to the occurrence of DNA damage in the replication phase at early

time point (Figure 1B).

Given that CR-CSphCs represent a heterogeneous cell compartment, characterized by the presence of

cells at different stage of differentiation, such as progenitor and terminally differentiated cells, we investi-

gated which cell fraction is spared by the chemotherapy treatment taking over and gaining a proliferative

advantage. Among CR-CSphCs transduced with a GFP Wnt reporter gene, we observed that the GFP-

negative fraction was sensitive to chemotherapy-induced cell death, whereas exposure to 5-FU in combi-

nation with oxaliplatin for 5 days led to a significant increase of survival of GFP+ CR-CSphCs, paralleled by a

b-catenin activation (Figure 1C) (Vermeulen et al., 2010). We formerly provided evidence that while CD44v6

is a functional marker that pinpoints CRC cells endowed with the ability to in vivo generate and recapitulate

the parental tumor, CD44v6-negative compartment is constituted by the transit-amplifying and differenti-

ated cells (Todaro et al., 2014). As observed for Wnt pathway activity, chemotherapy did not efficiently

target CD44v6-positive fraction (Figure 1D), thus confirming that standard antitumor therapy is able to

only target differentiated CRC cells. Mouse avatars generated by subcutaneous injection of CR-CSphCs,

treated with 5-FU in combination with oxaliplatin, showed a growth similar to treatment with a vehicle (Fig-

ure 1E). This poor effect on cancer cells was also associated with a significant decrease of the cell viability of

healthy cells, already at a short term of exposure (Figure 1F). These data indicate the possibility that resis-

tant tumorigenic cells can emerge and expand after the chemotherapy treatment.

NORA234 reduces CR-CSphCs proliferation and clonogenic potential

Because CR-CSphCs become resistant to the chemotherapy, we evaluated whether neo-synthetic alkaloid

compounds could be exploited as innovative antitumor agents. Of six alkaloid derivatives tested,
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Figure 1. CR-CSphCs are endowed with innate chemoresistance

(A) Cell growth kinetics of CR-CSphCs treated with a vehicle or 5-FU in combination with oxaliplatin, up to 4 days. Data

represent the meanG SD (n = 3) using 2 different CR-CSphC lines for each subgroup (wt, #7 and #21; Braf, #3 and #5; Kras

#8 and #9; Res #R3 and #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-

tailed). ns, nonsignificant.

(B) Cell cycle analysis in CR-CSphCs treated as in (A) for 24 h. Data show percentage of cell number in G0–G1, S, andG2–M

phases. Data are expressed as mean G SD of three independent experiments performed in CR-CSphCs isolated from

patients with wt (#7 and #21), Braf (#3 and #5), Kras (#8 and #9) and chemoresistant (#R3 and #R4) CRC. (Right panels)

Representative cell cycle analysis of CR-CSphCs treated with a vehicle or 5-FU in combination with oxaliplatin, for 24 h

(blue color = G0-G1; yellow color = S; green color = G2-M).

(C) Percentage of viability in flow-cytometry-sorted TOP-GFP CR-CSphCs, treated as in (A) up to 120 h. Data are

expressed as mean G SD of three independent experiments performed using two different CR-CSphC lines (#8, #9).

(Right panel) Representative flow cytometry analysis of TOP-GFP expression in spared CR-CSphCs, at 5 days. Statistical

significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). **p % 0.01.

(D) Cell viability percentage of CR-CSphCs enriched for CD44v6 expression and treated with vehicle or 5-FU in

combination with oxaliplatin up to 120 h. Data are expressed asmeanG SD of three independent experiments performed

using four different CR-CSphCs lines (#3, #9, #21, #R4). (Right panel) Representative flow cytometry analysis of the
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NORA234 showed a great antiproliferative effect on both established CRC cell lines and primary CR-

CSphCs, in a time- and concentration-dependent manner (Figures S1A–S1C). Given the importance of

mutational profile (Domingo et al., 2018), microsatellite instability (MSI) (Fornasarig et al., 2000; Ward

et al., 2001), consensus molecular subtype (CMS) (Guinney et al., 2015), and CD44v6 expression (Todaro

et al., 2014) in the response to standard and targeted therapies, we investigated the ability of NORA234

to target CR-CSphCs on each of these subgroups.

Treatment with NORA234 reduced the cell viability of CR-CSphCs, regardless of their mutational/MSI sta-

tus, CMS, and basal expression levels of CD44v6 (Figures S1D–S1G). Although NORA234 treatment alone

led to delayed proliferation rate of CR-CSphCs unrelated to the mutational status, after 48 h, cells acquired

resistance and started regrowing (Figure 2A and Table S1).

In addition, while NORA234 mainly targeted the Wntlow cell compartment, only the 30% of CR-CSCs en-

dowed with high Wnt pathway activity, highlighted by b-catenin-driven GFP expression, resulted affected

(Figures 2B and S1H). In line with this phenomenon, 65% of CD44v6-positive CR-CSCs survived, whereas

the differentiated fraction exhibited a pronounced sensitivity to NORA234 treatment (Figures 2C and

S1I). These data indicate that this alkaloid derivative selectively target CD44v6-negative cells, sparing

most CD44v6-positive CR-CSCs.

Of note, while long-term exposure to NORA234, by selecting the treatment-resistant cell clones, showed a

stability of clonogenic potential, healthy cells did not show any significant toxicity (Figures 2D and S1J–

S1L).

Acquired resistance to NORA234 is mediated by activation of DDR pathways driven by CHK1

To explore the molecular mechanisms involved in the adaptive response of CR-CSphCs, we evaluated

whether NORA234 could induce a genotoxic defect that is repaired during the DNA replication. CR-

CSphCs in response to NORA234 showed an increase G2-M phase, thus indicating that cell cycle arrest

induced by DNA damage is required for the triggering of DDR machinery (Figure 3A). Proteomic analysis

of DNA damage biomarkers exhibited increased expression levels of g-H2AX and cleaved PARP, paralleled

by upregulation of the homologous recombination repair protein RAD51 in CR-CSphCs after exposure to

NORA234 (Figure 3B). Such treatment led to an induction of DNA damage and consequent cell death,

which is more pronounced in wt CR-CSphCs (Figures S2A–S2C). Moreover, transcriptomic analysis re-

vealed that CR-CSphCs respond to NORA234 treatment, regardless the mutational background, by

increasing the expression of CHK1-related proteins, which are restored to basal levels on drug washout

(Figure 3C). This phenomenon could be driven by genotoxic stress (Figures 3D, 3E, S2D, and S2E). Of

note, CR-CSphCs bearing Braf or Kras oncogenic mutation displayed higher basal activation levels of

CHK1, likely owing to the replicative stress induced by a dysregulated proliferative pathway (Figures 3F,

3G, and S2F) (Colomer et al., 2019; Manic et al., 2018). Accordingly, analysis of a large cohort of patients

with cancer showed a significant upregulation of CHK1 at both RNA and protein levels in CRC compared

with healthy mucosa (Figures S2F–S2H) (Madoz-Gurpide et al., 2007). Altogether, these data suggest that

CR-CSphCs are highly dependent on CHK1-mediated DDR in the resistance to genotoxic stress agents

including NORA234.

NORA234 in combination with CHK1 inhibitor abrogates the CR-CSC compartment

We next investigated the role of CHK1 in the acquired resistance to NORA234 treatment of CR-CSCs. In

accordance with literature, inducible silencing of CHK1 led to a block in S phase of the cell cycle and sta-

bilization of CR-CSphCs proliferation (Figures S3A–S3D). After CHK1 downregulation, while the expression

Figure 1. Continued

percentage of CD44v6 positivity in spared CR-CSphCs, at 5 days. Statistical significance between 2 groups was

determined by unpaired Student’s t-test (2-tailed). *p % 0.05.

(E) Tumor size of CR-CSphCs subcutaneously injected into immunocompromized mice, treated for 4 weeks (from sixth to

ninth week) with vehicle or 5-FU in combination with oxaliplatin. Data represent the meanG SD of tumor size measured in

six mice per group, using 2 different CR-CSphC lines (#8, #21). Black arrowheads indicate weeks of treatment. Statistical

significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). ns, nonsignificant.

(F) Cell viability analysis of healthy cells (IMEC and AD-MSCs) treated as in (D), for 3 days. Data are expressed as mean G

SD of three independent experiments. Statistical significance between 2 groups was determined by unpaired Student’s t-

test (2-tailed).**p % 0.01; ****p % 0.0001. See also Figure S1.
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g-H2AX highly increased, a reduction of DDR response, highlighted by RAD51 expression, was observed in

CR-CSphCs. As consequence, CR-CSphCs, harboring silenced CHK1, slightly enhanced apoptotic events

(Figures S3E and S3F). Interestingly, after NORA234 treatment, downregulation of CHK1 sensitized CR-

CSphCs to induced cell death, associated with a significant decrease of cell proliferation and clonogenicity

regardless the mutational background (Figures 4A–4C). Notwithstanding blockade of CHK1, by pharmaco-

logical inhibition with rabusertib (LY2603618), in combination with NORA234, had a limited toxic effect on

healthy cells, CR-CSCs-expressing CD44v6, endowed with high activity of Wnt pathway and marked by

Figure 2. CD44v6+ CR-CSCs acquire resistance to NORA234 treatment

(A) Kinetics of cell growth of CR-CSphCs treated with vehicle or NORA234, up to 4 days. Data represent the mean G SD

(n = 3) using CR-CSphCs isolated from wt (#7 and #21), Braf (#3 and #5), Kras (#8 and #9) and chemoresistant(#R3 and #R4)

CRC patients. Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). *p% 0.05;

**p % 0.01.

(B) Viability percentage of low and high TOP-GFP cell fraction treated as in (A) up to 120 h. Data are expressed as meanG

SD of three independent experiments performed using two different CR-CSphC lines (#8, #9).

(C) Viability percentage of CR-CSphCs enriched for CD44v6 expression and treated as in (A) up to 120 h. Data are

expressed as mean G SD of three independent experiments performed using four different CR-CSphC lines (#3, #9, #21,

#R4).

(D) Colony-forming assay of CR-CSphCs treated with a vehicle or NORA234, at 21 days. The number of colonies

represents mean G SD of 3 independent experiments performed with cells isolated from 4 different patients with CRC

(CR-CSphCs #3, #9, #21, #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-

tailed). ns, nonsignificant; **p % 0.01. See also Figure S1.
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Figure 3. CR-CSphCs resistance to NORA234 is mediated by increased activity of CHK1-mediated DDR

(A) Cell cycle analysis in CR-CSphCs treated with a vehicle or NORA234 (red bars), for 24 h. The data show percentage of cell number in G0–G1, S, and G2–M

phases. Data are expressed as mean G SD of three independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs

#3, #9, #21, #R4). (Lower panels) Representative cell cycle analysis of CR-CSphCs (#R3) treated with vehicle or NORA234, for 24 h.
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nuclear b-catenin, were efficiently targeted (Todaro et al., 2014; Vermeulen et al., 2010) (Figures 4D–4F and

S4A–S4F).

Notably, the combinatorial treatment based on the use of NORA234 and CHK1 inhibitor showed a syner-

gistic effect possibly driven by the concomitant induction of DNA damage followed by the inhibition of

DDR molecular machinery (Figure S4G).

These data indicate that inhibition of CHK1 together with a genotoxic stress may be considered as prom-

ising synthetic lethal antitumor regimen for patients with CRC regardless the mutational status.

DISCUSSION

Treatment of CRC is currently based on chemotherapy regimen and EGFR- or VEGF-based targeted

therapies. These treatments are unable to target CR-CSCs expressing CD44v6, which acquire an adaptive

therapy resistance owing to the constitutive activation of PI3K and Wnt pathway (Mangiapane et al., 2021;

Todaro et al., 2014). CR-CSphCs exposed to NORA234 led to an initial decrease of proliferative capacity

and clonogenicity, which was followed by the regrowth of resistant subclones, characterized by high

expression levels of CD44v6 and b-catenin activity. The block in G2-M of CR-CSphCs induced by

NORA234-driven genotoxic stress is likely paralleled with the inhibition of ATM-regulated DNA damage

checkpoint. However, the adaptive response to NORA234 led to a restore of genome integrity mediated

by RAD51 and highlighted by the reduction of y-H2AX, thus giving evidence of an alternative DDR mech-

anism. Transcriptomic and proteomic analysis showed that the transient effect induced by NORA234 was

followed by accumulation of a cell fraction endowed with highly activation of CHK1-mediated DDRmachin-

ery. In presence of replication stress (RS), CHK1 directly interacts with ATR (Chen and Poon, 2008; Madoz-

Gurpide et al., 2007), by playing a crucial role in DNA replication, response to RS, and cell cycle progression

(Zeman and Cimprich, 2014; Zhang and Hunter, 2014).

Here, we show that CR-CSphCs are highly dependent on CHK1-mediated DDR in the resistance to geno-

toxic stress induced by alkaloid derivate, NORA234, probably reducing the genomic instability, sustained

by RS (Aguilera and Garcia-Muse, 2013; Cancer Genome Atlas, 2012; Gorgoulis et al., 2005; Pearl et al.,

2015). Proliferative cancer cells are highly dependent on cell cycle checkpoints controlled by CHK1 posing

this mechanism as the ‘‘Achilles’ heel’’ (Dietlein et al., 2015). Blockade of CHK1 activity inhibits cancer cell

replication and cell cycle checkpoints, thus leading CR-CSphCs to apoptosis regardless of their mutational

status (Manic et al., 2018, 2021). On these premises, CHK1 inhibitors have been recently exploited in clinical

studies to block RS-induced pathways in cancer cells endowed with DDR defects (NCT01341457,

NCT01296568, NCT00415636) (Reilly et al., 2019). Treatment with CHK1 inhibitor (LY2603618) in combina-

tion with gemcitabine and pemetrexed reported adverse effects (NCT01139775) (Wehler et al., 2017).

Although the results obtained using CHK1-based double combinations showed acceptable safety and

pharmacokinetics, the response of patients with cancer was below expectation (Calvo et al., 2016; Gorecki

et al., 2021; Weiss et al., 2013). Thus, all together these findings point out the urgent need to improve pa-

tient selection criteria (i.e., mutational profile) and design a new combinatorial treatment strategy.

Figure 3. Continued

(B) Representative immunoblot analysis and quantification of DNA damage (y-H2AX), apoptosis (cleaved PARP), and DDR (RAD51) markers expression in CR-

CSphCs treated with vehicle or NORA234 at the indicated time points. b-actin was used as loading control. Data are presented as mean G S.D. of 2

independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs #3, #9, #21, #R4).

(C) Heatmap of DNA damage – ATM/ATR regulation of G2-M-checkpoint-related genes (2!DDCt expression values) in CR-CSphCs treated as in (B). Data are

presented as normalized expression values of cells isolated from 4 different CRC patients (CR-CSphCs #3, #9, #21, #R4). Black arrow heads indicate genes

upregulated upon 24 h of treatment with NORA234, which values are restored to basal levels after 48 h of drug washout.

(D) Representative immunocytochemistry analysis of nuclear p-CHK1, in CR-CSphCs (#21) treated with a vehicle, 5-FU in combination with oxaliplatin, or

NORA234, at 24 h. Scale bars, 100 mm.

(E) Immunoblot analysis of p-CHK1 and CHK1 in wt CR-CSphCs (CSphC #21, #24, and #33) treated as indicated for 24 h. b-actin was used as a loading control.

(F) Immunoblot and its relative OD ratio analysis of p-CHK1 and CHK1 in wt, Braf, Kras, or chemoresistant CR-CSphCs. b-actin was used as a loading control.

Data are presented as meanG S.D. of 2 independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs # 21, # 3, # 9,

#R4).

(G) Box and violin plot of p-CHK1 positivity, evaluated by flow cytometry, in wt (CR-CSphCs #7, #14, #24, #35, #37, #58), Braf (CR-CSphCs #1, #2, #3, #4), Kras

(CR-CSphCs #8, #9, #10, #11, #12, #15, #16, #20, #22, #57, #59), or chemoresistant CR-CSphCs (CR-CSphCs #R2, #R3, #R4). Data are expressed as meanG SD

of three independent experiments. Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). *p% 0.05; **p% 0.01.

See also Figure S2.
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Addition of CHK1 inhibitor to the NORA234 treatment was able to synergistically target CR-CSphCs,

regardless of their mutational background, having a limited toxic effect on healthy cells. Of note, the dou-

ble combination led to a marked apoptotic induction in the CSC compartment, as highlighted by the

reduction of CD44v6+/Wnthigh cells, and the concurrent abrogation of CR-CSphCs proliferation and

clonogenicity. Such treatment overcame the acquired resistance mechanisms dictated by chemotherapy

and targeted therapies, which mostly affect the more differentiated CD44v6-negative cell compartment

(Mangiapane et al., 2021; Siravegna et al., 2015).

Our results provide evidence that CR-CSphCs circumvent the genotoxic stress and induction of apoptosis

driven by NORA234 by hijacking toward the activation of CHK1. Accordingly, the inhibition of CHK1, by

both genetic and pharmacological approach, sensitizes CR-CSphCs to NORA234, thus suggesting that

the pharmacological inhibition of two DDR effectors, such as ATM and CHK1, might be exploited in pre-

clinical models (Mauri et al., 2020; Rundle et al., 2017).

DDR is a key mechanism whose molecular components are finely regulated during CRC progression, thus

conferring a selective advantage in the acquisition of genetic alterations and chemoresistance. A major

limitation in the use of genotoxic antitumor drugs is represented by the presence of CSCs, which are en-

dowed with innate chemoresistance. Here, we demonstrate that nortopsentin analog, NORA234, targets

CR-CSphCs, which acquire an adaptive resistance by upregulating CHK1-driven DDR pathways. The

combinatorial treatment based on the use of NORA234 and CHK1 inhibitor was sufficient to abrogate

CR-CSCs proliferative and clonogenic potential, regardless the mutational status.

Although further advances are needed to elucidate the clinical relevance of presented findings, our results

demonstrate that NORA234 displays a synthetic lethality effect with the deficiency of CHK1-mediated DDR

mechanisms, thus suggesting its putative exploitation in clinical setting as adjuvant therapy to sensitize CR-

CSCs to targeted therapy.

Limitations of the study

Although our in vitro analyses clearly demonstrated that CR-CSCs are targeted by the combination treat-

ment based on the use of nortopsentin analog and CHK1 inhibitor, its exploitation in adjuvant clinical

setting should be previously validated in a metastatic preclinical study.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Giorgio Stassi (giorgio.stassi@unipa.it). This study led to the generation of new unique

reagents.

Figure 4. Inhibition of CHK1 activity sensitized CR-CSphCs to NORA234 by synthetic lethality

(A) Fold variation of cell number in CR-CSphCs transduced with shCHK1 or ns shRNA and treated with vehicle, 5-FU in combination with oxaliplatin, or

NORA234, up to 72 h. Data are mean G S.D. of 3 independent experiments performed with cells isolated from patients with wt (#21), Braf (#3), Kras (#9), or

chemoresistant (#R4) CRC.

(B) Cell viability analysis of cells treated as in (A) for 72 h. Data are mean G S.D. of 3 independent experiments performed with cells isolated from 4 different

CRC patients (CR-CSphCs #3, #9, #21, #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). ns,

nonsignificant; *p % 0.05; **p % 0.01; ***p % 0.001.

(C) Representative colony forming assay of CR-CSphCs (R#4) transduced with shCHK1 or ns shRNA and treated with vehicle or NORA234, at 21 days. n

represents the number of colonies. Scale bars, 1000 mm.

(D) Percentage of Annexin V positivity in CR-CSphCs treated with vehicle or rabusertib (LY2603618), for 24 h. Data represent mean G S.D. of 3 independent

experiments performed with cells isolated from patients with wt (#21), Braf (#3), Kras (#9) or chemoresistant (#R4) CRC. Statistical significance between 2

groups was determined by unpaired Student’s t-test (2-tailed). **p % 0.01; ***p % 0.001; ****p % 0.0001.

(E) Cell cycle analysis in CR-CSphCs treated with vehicle or NORA234 in combination with Rabusertib (LY2603618), for 48 h. Data show percentage of cell

number in subG0 (red color), G0–G1 (blue color), S (brow color), and G2–M (green color) cell cycle phase. Data are expressed as mean G SD of three

independent experiments using cells isolated from 4 different patients with CRC (CR-CSphCs #3, #9, #21, #R4).

(F) Flow cytometry analysis of GFP and CD44v6 positivity percentage in CR-CSphCs transduced with TOP-GFP and treated with a vehicle, NORA234, alone or

in combination with rabusertib (LY2603618), for 48 hr. Data are expressed as mean G SD of three independent experiments using cells isolated from 2

different patients with CRC (CR-CSphCs #8, #9).

(G) 3D synergy map of viability in CR-CSphCs treated alone or in combination with NORA234 and rabusertib (LY2603618) at the indicated doses, for 48 h.

Data are mean of 3 independent experiments using cells isolated from patients with wt (#21), Braf (#3), Kras (#9) or chemoresistant (#R4) CRC. See also

Figures S3 and S4.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD44 v6 APC-conjugated Antibody R&D system Cat#FAB3660A; AB_621925

Mouse IgG1 APC-conjugated Antibody R&D system Cat#IC002A; AB_357239

Phospho-Histone H2A.X (Ser139) (20E3) Cell Signaling Technology Cat# 9718; AB_2118009

Rabbit (DA1E) mAb IgG XP! Isotype Control Cell Signaling Technology Cat# 3900; AB_1550038

Rad51 (D4B10) Cell Signaling Technology Cat# 8875; AB_272110

Phospho-Chk1 (Ser345) (133D3) Cell Signaling Technology Cat# 2348; AB_331212

Chk1 (2G1D5) Cell Signaling Technology Cat# 2360; AB_2080320

b-actin (8H10D10) Cell Signaling Technology Cat# 3700; AB_2242334

Chk2 (1C12) Cell Signaling Technology Cat# 3440; AB_2229490

p53 Antibody Cell Signaling Technology Cat# 9282; AB_331476

Histone H2A.X Cell Signaling Technology Cat# 2595; AB_10694556

Cleaved PARP (Asp214) Cell Signaling Technology Cat# 9541; AB_331426

Phospho-Chk1 (Ser317) (D12H3) Cell Signaling Technology Cat# 12302; AB_2783865

Cdk1 (POH1) Cell Signaling Technology Cat# 9116; AB_2074795

Phospho-cdk1 (Tyr15) (10A11) Cell SignalingTechnology Cat# 4539; AB_560953

Alexa Fluor 488 goat anti-rabbit ThermoFisher Scientific Cat# A11008; AB_143165

Goat anti-rabbit HRP-linked ThermoFisher Scientific Cat# 31460; AB_228341

Biological samples

Subcutaneous CRC xenografts This paper N/A

CR-CSphC lines Mangiapane et al. (2021) N/A

Chemicals, peptides, and recombinant proteins

Collagenase, Type II ThermoFisher Scientific Cat# 17101015

Hyaluronidase Sigma-Aldrich Cat# H4272

StemPro Accutase Cell Dissociation Reagent ThermoFisher Scientific Cat# A1110501

Rabusertib (LY2603618) Selleckchem Cat# S2626

NORA234

5-FU Selleckchem Cat# S1209

Oxaliplatin Sigma Cat# O9512

Polybrene Sigma-Aldrich Cat# H9268

Puromycin Sigma-Aldrich Cat# A1113803

Doxycycline Sigma-Aldrich Cat# D9891

TOTO-3 Iodide ThermoFisher Scientific Cat# T3604

DAPI ThermoFisher Scientific Cat# D1306

7-AAD BD Pharmingen Cat# 559925

SeaPlaque Agarose Lonza Cat# 50101

Propidium Iodide Sigma-Aldrich Cat# P4170

TRIzol" Reagent Thermo Fisher Cat# 15596026

Critical commercial assays

iScript gDNA Clear cDNA Synthesis Kit BIO-RAD Cat# 1725034

SsoAdvanced Universal SYBR Green Supermix BIO-RAD Cat# 1725271

(Continued on next page)
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Colorectal cancer cells isolation and culture

CRC specimens were provided by the University Hospital ‘‘P. Giaccone,’’ in accordance with the ethical pol-

icy of the Institutional Committee for Human Experimentation (authorization CE9/2015, Policlinico Paolo

Giaccone, Palermo). Human samples were digested with collagenase (0.6 mg/mL) and hyaluronidase

(10 mg/mL), and cell suspension was cultured in ultralow adhesion using serum-free stem cell medium

(SCM) supplemented with EGF and b-FGF (Todaro et al., 2014). Chemoresistant CR-CSphCs line was ob-

tained frommetastatic liver lesions of patients receiving chemotherapy who have undergone hepatectomy

at the University Polyclinic A. Gemelli, Rome (Table S1). CR-CSphCs lines and the related tumor tissues

were routinely authenticated by short tandem repeat (STR) analysis using a multiplex PCR assay (Global-

Filer" STR kit, Applied Biosystem) and analyzed by ABIPRISM 3130 genetic analyzer (Applied Biosystems)

(Mangiapane et al., 2021). The presence of mycoplasma contamination was checked by using the MycoA-

lertTM Plus Mycoplasma Detection Kit (Lonza) as per the manufacturer’s instructions every 3 months. All the

experiments were performed with early passage cultures and the expression of stem-likemarkers was regu-

larly assessed. Adipose-derivedmesenchymal stem cells (PCS-500-011) and hTERT immortalizedmammary

epithelial cells (kindly provided by Prof. Alessio Zippo) were cultured as per the manufactures’ instructions

and used for cell viability assay as healthy control cells.

Animals and tumor models

Six- to 8-week-old male NOD/SCID mice were purchased by Charles River Laboratories, and in vivo exper-

iments were performed as per the ARRIVE and Animal Care Committee Guidelines of the University of Pa-

lermo (Italian Ministry of Health authorization n. 154/2017-PR). 2.5x105 CR-CSphCs were subcutaneously

injected in the flank of NOD/SCID mice, in 150 ml of 1:1 SCM/Matrigel (BD) solution. Mice were treated

for 4 weeks (weeks 6–9) by intraperitoneal (i.p.) injection with phosphate-buffered saline (PBS) (vehicle)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DNA damage-ATM ATR regulation of

G2 M checkpoint

BIO-RAD Cat# 10030616

CaspGLOW" Fluorescein Active

Caspase-3 Staining Kit

Biovision Cat# K183

CaspGLOW" Red Active

Caspase-3 Staining Kit

Biovision Cat# K193

FITC Annexin V Apoptosis Detection Kit I BD Cat#556547

Experimental models: cell lines

Adipose-Derived Mesenchymal Stem Cells ATCC PCS-500-011

hTERT immortalized IMECs Alessio Zippo N/A

Experimental models: organisms/strains

NOD/SCID mice Charles River Laboratories Cat# 634

Recombinant DNA

psPAX2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

TRIPZ inducible Lentiviral Non-silencing shRNA control Dharmacon Cat# RHS4743

TRIPZ Inducible Lentiviral Human CHEK1 shRNA Dharmacon Cat# RHS4696-200700465

TOP-GFP Addgene Cat# 35489

Software and algorithms

Graphpad Prism 8 GraphPad Software http://www.graphpad.com/scientificsoftware/prism/

R version 3.6.1 R software https://www.r-project.org/

FlowJo_v10.7.1 BD https://www.flowjo.com/solutions/flowjo

Fiji ImageJ software https://imagej.net/Fiji/Downloads

ll
OPEN ACCESS

14 iScience 24, 102664, June 25, 2021

iScience
Article

http://www.graphpad.com/scientificsoftware/prism/
https://www.r-project.org/
https://www.flowjo.com/solutions/flowjo
https://imagej.net/Fiji/Downloads


with 5-FU (15 mg/kg, 2 days/week) in combination with oxaliplatin (0.25 mg/kg, once a week). Tumor vol-

ume was calculated using the formula: largest diameter x (smallest diameter)2 x p/6. To evaluate possible

toxic effects of NORA234, mice were treated for 3 weeks with a vehicle (PBS) or NORA234 (8 mg/kg, 2 days/

week) by i.p. injection. At the end of treatment, animals were sacrificed accordingly to Directive 2010/63/EU

guidelines (D.lgs 26/2016), and the liver, colon, kidney, spleen, lungs and pancreas were collected for his-

topathological examination.

METHODS DETAILS

In vitro treatment of CR-CSphCs

CR-CSphCs were treated with 5-fluorouracil 10 mM (Selleckchem) and oxaliplatin 10 mM (Sigma-Aldrich),

NORA234 (0,3 mM), and LY2603618 0,1mM (rabusertib, Selleckchem) alone or in combination. All the com-

pounds were replenished in culture media every 48 h. To determine the IC50 or drug-combination effi-

ciency of LY2603618 and NORA234, 63103 CR-CSphCs were seeded in 96-well plates and, after 24 h,

treated with different concentrations (vehicle, 0.01 mM, 0.1 mM, 1 mM, 10 mM) up to 96 h. For drug screening,

CR-CSphCs were treated with vehicle or different neo-synthetic alkaloid compounds at the indicated con-

centrations (Vehicle, 0.03 mM, 0.3 mM, 3 mM).

Synthesis of nortopsentin analog compounds

To carry out the synthesis of nortopsentin analog compounds, a suspension of the appropriate carbothioa-

mide (5.0 mmol) and holo-acetyl compounds (5.0 mmol) in ethanol (3.0 ml) was heated under reflux for

30 min–3 h. The resulting precipitate was filtered off, dried, and recrystallized from ethanol to afford the

pure compounds (Cascioferro et al., 2019).

Cell viability, proliferation, and clonogenic assay

CR-CSphCs viability was assessed using the CellTiter 96! AQueous One Solution Cell Proliferation 369

Assay (MTS, Promega) as per the manufacturer’s instructions and analyzed by the GDV MPT 370 reader

(DV 990 BV6). To evaluate cell proliferation, Cell Titer-Glo Luminescent Cell Viability Assay Kit (Promega)

was used as per the manufacturer’s instruction, and luminescence was measured by using Infinite F500 (Te-

can). Bliss synergistic score was calculated by using SynergyFinder (Ianevski et al., 2017). For colony-forma-

tion assay, CR-CSphCs were seeded at a clonal density on 0.3% Agarose SeaPlague Agar (Invitrogen) and

cultured up to 21 days. Colonies were stained with 0.01% crystal violet and counted using ImageJ software.

Flow cytometry, cell sorting, and cell cycle analysis

CR-CSphCs were harvested, washed with PBS, and stained with CD44v6 (2F10 APC, mouse IgG1, R&D sys-

tems), p-CHK1 (Ser345, 133D3, Rabbit IgG, Cell Signaling Technology), or corresponding IMC for 1 h at

4"C. The dead cells were excluded with 7-AAD (0.25 mg/1x106cells, BD Biosciences).

For intracellular staining, cells were fixed in 4% paraformaldehyde, permeabilized with 100% ice-coldmeth-

anol and stained with Phospho-Histone H2A.X (g-H2AX,Ser139) (20E3, rabbit IgG, Cell signaling technol-

ogy) and isotype-matched control (DA1E) (rabbit mAb IgG, Cell signaling technology) for 1 h at room tem-

perature. After incubation with secondary antibody goat-anti-rabbit IgG (H+L), AlexaFluor-488

(Thermofisher), CR-CSphCs were washed with PBS and incubated with RNAse A (10 mg/mL, Qiagen Cat#

19101) and propidium iodide (5 mg/mL, Sigma-Aldrich) for 20 min at 4"C. Samples were analyzed by flow

cytometer. Apoptotic cells were identified by using the CaspGLOW Fluorescein or Red Active Caspase

3 Staining Kit (Biovision)or the FITC Annexin V Apoptosis Staining Kit (BD Bioscience) as per the manufac-

turer’s protocol. The caspase 3 activity and the percentage of early and late apoptotic cells were analyzed

by flow cytometry.

To enrich Wnt- and CD44v6-expressing cells, CR-CSphCs were resuspended in PBS supplemented with 2%

bovine serum albumin and 2mM ethylenediaminetetraacetate and filtered with a 70-mmmesh to avoid cell

sorter (FACSMelody, BD Bioscience) plugging. To verify the purity of sorted cells, a postsorting acquisition

was performed.

For cell cycle analysis, CR-CSphCs were centrifuged, and cell pellet was incubated with 1 ml of Nicoletti

Buffer (0.1% of sodium citrate, 0.1% of Triton x-100, 50 mg/ml of propidium iodide, 10 mg/ml of RNAse
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solution) in the dark at 4"C overnight. DNA content was evaluated by BD FACSLyric flow cytometer (BD

Clinical system, BD Bioscience).

The overall obtained data were analyzed by FlowJo software.

Cell transfection and lentiviral transduction

To generate lentiviral particles, packaging cell line HEK-293T was transfected with TOP-dGFP-reporter

(Addgene, 35489), TRIPZ inducible lentiviral nonsilencing shRNA control (ns shRNA, Dharmacon), or human

CHK1 shRNA (shCHK1, Dharmacon) plasmids in association with psPAX2 (Addgene, 12260) and pMD2.G

(Addgene, 12259) in OPTIMEM (Gibco) supplemented with XtremeGENE HP DNA transfection reagent

(Roche).

Lentiviral supernatants were concentrated using the Lenti-X Concentrator reagent (Clontech) and CR-

CSphCs were transduced in presence of 8 mg/mL of polybrene (Sigma-Aldrich). Transduced clones were

selected by using puromycin (1 mg/ml, Sigma-Aldrich). shCHK1 was induced treating transduced cells

with doxycycline (1 mg/ml, Sigma-Aldrich) for 5–10 days.

Immunohistochemistry and immunofluorescence

Immunohistochemical analysis was performed on cytospins, using phospho-CHK1 (S317, D12H3; Cell

Signaling Technology). Single staining was revealed using biotin-streptavidin system (Dako) and detected

with 3-amino-9-ethylcarbanzole (AEC, Dako). Double staining was performed using antibodies against

CD44v6 (2F10 APC, mouse IgG1, R&D systems) and p-CHK1 (Ser345, 133D3, Rabbit IgG, Cell Signaling

Technology), revealed by the MACH 2 double stain 2 kit conjugated goat antimouse polymer horseradish

peroxidase (HRP) and the conjugated goat antirabbit polymer alkaline phosphatase (Biocare Medical), and

detected by DAB and Vulcan Fast Red chromogen. Nuclei were counterstained with aqueous hematoxylin

(Sigma-Aldrich). Hematoxylin and eosin stainings were performed using standard protocols.

Cytospun of CR-CSphCs untreated or treated with NORA234 were fixed, permeabilized, and incubated

overnight with RAD51 (D4B10, cell signaling technology). To reveal, primary antibody cells were stained

with Alexa Fluor-488 Goat antirabbit IgG (Life Technologies) secondary antibody. Nuclei were counter-

stained using Toto-3 iodide (Life Technologies) or DAPI (33258, Thermofisher).

Real-time polymerase chain reaction

Total RNA was obtained using the TRIzol" Reagent (Thermo Fisher) protocol, and 1 mg of total RNA, after

the removal of genomic DNA, was retrotranscribed as per the manufacturer’s instructions. The expression

analysis of genes involved in DNA damage signaling pathway was evaluated using a PrimePCR designed

panel (Bio-Rad). Relative mRNA expression levels were normalized with the endogenous control (GAPDH)

and calculated using the comparative Ct method (2!DDCt).

Western blot

CR-CSphCs were lyzed in ice-cold lysis buffer (Tris-HCL 10 mM, NaCl 50 mM, sodium pyruvate 30 mM, NaF

50 nM, ZnCl2 5 mM, triton 1, sodium orthovanadate 0.1 nM, sodium butyrate 10 mM and PMSF 1 mM) sup-

plemented with protease and phosphatase inhibitors (Sigma-Aldrich). Whole-cell lysates were loaded in

sodium dodecyl sulfate-polyacrylamide-gel electrophoresis gels and blotted on nitrocellulose mem-

branes. Membranes were blocked with a 5% nonfat dry milk and 0.1% Tween 20 PBS solution for 1 h at

room temperature and then incubated with specific antibodies against g-H2AX (Ser139, 20E3, Rabbit

IgG, Cell Signaling Technology), cleaved PARP (Asp214, D64E10, Rabbit IgG, Cell Signaling Technology),

RAD51 (D4B10, rabbit IgG, Cell Signaling Technology), CHK1 (2G1D5, Mouse IgG1, Cell Signaling Tech-

nology), CHK2 (1C12, Mouse IgG2b, Cell Signaling Technology), P53 (Rabbit, Cell Signaling Technology),

H2AX (Rabbit, Cell Signaling Technology), pCHK1 (Ser345, 133D3, Rabbit IgG, cell Signaling Technology),

p-CDK1 (Tyr15, 10A11, Rabbit, Cell Signaling Technology), CDK1 (POH1, Mouse IgG2a, Cell Signaling

Technology), and b-actin (8H10D10, mouse IgG2b, Cell Signaling Technology). Primary antibodies were re-

vealed using antimouse or antirabbit HRP-conjugated (goat IgG; Thermo Fisher Scientific) and detected by

Amersham imager 600 (GE Healthcare). Protein levels were normalized with b-actin and calculated by

densitometric analysis using ImageJ software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Database and statistical analysis

Transcriptomic data of healthy and tumor tissues have been collected by using the Gene Expression Profile

Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/), by matching TCGA normal and GTEx

data. Data were shown as meanG standard deviation. Statistical significance was estimated by unpaired t-

test. Results were referred to statistically significant as p<0.05. * indicates p< 0.05, ** indicate p < 0.01, ***

indicate p < 0.001, and **** indicate p < 0.0001.
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Figure S1: NORA234 treatment impaired CRC cell proliferation, sparing healthy cells, 
Related to Figure 1 and Figure 2. 

(A) Chemical structure of synthetic nortopsentin analogs. (lower panel) Table of the chemical group 

substitutions present in the six alkaloid derivatives. 

(B) Representative contrast phase images of CR-CSphCs isolated from 4 different CRC patients (CR-

CSphCs #3, #9, #21, #R4). Scale bars, 400 µm.  

(C) Cell viability percentage of CRC cell lines and CR-CSphCs treated with vehicle, or the indicated 

concentration of NORA859, NORA700, NORA234, NORA753, NORA3 and NORA1, up to 48 

hours. 

(D-G) Cell viability analysis of in 29 CR-CSphC lines clustered according to the indicated mutational 

backgroud (D), MSI status (E), CMS profile (F), or CD44v6 expression (low ≤30%, medium 31-69% 

and high ≥70%) (G), treated with vehicle or the indicated concentration of NORA234 for 48 hours. 

(H-I) Representative flow cytometry analysis of active Casp-3 positivity in TOP-GFPhigh/low (H), or 

CD44v6+/- (I), CR-CSphCs treated with vehicle, 5-FU in combination with oxaliplatin, or NORA234, 

up to 120 hours. (right panels) Representative gating strategies for the analysis of active Casp-3 

positive cells in TOP-GFPhigh/low (H), or CD44v6+/- (I) CR-CSphCs, treated as previously described, 

for 120 hours. 

(J) Cell viability percentage of healthy cells (IMEC and AD-MSCs) treated as in (D-G), up to 72 

hours.Statistical significance between 2groups (n=6) was determined by unpaired Student’s t-test (2-

tailed).ns, non-significant. 

(K) Weight of mice treated with vehicle or NORA234 (8 mg/kg) at the indicated time points (red 

arrow heads) up to 18 days. Data are mean ± S.D (n=3 mice for group). Statistical significance 

between 2 groups was determined by unpaired Student’s t-test (2-tailed).ns, non-significant. 

(L) Representative H&E staining of liver, colon, kidney, spleen, lungs, and pancreas of mice treated 

as in (K). Scale bars, 200 µm. 

  



  



Figure S2: CHK1 is highly expressed in CRC, Related to Figure 3. 

(A) Representative cell cycle analysis in CR-CSphCs (#21) treated with vehicle or NORA234 for 24 

hours. The percentage of cells in G0-G1, S and G2-M cell cycle phase is indicated.(lower panel) 

Representative flow cytometry analysis of γ-H2AX positivity in cells (CR-CSphC#21) treated for 24 

hours as previously described and stained with PI. 

(B) Representative immunofluorescence analysis of RAD51 in CR-CSphCs (#21) treated with 

vehicle or NORA234 for 48 hours. Nuclei were counterstained with DAPI. Scale bars, 20 µm. 

(C) Cell percentage of alive and dead CR-CSphCs isolated from wt (#21), Braf (#3), Kras (#9) or 

chemoresistant (#R4) CRC patients, treated with vehicle or NORA234 for 48 hours. 

(D) Immunoblot analysis of p-CHK1 and CHK1 in wt CR-CSphCs (CSphC #21, #24, and #33) treated 

for 24 hours, as indicated. β-actin was used as loading control. 

(E) Immunohistochemical analysis of CD44v6 (brown) and p-CHK1 (red) on paraffin-embedded 

sections of tumor xenografts generated by subcutaneous injection of wt CR-CSphCs (#21), treated 

for 4 weeks (from 6th to 9th week) with vehicle or 5-FU in combination with oxaliplatin. (right panel) 

Percentage of CD44v6 and p-CHK1 positive cells. Data are mean ± S.D (n=6 mice for group). 

Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). ** p 

≤ 0.01; *** p ≤ 0.001.  

(F) Representative flow cytometry analysis of p-CHK1 on wt (#58), Braf (#3), Kras (#11) and 

chemoresistant (#R2) CR-CSphCs. Grey color indicates cells stained with IMC. 

(G) Transcriptomic analysis, expressed as transcripts per million (TPM), of CHK1 in different 

datasets of normal and tumor tissue from GEPIA database. 

(H) Boxplot analysis of CHK1 expression in colon (COAD) and rectal (READ) cancer datasets of 

normal ad tumor tissue from GEPIA database. 

(I) Immunoblot analysis of CHK1, CHK2 and p53 in 5 representative colorectal tumor specimens (T) 

and adjacent-normal counterparts (N). β-actin was used as loading control.  

  



  



Figure S3: Silencing of CHK1 promotes the acquisition of DNA damage in CR-CSphCs, 

Related to Figure 4. 

(A) Representative fluorescence analysis of CR-CSphCs (#21) transduced with ns shRNA control or 

shCHK1. Nuclei were counterstained with Toto-3.Scale bars, 100 µm. 

(B) Representative immunoblot analysis and quantification of p-CHK1S345 and CHK1 expression in 

CR-CSphCs transduced as in (A). β-actin was used as loading control. Data are expressed as mean ± 

SD of three independent experiments using cells isolated from 3 different CRC patients (CR-CSphCs 

#9, #21, #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test 

(2-tailed). ** p ≤ 0.01. 

(C) Representative cell cycle analysis in CR-CSphCs (#3) transduced as in (A). Data show percentage 

of cell number in G0-G1 (blue color), S (yellow color), and G2-M (green color) cell cycle phase. Data 

are expressed as mean ± SD of three independent experiments using cells isolated from 4 different 

CRC patients (CR-CSphCs #3, #9, #21, #R4). 

(D) Cell growth kinetics of CR-CSphCs transduced as in (A), up to 3 days. Data represent the mean 

± SD of three independent experiments using 4 different CR-CSphCs (#3, #9, #21, #R4).Statistical 

significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). ns, non-

significant. 

(E) Representative immunoblot analysis and quantification of y-H2AX, H2AX and RAD51 

expression in CR-CSphCs (#21) transduced as in (A). β-actin was used as loading control. 

(F) Percentage of AnnexinV positivity in CR-CSphCs transduced as in (A). Data represent mean ± 

S.D. of 3 independent experiments performed with cells isolated from wt (#21), Braf (#3), Kras (#9) 

or chemoresistant (#R4) CRC patients. Statistical significance between 2 groups was determined by 

unpaired Student’s t-test (2-tailed). ns, non-significant; * p ≤ 0.05. 

  



  



Figure S4: CHK1 inhibition in combination with NORA234 targets CD44v6 positive CRC 

cells, Related to Figure 4. 

(A) Viability heatmap of cells treated withvehicle or Rabusertib (LY2603618), up to 96 hours. Data 

are expressed as mean of three independent experiments using 4 different CRC patients (CR-

CSphCs#3, #9, #21, #R4). 

(B) Representative immunoblot analysis of pCHK1S345, CHK1, pCDK1 and CDK1 on 4 different 

CR-CSphCs isolated from wt (#21), Braf (#3), Kras (#9) or chemoresistant (#R4) CRC patients 

treated with the indicated concentration of LY2603618 for 48 hours. β-actin was used as loading 

control. 

(C) Cell cycle analysis in CR-CSphCs treated with vehicle or LY2603618, for 24 hours. The graph 

represents the percentage of cell number in G0-G1, S, and G2-M phases. Data are expressed as mean 

± SD of three independent experiments performed using 4 different CRC patients (CR-CSphCs#3, 

#9, #21, #R4). (lower panels) Representative cell cycle analysis of CR-CSphCs treated with vehicle 

or LY2603618, for 24 hours. 

(D) Gate strategies for flow cytometry analysis of CR-CSphCs treated with vehicle or NORA234, 

alone and in combination with LY2603618, for 48 hours. (lower panels) Representative flow 

cytometry analysis of CD44v6 positivity in CR-CSphCs (#8, #9) transduced with TOP-GFP and 

treated as previously described. 

(E) Cell number percentage of CD44v6/TOP-GFP positivity of CR-CSphCs treated as in (D). Data 

are expressed as mean ± SD of three independent experiments performed using 2 different CR-

CSphCs (#8, #9). 

(F) Cell viability percentage of healthy cells treated alone or in combination with NORA234 and 

Rabusertib (LY2603618), up to 72 hours. Data are expressed as mean of six independent experiments 

using IMEC or AD-MSCs. 

(G) 3D synergy map of cell viability of Bliss score in cells treated as in (F), at the indicated doses, 

for 48 hours. Data are expressed as mean of three independent experiments using IMEC and AD-

MSCs. 

  



Supplementary Table S1. CR-CSCs and their CMS, MSI profile, CD44v6 expression and 

mutational profiles, Related to Figure 1-4. 
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Simple Summary: Colorectal cancer stem cells (CR-CSCs) play a pivotal role in the therapy resistance
and relapse of CRC patients. Herein we demonstrate that new treatment approaches comprising
polymethoxyflavones and prenylflavonoids extracted from Citrus sinensis and Humulus lupulus, re-
spectively, hamper the viability of CR-CSCs as well as synergizing with 5-fluorouracil and oxaliplatin
(FOX)-based chemotherapy. Extract fractions containing Nobiletin and Xanthohumol, in combination
with chemotherapy, decreased stemness properties of CR-CSCs and restrained the outgrowth of
chemoresistant metastatic CR-CSCs. These data pinpoint Nobiletin and Xanthohumol as efficacious
anti-cancer compounds in metastatic settings.

Abstract: Colorectal cancer (CRC) mortality is mainly caused by patient refractoriness to common
anti-cancer therapies and consequent metastasis formation. Besides, the notorious toxic side effects
of chemotherapy are a concurrent obstacle to be tackled. Thus, new treatment approaches are needed
to effectively improve patient outcomes. Compelling evidence demonstrated that cancer stem cells
(CSCs) are responsible for treatment failure and relapse. New natural treatment approaches showed
capabilities to selectively target the CSC subpopulation by rendering them targetable by standard
cytotoxic compounds. Herein we show the anti-cancer properties of the polymethoxyflavones
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and prenylflavonoids extracted from Citrus sinensis and Humulus lupulus, respectively. The natural
biofunctional fractions, singularly and in combination, reduced the cell viability of CRC stem cells (CR-
CSCs) and synergized with 5-fluorouracil and oxaliplatin (FOX) chemotherapy. These phenomena
were accompanied by a reduced S and G2/M phase of the cell cycle and upregulation of cell death-
related genes. Notably, both phytoextracts in combination with FOX thwarted stemness features
in CR-CSCs as demonstrated by the impaired clonogenic potential and decreased Wnt pathway
activation. Extracts lowered the expression of CD44v6 and affected the expansion of metastatic
CR-CSCs in patients refractory to chemotherapy. Together, this study highlights the importance of
polymethoxyflavones and prenylflavonoids as natural remedies to aid oncological therapies.

Keywords: flavonoids; nobiletin; xanthohumol; anti-cancer therapy; cancer stem cells; colorectal
cancer; natural biofunctional molecules

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide and the second
most deadly cancer with a mortality rate of 600.000 deaths every year [1]. Most impor-
tantly, the 5-year survival rate ranges from 90 to 10% for stage I and stage IV patients,
respectively [2]. The current clinical practice of cancer treatment mainly relies on surgery,
chemotherapy, and radiotherapy. These approaches may be helpful to patients to some
extent; however, more in-depth research is urgently needed to establish an unmet resolving
therapy. The threatening fact of CRC is that despite some initial responses to currently
available treatments, most patients with advanced stages could succumb to the disease due
to therapy resistance and metastasis formation [3]. Therefore, determining the molecular
mechanism of CRC resistance is crucial for designing new effective strategies.

Notably, a subpopulation of CRC cells, commonly identified by the expression of cell
surface markers CD133 and CD44v6, are endowed with stemness properties, and thus
defined as CRC stem cells (CR-CSCs) [4,5]. Remarkably, these cells play a critical role in
the metastasis and relapse of CRC since they feature intrinsic properties of tumorigenesis,
invasion, metastasis formation, and therapy resistance [5,6]. The underlying mechanism of
CR-CSC resistance to treatment includes the activation of stemness signaling pathways,
such as Wnt/�-catenin [7], Hedgehog [8], Notch [9], Hippo/Yap [10], and PI3K/AKT [5],
as well as the high activity of detoxifying enzymes, and the increase of drug efflux pump
levels [11] and anti-apoptotic factors [12].

During the last century, we have witnessed the use of chemotherapy as a synthetic
drug-based treatment of cancer, which has improved the overall quality and extension of
patients’ lives [13]. The addition of the third-generation platinum derivative oxaliplatin
to a regimen of 5-FU and leucovorin (folinic acid) (FOLFOX), has become the mainstay
of therapy in postoperative patients and metastatic CRC [14]. The FOLFOX regimen
has been shown in multiple trials to improve progression-free survival (PFS) and overall
survival (OS), compared with 5-FU and leucovorin alone, with more than 50% of response
rates [15]. Of note, the non-chemotherapeutic drug leucovorin increases the anti-cancer
effects of fluorouracil, while reducing the side effects caused by fluorouracil plus oxaliplatin
(FOX) [16].

Notwithstanding the fact that chemotherapy is one of the major pharmacological
therapy for cancer [17], toxicity to normal cells have hampered its current efficacy [18].
Side effects firstly reduce patient’s quality of life and also compromise therapy efficacy due
to drug discontinuation and dose reduction [19]. Inevitably, the most common adverse
effects reported for FOLFOX are tiredness and fatigue, organ toxicity, myelosuppression,
and elevated liver transaminase levels [20]. Hence, due to the aforementioned reasons,
reducing the undesired toxicity by selective protection of healthy cells without compro-
mising the killing of transformed cells represents the only promising strategy to enhance
CRC treatment.
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Interestingly, regular consumption of fruits and vegetables is known to be protective
against the risk of numerous cancers [21]. In line with this, during the last decades, there
has been growing evidence of an inverse association between citrus fruit intake [22], as well
as hop intake [23], and risk of cancer. Consequently, there has been an increasing interest in
exploiting the potential role of citrus and hop in preventing or treating cancer [24], along
with their possible use in combination with oncological therapies [25].

The tumor preventive effect of orange and hop is mainly exerted by biologically active
polyphenols, such as flavonoids, which display antioxidant activity, control cell cycle
progression, and modulate the activation of oncogenic pathways [26]. Among flavonoid
subgroups, two well-known anticancer molecules derived from orange and hop are respec-
tively Nobiletin [27] and Xanthohumol [28]. In CRC cell lines, the polymethoxyflavone
Nobiletin inhibits proliferation, induces cellular apoptosis, limits angiogenesis, sensitizes
cells to chemotherapy, and prevents tumor formation [29]. Similarly, the prenylflavonoid
Xanthohumol inhibits cell proliferation, induces DNA damages and apoptosis, and sen-
sitizes CRC cell lines to chemotherapy [30]. However, the use of polyphenols in clinical
practice has been limited by a lack of knowledge regarding their long-lasting anti-cancer
properties and the therapeutic doses avoiding cytotoxicity against normal cells. Moreover,
purification of Nobiletin and Xanthohumol from the phytocomplexes or its chemical syn-
thesis remains quite expensive, and multi-kilograms-scale production is far to come [31,32],
thus new strategies should be implemented to achieve potential therapeutic use of these
molecules. Bioactivity-based fractionation of natural extracts represents a time- and cost-
saving approach [33,34] and it is particularly relevant from the point of view of a sustainable
economy, allowing waste recovery [35,36].

Herein we show that selected fractions from Citrus sinensis and Humulus lupulus
extracts, containing Nobiletin (NCF) and Xanthohumol (XCF) as the main components,
respectively, decrease the cell viability of primary cells isolated from CRC patients and
CRC cell lines, causing reduced and negligible cytotoxicity toward healthy cells at ther-
apeutic concentrations. In addition, these fractionated extracts, either singularly or in
combination, may synergize with FOX-based chemotherapy to increase apoptosis, impair
the sphere-forming capability, reduce the S phase and the G2/M phase of the cell cycle,
and decrease the activation of the Wnt pathway as well as the expression of the metastatic
CR-CSC marker CD44v6. Notably, both fractions exerted a cytotoxic effect against CR-CSCs
isolated from liver metastasis of chemoresistant patients, sensitizing them toward standard
chemotherapy.

This study implies that the strategy of rational fractionation of natural extracts may
represent a promising forefront remedy to improve future CRC chemotherapy, by both
enhancing drug efficacy to reduce CSC survival as well as decreasing drug cytotoxicity.

2. Materials and Methods

2.1. Sample Preparation
Hand-squeezed juice of Citrus sinensis var. Tarocco was centrifuged at 15,000⇥ g for

15 min at 25 �C to remove fibers, then lyophilized for 24 h at �52 �C (LyoQuest-55, Telstar
Technologies, Terrassa, Spain). The powder thus obtained was extracted with MeOH
(Sigma-Aldrich, St. Louis, MO, USA) and the procedure was repeated three times for the
complete recovery of a polyphenolic fraction [37].

Hop pellets were converted to powder with a mortar and treated with hexane for
10 min and then extracted with MeOH for 10 min (⇥3) [38].

The methanolic extracts were combined, evaporated to dryness under vacuum at
40 �C in a rotary evaporator, dissolved in MeOH:water 50:50 (v/v) to a concentration of
1 mg mL�1, filtered on a 0.45 µm nylon membrane (Merck Millipore, Milan, Italy), and
finally analyzed by reverse phase (RP)-ultra-high performance liquid chromatography
(UHPLC) coupled to diode array detection (DAD) and mass/mass spectrometry (MS/MS).
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2.2. LCMS–IT-TOF Conditions
UHPLC-ESI-IT-TOF analyses were performed on a Shimadzu Nexera UHPLC system

coupled online to an LCMS–IT-TOF mass spectrometer through an ESI source (Shimadzu,
Kyoto, Japan). LC-MS data elaboration was performed by the LCMSsolution® software
(Version 3.50.346, Shimadzu). LC-MS analysis of polyphenolic compounds was carried out
on a KinetexTM EVO C18 150 ⇥ 2.1 mm ⇥ 2.6 µm (100 Å) column thermostated at 40 �C
(Phenomenex, Bologna, Italy), monitoring the chromatograms at 330 and 370 nm. Mobile
phases consisted of 0.1% (v/v) CH3COOH/H2O (A) and 0.1% (v/v) CH3COOH/ACN (B).
Analysis was performed in gradient elution as follows: 0–25 min, 15–90%B; 25–27.0 min,
isocratic to 90%B; then five minutes for column re-equilibration. MS detection of poly-
methoxyflavones (Citrus sinensis) and prenylflavonoids (Humulus lupulus) was operated
in positive ionization and a negative mode, respectively, with the following parameters:
Detector voltage, 1.55 kV; CDL (curve desolvation line) temperature, 250 �C; block heater
temperature, 250 �C; nebulizing gas flow (N2), 1.5 L min�1; drying gas pressure, 110 kPa.
Full scan MS data were acquired in the range of 150–2000 m/z and MS/MS experiments
were conducted in a data-dependent acquisition, while precursor ions were acquired in the
range 150–1000 m/z.

Molecular formulas of identified compounds were calculated by the Formula Pre-
dictor software (Version 1.12, Shimadzu). The following online databases were also con-
sulted: ChemSpider (http://www.chemspider.com, accessed on 12 May 2021), SciFinder
Scholar (https://scifinder.cas.org, accessed on 12 May 2021) and Phenol-Explorer (www.
phenol-explorer.eu, accessed on 12 May 2021).

2.3. Semiprep-RPHPLC-UV/Vis
The purification of polymethoxyflavones and prenylflavonoids was carried out by

semi-preparative reversed-phase liquid chromatography employing a Shimadzu Semiprep-
HPLC system consisting of two LC20AP pumps, a SIL20AP autosampler, a fraction collector
FRC10A, a UV detector SPD20AV equipped with a preparative cell, and a system controller
CBM 20A.

The separation was carried out on a KinetexTM C18 150 ⇥ 21.2 mm ⇥ 5 µm (100 Å),
employing water (A) and acetonitrile (B) as mobile phases, both acidified by 0.1% (v/v)
CH3COOH setting the flow rate at 20 mL min�1. The analysis was performed in gradient
elution as follows:

Citrus sinensis gradient: 0–30 min, 10–70%B; 30–35 min, 70–10%B; 35–40 min, isocratic
to 10%B.

Humulus lupulus gradient: 0–15 min, 5–30%B; 15–20 min, 30–70%B; 20–22 min, 70–100%B;
22–27 min, isocratic to 100%B; then five minutes for column re-equilibration.

2.4. Cell Culture
The purification and culture of CSphCs, from 6 primary tumor specimens and 6 liver

metastasis of patients diagnosed with CRC, were performed as described in [39], in ac-
cordance with the ethical standards of Human Experimentation (authorization CE9/2015,
Policlinico “Paolo Giaccone”, Palermo and authorization AIRC IG 2015, 17621, 2016, Fon-
dazione Policlinico A Gemelli IRCCS, Rome, Italy). The authentication of CR-CSphCs is
routinely performed by the short tandem repeat (STR) DNA profiling kit (GlobalFiler™
STR kit, Applied Biosystem, Thermo Fisher Scientific, Waltham, MA, USA) followed by
sequencing analysis on ABIPRISM 3130 (Applied Biosystem, Thermo Fisher Scientific
Waltham, MA, USA). Mycoplasma infection is constantly monitored with the MycoAlert
TM Plus Mycoplasma Detection Kit (Lonza, Houston, TX, USA). DNA profiles of patient
tumor tissues were matched with the corresponding CR-CSphCs.

HCT116 and RKO CRC cell lines were purchased by ATCC (Manassas, VA, USA)
and cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
FBS (Corning, Corning, NY, USA). HUVEC and HS-5 cell lines were purchased by ATCC
(Manassas, VA, USA) and cultured in the Vascular Cell Basal Medium supplemented with

http://www.chemspider.com
https://scifinder.cas.org
www.phenol-explorer.eu
www.phenol-explorer.eu
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the Vascular Endothelial Cell Growth Kit-VEGF (ATCC, Manassas, VA, USA) and in DMEM
(ATCC, Manassas, VA, USA) supplemented with 10% FBS, respectively.

CRC cells were treated with 5-fluorouracil (Selleckchem, Houston, TX, USA) plus
oxaliplatin (Sigma-Aldrich, St. Louis, MO, USA). Oxaliplatin was administered 3 h before
5-fluorouracil.

2.5. Cell Viability
Cell viability was determined by adding the CellTiter 96 AQueous One Solution

Reagent (Promega, Madison, WI, USA) to untreated and treated CR-CSCs and CRC cell
lines. The solution was incubated for 2 h at 37 �C and the 490 nm absorbance was assessed
by using the Programmable MPT plate reader (GVD).

Cell viability was assessed with the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) in the two normal cell lines, HUVEC and HS5. Twenty-four hours after seeding,
the cells were treated with 5–10 and 25 µg/mL of orange fractionated extract, hop fraction-
ated extract, and mix extract. After 24 or 48 h treatment, MTT was added to each well and
the plate was incubated for 3 h at 37 �C. After the addition of isopropanol, the plate was
read at 540 nm.

2.6. Drug Combination Study
Drug combination studies have been assessed by using the Chou–Talalay method,

which is based on the median effect and the combination index (CI) equations in order to
determine the quantization of drug interactions. The CI), computed in CompuSyn using
the Chou–Talalay method, calculated on cell proliferation following the treatment with
different FOX and Nobiletin dose pairs. CI < 1 represented synergism (slight, moderate,
strong, very strong); otherwise, it indicated additivity (CI = 1) or antagonism (CI > 1)
between two drugs [40].

2.7. Transfection of Cells, Lentiviral Particle Production, and Cell Transduction
In order to produce lentiviral particle HEK-293T, packaging cells were transfected

with TOP-GFP (Addgene, Watertown, MA, USA), psPAX2 (Addgene), and pMD2.G (Ad-
dgene) using XtremeGENE HP DNA Transfection Reagent (Roche, Basel, Switzerland).
Lentiviral particles were subsequently concentrated by using the Lenti-X Concentrator
reagent (Clontech, Takara Bio, San Jose, CA, USA). CR-CSphCs were transduced with the
lentiviral particle and 8 µg/mL of polybrene (Sigma-Aldrich, St. Louis, MO, USA).

2.8. Clonogenic and Sphere Forming Assay
CR-CSphCs were pretreated for 48 h with NCF, XCF, Mix, and FOX chemotherapy

and subsequently plated as single cells per well in a 96-well plate. Wells containing 1,
2, 3, 4, or 5 cells were included in the analysis. CR-CSphCs clonogenic potential was
calculated with the Extreme Limiting Dilution Analysis (ELDA) ‘limdil’ function (http:
//bioinf.wehi.edu.au/software/elda, accessed on 2 April 2021).

In order to assess the sphere-forming capability of CR-CSCs, single cells, pretreated
for 48 h with NCF, XCF, Mix, and FOX chemotherapy, were plated in ultra-low 6-well
plates at 5.000 and 10.000 cells/mL density [41]. The sphere counts were performed
after 48 h by using ImageJ software. The dense and tightly compacted structures were
considered spheres. Sphere-forming efficiency was calculated with the formula (number of
spheres/number of seeded cells) ⇥ 100.

2.9. RNA Isolation and Gene Expression Analysis
The purification of RNA was carried out using TRIZOL (Thermo Fisher Scientific,

Waltham, MA, USA) protocol. For gene expression analysis, the total RNA (1 µg) was
retrotranscribed and subjected to quantitative real-time PCR (qRT-PCR) with a custom
PrimePCR panel (Bio-Rad, Hercules, CA, USA) for 88 genes involved in cell death, stemness,
and the epithelial-to-mesenchymal transition according to the manufacturer’s instructions.

http://bioinf.wehi.edu.au/software/elda
http://bioinf.wehi.edu.au/software/elda
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Single gene assays were also performed using an SYBR green PCR mastermix (Qiagen,
Hilden, Germany) and the following primers: DKK1 (forward: 50- GGT ATT CCA GAA
GAA CCA CCT TG -30; reverse: 50- CTT GGA CCA GAA GTG TCT AGC AC -30); WNT5B
(forward: 50- CAA GGA ATG CCA GCA CCA GTT C -30; reverse: 50- CGG CTG ATG GCG
TTG ACC ACG -30); WNT3A (forward: 50- ATG AAC CGC CAC AAC AAC GAG G -30;
reverse: 50- GTC CTT GAG GAA GTC ACC GAT G -30); WNT7B (forward 50- AGA AGA
CCG TCT TCG GGC AAG A -30; reverse 50- AGT TGC TCA GGT TCC CTT GGC T -30).
The mRNA level was normalized to GAPDH (forward: GCT TCG CTC TCT GTC CCT CCT
GT; reverse: TAC GAC CAA ATC CGT TGA CTC CG) housekeeping gene and calculated
using the CT comparative method (DDCt method).

2.10. Flow Cytometry
CR-CSCs were washed in PBS twice, and stained for 1 h at 4 �C with conjugated

antibodies CD44v6-APC (2F10, mouse IgG1, R&D systems, Minneapolis, MN, USA) or
isotype-matched control (IC002A, mouseIgG1, R&D systems, Minneapolis, MN, USA).
Dead cells were excluded based on the uptake of 7-AAD (BD Biosciences, Franklin Lakes,
NJ, USA).

For cell cycle analysis, untreated and treated CR-CSC were washed with PBS and
centrifuged at 1300 rpm for 5 min. After removing the supernatant, the cell pellet was
resuspended in 1 mL of Nicoletti Buffer (0.1% of Sodium citrate 0.01% of Tritox-100,
50 µg/mL of Propidium Iodide, 10 µg/mL of Rnase solution) and incubated in the dark at
4 �C for 16 h.

Apoptotic cells were detected by using the CaspGlow Fluorescein Active Caspase 3
Staining kit (Biovision, Milpitas, CA, USA) and Brilliant Violet 421 Annexin V apoptosis
staining kit (Biolegend, San Diego, CA, USA) according to the manufacturer’s protocol. CR-
CSCs were then analyzed using the FACSLyric flow cytometer (BD Biosciences, Franklin
Lakes, NY, USA).

3. Results

3.1. Nobiletin and Xanthohumol Hamper CR-CSphCs Viability While Sparing Healthy Cells
Our group and others have previously demonstrated that CR-CSCs possess the ca-

pability to withstand chemotherapy and guide disease recurrence [39]. We sought to
investigate to what extent the standard anti-cancer approach based on chemotherapy
counteracted the viability of our CRC spheroid cells (CR-CSphCs) collection, which are
heterogeneous cell populations composed of CSC, transit-amplifying, and differentiated
cells (Table S1) [42].

Following exposure to increasing concentrations of 5-fluorouracil and oxaliplatin
(FOX)-based therapy, by mimicking the clinically used schedule and doses for FOX [15,43],
CR-CSphCs showed higher resistance to this therapeutic regimen as compared to estab-
lished CRC cell lines (Figure 1A). Although both cell types exhibited a similar pattern of
diminished cell proliferation, CR-CSphCs showed a 3.9-fold increase in the half-maximal
inhibitory concentration (IC50) (Figure 1A).
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Figure 1. CR-CSphCs are resistant to chemotherapy. (a) Cell proliferation percentage of CR-CSphCs (#3, #8, and #59) and 
CRC cell lines (HCT116 and RKO) treated with 0.1 µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, and 10 µM of FOX chemotherapy for 
48 h. Data are represented as mean ± SD of three independent experiments. IC50 values are indicated in the right panel; 
(b) chromatographic profiles of polymethoxyflavones and chemical structure of Nobiletin, isolated from Citrus sinensis; 
(c) chromatographic profiles of prenylflavonoids and chemical structure of Xanthohumol, isolated from Humulus lupulus; 
(d) qualitative profile of isolated polyphenolic fractions; (e) NCF, XCF, and Mix (50% NCF plus 50% XCF) were firstly 

Figure 1. CR-CSphCs are resistant to chemotherapy. (a) Cell proliferation percentage of CR-CSphCs (#3, #8, and #59) and
CRC cell lines (HCT116 and RKO) treated with 0.1 µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, and 10 µM of FOX chemotherapy for
48 h. Data are represented as mean ± SD of three independent experiments. IC50 values are indicated in the right panel;
(b) chromatographic profiles of polymethoxyflavones and chemical structure of Nobiletin, isolated from Citrus sinensis;
(c) chromatographic profiles of prenylflavonoids and chemical structure of Xanthohumol, isolated from Humulus lupulus;
(d) qualitative profile of isolated polyphenolic fractions; (e) NCF, XCF, and Mix (50% NCF plus 50% XCF) were firstly
extracted through lyophilization and then solubilized in methanol. CR-CSphCs and CRC cell lines were exposed to extracts,
either singularly or in combination with FOX chemotherapy.
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These results mirror the difficulties in targeting the CR-CSphCs subpopulation with
therapeutically relevant doses of standard anti-cancer compounds that, in the meantime,
comply with tolerability.

Given that high chemotherapy concentrations are required to induce significant inhi-
bition of cell proliferation of CR-CSphCs, we sought to examine the anti-cancer effect of
natural fractionated extracts of Citrus sinensis and Humulus lupulus, obtained from waste
recovery by a time- and cost-saving method and containing Nobiletin and Xanthohumol as
main components, respectively.

Thus, we performed class-specific isolation through reversed-phase semi-preparative
liquid chromatography. As can be appreciated from Figure 1B–D, we collected poly-
methoxyflavones and prenylflavonoids from citrus and hop extracts, respectively. The
identity of isolated metabolites was assessed by UHPLC-MS/MS analysis and supported
by their retention times, comparing UV spectra and MS/MS data with those present in
the literature.

In detail, the characteristic fragment ions of polymethoxyflavones were obtained by
the loss of 31 Da corresponding to the CH3O group. Among them, compounds 3 and 5
were unambiguously identified as Nobiletin and Tangeretin, respectively, by comparison
with the reference standards. Compound 1 was characterized as pentamethoxyflavone
and identified as sinensetin while the chromatographic peaks 2 and 4 were identified as
hexa- and heptamethoxyflavone, respectively. Compounds 6, 7, and 8, showed at m/z 367,
m/z 369, and m/z 353 [M-H]- fragmentation ions at m/z 247, m/z 249, and at m/z 233
corresponding the product ions with the negative charge retained on the A-rings, following
retro-Diels-Alder fragmentation [M-H-C8H8O]-.

Before assessing the effects of the Nobiletin-containing fraction (NCF), the Xanthohumol-
containing fraction (XCF), and their combination (Mix) on tumor cells, we studied their
impact on the viability of two healthy cell lines. The human stromal cells, HS-5, and
the human umbilical vein endothelial cells, HUVEC, have been extensively described as
reliable models to estimate and predict the side effects of anti-cancer drugs on healthy
cells [44–46]. The two cell lines were treated with increasing concentrations of the two
fractions for 24 and 48 h and only mild effects on cell viability were observed, supporting
the absence of significant toxicity of Nobiletin and Xanthohumol (Figure S1A,B).

Together, these data indicate that NCF and XCF could serve as potential adjuvants of
standard anti-cancer compounds, while minimizing the occurrence of side effects.

3.2. Phytoextracts Sensitize CR-CSphCs to Chemotherapy
In order to assess the potential use of either NCF, XCF, or their combination as chemo-

sensitizing agents, we studied the potential synergistic effects of these natural compounds
with FOX.

Multiple lines of chemotherapy, after an initial tumor shrinkage, led to the selection
and expansion of the CSC compartment with consequent tumor recurrence. We took
advantage of our collection of CR-CSphCs isolated from both naïve primary CRC and liver
metastasis of patients who were refractory to chemotherapy (Table S1). These cells represent
a solid pre-clinical model, able to reproduce a patient’s sensitivity to drugs. Specifically, we
selected three concentrations of extracts, 12.5µg/mL, 25µg/mL, and 40µg/mL, to test their
effects on CR-CSphCs proliferation. The administration of NCF, XCF, and their combination
(Mix) significantly reduced the proliferation of CR-CSphCs, including chemotherapy-
resistant cells (Figure 2A–D and Figure S2). Combined exposure to NCF and FOX reduced
the viability of six CR-CSphCs (#8, #24, #R1, #R2, #R3, and #R4), while treatment with FOX
in combination with XCF significantly reduced the viability of four CR-CSphCs (#R7p, #24,
#37, and #R2) (Figure S2A–C). Likewise, the combination index (CI) analysis, calculated by
the Chou–Talalay method, highlighted the synergistic effects of Nobiletin and Mix plus
FOX in reducing CR-CSphC#8 viability (Figure 2C and Figure S2A). These results were
also validated on CRC cell lines, which showed a remarkable decrease in cell proliferation
following the administration of the combined treatments (Figure S2E,F).
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Figure 2. Combination of NCF plus chemotherapy hampers the proliferation of CR-CSphCs. (a) Cell proliferation percentage
of CR-CSphCs (#24) treated with 25 or 40 µg/mL of NCF, XCF, or Mix extracts alone or in combination with 1.25 or 5 µM
FOX for 48 h. Data are represented as mean ± SD of three independent experiments. Comparisons between two groups were
made using a two-tailed Student’s t-test: ns, not significant, ** p  0.01, *** p  0.001, **** p  0.0001; (b) cell proliferation
percentage of CR-CSphCs (#8) treated with 12.5 or 25 µg/mL of NCF, XCF, or Mix extracts alone or in combination with 0.5
or 2.5 µM FOX for 48 h. Data are represented as mean ± SD of three independent experiments. Comparisons between two
groups were made using a two-tailed Student’s t-test: ns, not significant, * p  0.05, ** p  0.01, *** p  0.001; (c) synergy
plot representing the combination index (CI), computed in CompuSyn by using the Chou–Talalay method, calculated from
cell proliferation data of CR-CSphCs (#8) treated with different FOX and NCF and Mix dose pair at 48 h; (d) cell viability
of metastatic CR-CSCs exposed for 72 h to 40 µg/mL NCF, XCF, or both extracts (Mix), as compared to control (vehicle).
* p  0.05, **** p  0.0001.
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3.3. Nobiletin and Xanthohumol Induce Apoptosis of CR-CSphCs in Combination
with Chemotherapy

The genotoxic stress dictated by the extracts plus chemotherapy caused a reduction in
CR-CSphCs S- and G2/M- cell cycle phases and substantially increased the G0/G1 and
sub-G0 phase (Figure 3A and Figure S3A). The cytostatic effect caused by the combined
treatment is conceivably induced by the short-term exposure of 48 h, which concomitantly
allows early events of apoptosis. Thus, these data suggest that long-term treatments are
required to definitively commit cells to apoptosis [29].
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Figure 3. Flavonoids extracts plus chemotherapy induce apoptosis in CR-CSphCs. (a) Phase Representative flow cytometry
analysis of cell cycle phases distribution in CR-CSphCs (#8) exposed to 0.5 µM FOX and 12.5 µg/mL NCF, alone or in
combination, for 48 h. DNA content was assessed by propidium iodide (PI) staining; (b) percentage of apoptotic CR-CSphCs
(#8) treated with 0.5 µM FOX and 12.5 µg/mL NCF, XCF, or both extracts, alone or in combination, for 48 h. The analysis
was performed by flow cytometry on CR-CSphCs labeled with propidium iodide (PI) and Annexin-V; (c) gene expression
analysis of pro-apoptotic genes in CR-CSphCs (#8) after exposure to 0.5 µM FOX and 12.5 µg/mL NCF, XCF, or both extracts
(Mix), as compared to control (vehicle) for 48 h. Data are expressed as 2�DDCt expression values normalized to GAPDH and
HPRT genes.

Accordingly, the combination of treatments induced the apoptotic events in CR-
CSphCs, as demonstrated by the increased number of AnnexinV-positive cells (Figure 3B
and Figure S3B).

To further confirm that NCF, XCF, and Mix are required to induce programmed cell
death in combination with chemotherapy in CR-CSphCs, we analyzed the expression of
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genes related to apoptosis and autophagy. Gene expression analysis revealed enhanced
expression of eight proapoptotic genes, ATG3, ATG5, ATG12, B2M, CD40, CYLD, FAS, and
GADD45A, up-regulated in CR-CSphCs treated with each of the extracts and chemotherapy
(Figure 3C). Flavonoids induce apoptosis at early events, which was paralleled with
an increase in the expression of genes associated with apoptosis without determining a
significant increase in Caspase-3 activity (Figure S3B), likely due to a caspase-3 independent
apoptosis phenomenon.

These results suggest that fractionated extracts lessen the common dose of chemother-
apeutic drugs, thereby reducing their side effects and rendering the therapeutic regimen
more acceptable.

3.4. NCF and XCF Counteract Stemness Features of CR-CSCs
We and others demonstrated that standard chemotherapy efficaciously kills differenti-

ated cells while sparing cells with stemness features [39]. Thus, we hypothesized that the
addition of the flavonoid extracts to FOX chemotherapy could affect the stem compartment
of CR-CSphCs.

Therefore, we assessed the sphere-forming potential of CR-CSphCs as a functional
approach to study CSCs self-renewal. Interestingly, following a short time exposure, we
observed that FOX plus NCF, and to a lesser extent XCF and Mix, were able to suppress CR-
CSCs sphere formation (Figure 4A and Figure S4A,B). In addition, we performed an in vitro
limiting dilution assay to evaluate the residual self-renewal activity of cells previously
exposed to 48 h of treatment. Consistent with previous results, the administration of
extracts and chemotherapy hampered the clonogenic potential of CR-CSphC (Figure 4B).

We previously demonstrated that CD44v6 is a marker of CR-CSCs endowed with
metastatic potential, and thereby responsible for disease progression [5]. After 48-h expo-
sure to the combination of NCF, XCF, and Mix plus FOX, CR-CSCs showed a significantly
lower expression of CD44v6 (75.6%, 84.1%, and 74.3%, respectively) compared to the
control (96.5%) (Figure 4C and Figure S4C,D).

Wnt pathway activity is a functional biomarker that defines the CR-CSC population [7],
and it is associated with poor prognosis in CRC patients [47]. Wnt/�-catenin activity is
mostly associated with high expression levels of CD44v6, which significantly correlates
with the overall survival probability of CRC patients [5]. Moreover, besides the well-known
role of the Wnt pathway in the mechanisms that establish the stemness, Wnt gene targets
were found involved at various levels in drug resistance [48]. To corroborate the role
of flavonoid-based therapies in counteracting Wnt pathway activation, we analyzed the
expression of Wnt pathway inhibitors and effectors. This therapeutic approach, which
combines chemotherapy plus NCF and/or XCF was able to boost the gene expression
levels of the major inhibitor of the Wnt pathway, DKK1, and lower the expression of the
Wnt pathway effectors WNT3A, WNT5B, and WNT7B (Figure S4E,F) [49–51].

The activity of the Wnt pathway was validated by transducing CR-CSphCs with a
Wnt reporter construct, which encodes for GFP when �-catenin binds to TCF/LEF pro-
moter [7]. Wnt-high (GFP-positive) cells were sensitive to FOX in combination with extracts
(Figure 4D). We also noticed an increase of Wnt-low early apoptotic cells positive for An-
nexin V. Thus, flavonoids treatment leads to a significant decrease of CD44v6 expression
along with a reduced number of CR-CSCs bearing activation of the Wnt pathway.
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Figure 4. Flavonoids extracts plus chemotherapy decreased the stemness features of CR-CSphC. (a) Phase contrast image
showing the sphere forming capability of CR-CSphCs treated with 0.5 µM FOX in combination with 12.5 µg/mL NCF, XCF,
or both extracts (Mix), for 48 h; (b) clonogenic capability, evaluated by ELDA software, of CR-CSphCs. Pre-treated for 48 h
as in (a); (c) representative flow cytometry analysis of CD44v6 expression on CR-CSCs following 48 h treatment as in (a);
(d) representative flow cytometry analysis of Annexin V on CR-CSphCs (#8) transduced with TOP-GFP and treated as in A
(left panel) and relative percentage of Annexin V positive CR-CSphCs (#8) (right panel). Data are expressed as mean ± SD
of three independent experiments. Comparisons between two groups were made using a two-tailed Student’s t-test: ns, not
significant, * p  0.05, ** p  0.01, *** p  0.001.

4. Discussion

The pharmacological use of chemotherapy as a cancer remedy has been limited
by its notorious side effects caused by toxicity to normal cells [17]. Thus, avoiding the
undesired toxicity without compromising the targeting of cancer cells represents the main
goal to be achieved in cancer treatment. Natural biofunctional molecules are known to
exert their tumor-preventive effects by antioxidant polyphenols such as flavonoids [27,28].
Flavonoids, as natural compounds, play a crucial role in preventing intestinal barrier
damage by preserving its integrity and the mucosal architecture [52], suggesting that they
may not have any side effects on normal intestinal stem cells.

Both chemotherapy and targeted therapy, if not successful in eradicating the disease,
may result in the reappearance of even more aggressive cancers. CR-CSCs expansion can
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occur during or after therapy interruption due to microenvironmental cues and/or the
accumulation of genetic aberrations that nullify the effect of therapy [4].

Nobiletin and Xanthohumol, either singularly or 50% mixed with each other, synergize
with FOX-based chemotherapy in order to reduce cell CR-CSphCs viability, the cell cycle S
phase and G2/M phase, the sphere-forming capability, and clonogenic potential. Notably,
flavonoids treatment lowers the number of CR-CSCs expressing high levels of Wnt and
CD44v6, which together with the Wnt pathway activity is the most accurate functional
biomarker that identifies a CR-CSC population endowed with metastatic potential [5].

Nobiletin has been reported to sensitize cells to chemotherapy and promote apoptosis
in CRC cell lines [53]. Likewise, Xanthohumol has also been reported to sensitize CRC cells
to chemotherapy by inhibiting cell proliferation and induce DNA damage and apoptosis
in CRC cells [30]. In accordance, NCF and XCF in combination with FOX determine
upregulation of pro-apoptotic genes, as well as downregulation of anti-apoptotic genes.
Furthermore, given that several of the pro-apoptotic genes induced by flavonoids and
the FOX combined treatment, such as ATG3, ATG5, and ATG12, play a critical role in the
autophagic process [54,55], we hypothesize that CR-CSphCs exposed to the combined
treatment experience severe intra-cellular stress, leading to apoptosis that may follow an
autophagic process. Interestingly, we observed that both NCF and XCF, albeit showing
cytotoxic effects toward cancer cells, are well tolerated by normal cells. This phenomenon
is still not thoroughly understood and could be explained by the presence of altered
metabolism or activation of molecular pathways exclusively in cancer cells.

The underlying mechanisms of Nobiletin and Xanthohumol in reducing the viability
of CR-CSphCs refractory to chemotherapy is possibly related to the downregulation of
stemness programs, such as the Wnt pathway. Indeed, it has already been demonstrated
that chemotherapy, for example, 5-FU, induces the activation of the Wnt pathway in CRC
cells to mediate treatment escape [56].

Notably, beyond Wnt pathway activation, other stemness and survival pathways
specific for CSCs have been described to be involved in the anticancer activity of Nobiletin
and Xanthohumol [57,58]. Flavonoids decrease the expression of drug efflux transporters
in CRC, which is a well-described mechanism of drug resistance in CSCs [59,60]. This
could represent a potential mechanism for the specific targeting of the CR-CSC subset.

In summary, we investigated how NCF and XCF interfere with cell proliferation and
apoptosis, by possibly targeting stemness pathways involved in the onset and progression
of cancer. Interestingly, we found that these plant derived-natural compounds, either
singularly or in combination, are beneficial as additive molecules to chemotherapy, possibly
limiting anti-cancer cytotoxicity towards normal cells. The novelty of our research relies on
the synergistic/additive effect of the Nobiletin/Xanthohumol treatment in combination
with chemotherapy, which affects the viability of CR-CSCs purified and propagated from
CRC liver metastasis of patients treated with chemotherapy. In conclusion, flavonoids
could serve as a promising strategy for anti-cancer treatment, which preserves patients’
quality of life.

5. Conclusions

Here we investigated the potential effects of natural flavonoids, both polymethoxyflavones
and prenylflavonoids, as potential adjuvants in CRC therapy. The results obtained showed
how specific fractions from natural extracts are able to improve the efficacy of chemother-
apy, at the same time reducing cancer cell survival and chemotherapeutics cytotoxicity.
Specifically, these fractions are characterized by the presence of active compounds that
have been previously characterized for their anticancer potential, namely Nobiletin form
Citrus sinensis and Xanthohumol from Humulus lupulus. The obtained results will pave the
way for further investigations about the use of fractionated natural extracts as adjuvants in
chemotherapy in the form of functional or fortified foods and/or dietary supplements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13163927/s1, Figure S1: NCF and XCF do not affect non-transformed cells. Figure S2:

https://www.mdpi.com/article/10.3390/cancers13163927/s1
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NCF and XCF sensitize cancer cells to chemotherapy. Figure S3: NCF and XCF plus chemotherapy
induce apoptosis in CR-CSphCs. Figure S4: NCF and XCF plus chemotherapy counteract the
stemness potential of CR-CSCs. Table S1: CR-CSphCs characterization, CD44v6 expression, MSI
profile, and KRAS, BRAF, APC, and PIK3CA gene mutation profile.
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Figure S1. NCF and XCF do not affect non-transformed cells. Percentage of growth of HS5 (a) and HUVEC (b) cell 
lines treated with 5, 10, and 25 µg/ml of NCF, XCF, or the Mix of extracts for 24 and 48 hours. Values are plotted as the 
percentage of 5 growth versus the vehicle (DMSO, dotted line). Data are represented as means ± SD. Comparisons 
between two groups (cells treated with the extracts vs cells treated with the vehicle) were made using a two-tailed 
Student’s t-test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 



 



 

Figure S2. NCF and XCF sensitize cancer cells to chemotherapy (a) Synergy plot representing the combination index 
(CI), computed in CompuSyn by using Chou-Talalay method, calculated from cell proliferation data of CR-CSphCs 
(#8) treated with different FOX and NCF dose pair at 72 hours; (b) Cell proliferation percentage of primary 
CR-CSphCs (#R7p) treated with 25 and 40 µg/ml of NCF, XCF or Mix extracts alone or in combination with 5 µM FOX 
for 72 hours (left panel) and CR-CSphCs (#37) treated with 25 µg/ml of NCF, XCF or Mix extracts alone or in 
combination with 1.25 µM FOX for 72 hours (right panel); (c) Cell proliferation percentage of CR-CSC #R1, #R2, #R3, 
#R4 treated with 40 µg/ml of NCF, XCF or Mix extracts alone or in combination with 5 µM FOX for 72 hours; (d) Cell 
proliferation percentage of CR-CSC #R4 and #R7 treated with 25 µg/ml of NCF, XCF or Mix extracts for 72 hours; (e,f) 
Cell viability of CRC cell lines (HCT116 and RKO) treated with 25 µg/ml of NCF, XCF or Mix extracts alone or in 
combination with 5 µM FOX at the indicated time points (left panel). Synergy plot representing the combination 
index (CI), computed in CompuSyn by using Chou-Talalay method, calculated from cell proliferation data of CRC 
cell lines treated with different FOX and NCF dose pair at 48 hours (right panel). Data are represented as mean ± SD 
of three independent experiments. Percentage of untreated control (vehicle) is shown. Comparisons between two 
groups were made using a two-tailed Student’s t-test: ns, not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 
0.0001. 



 

Figure S3. NCF and XCF plus chemotherapy induce apoptosis in CR-CSphCs (a) Representative flow cytometry 
analysis of cell cycle phases distribution in CR-CSphCs (#8) exposed to 0.5 µM FOX and 12.5 µg/ml Xanthohumol or 
Mix, alone or in combination, for 48 hours. DNA content was assessed by propidium iodide (PI) staining; (b) 
Percentage of cells treated as in (a) showing caspase-3 activity assessed by flow cytometry analysis; (c) Network 
integration of multiple genes showed in Figure 3C calculated by geneMANIA software. 

 



 

Figure S4. NCF and XCF plus chemotherapy counteract the stemness potential of CR-CSCs (a) Phase contrast image 
showing the sphere forming capability of CR-CSCs, cultured at low cell density, treated with 0.5 µM FOX and 12.5 
µg/ml NCF, alone or in combination, for 48 hours, scale bar represents 25µm; (b) Sphere forming efficiency of 
CR-CSCs treated with 0.5 µM FOX and 12.5 µg/ml NCF, alone or in combination, for 48 hours (c) Representative flow 
cytometry analysis showing the gating strategies of CR-CSphC shown in Figure 3D; (d) Representative flow 
cytometry analysis of CD44v6 expression on CR-CSCs following 48 hours treatment with 12.5 µg/ml of NCF, XCF or 
Mix extracts alone or in combination with 0.5 µM FOX for 72 hours; (e) Gene expression analysis of genes involved in 
stemness and EMT in CR-CSphCs after exposure to 0.5 µM FOX and 12.5 µg/ml NCF, XCF or Mix, as compared to 
control (vehicle) for 48 hours. Data are expressed as 2−ΔΔCt expression values normalized to GAPDH and HPRT genes; 
(f) Relative mRNA expression levels of genes involved in Wnt pathway activation (DKK1, AXIN1, AXIN2, CK1) and 
inhibition (WNT3A, WNT5B, WNT7B). GAPDH was used as control. 
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Table S1. CR-CSphCs characterization, CD44v6 expression, MSI profile, and KRAS, BRAF, APC and PIK3CA gene 
mutational profile. TNM classification is referred to the time of initial diagnosis. Wt, wild-type; mut, mutated; NA, 
data not available. 

 

# Age Gender Site Stage Grading TNM classification MSI clinical relevant CD44v6 (%) KRAS BRAF APC PIK3CA

3 85 F colon (right site) IIIC G3 T3N2M0 MSI 33 wt mut wt mut

8 57 F colon (right site) IV G3 T3N2M1 MSS 92.3 mut wt mut mut

24 51 F colon (right site) IIA G2 T3N0M0 MSI 9.96 wt wt mut wt

37 82 M colon (right site) IIIC G3 T3N2M0 MSI 46 wt wt mut wt

59 78 M colon IIIB G3 T3N1M0 MSS 85.4 mut wt wt wt

R7p 70 M colon (left side) NA NA NA NA NA wt mut NA wt

R1 65 M liver metastasis of colon 
cancer (sigmoid) IIA NA T3N0M0 MSS 13.7 wt wt NA NA

R2 61 F liver metastasis of colon 
cancer (rectum) IV NA T3N1M1 MSS 19.1 wt wt NA NA

R3 62 F liver metastasis of colon 
cancer (rectum) IIIB NA T3N1M0 MSS 22.8 mut wt NA NA

R4 38 M liver metastasis of colon 
cancer (rectum) IV NA T4N1M1 MSS 93 wt mut NA NA

R6 69 F liver metastasis of colon 
cancer (left site) NA NA NA NA NA wt wt NA wt

R7 70 M liver metastasis of colon 
cancer (left site) NA NA NA NA NA wt mut NA wt
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Adipose stem cell niche reprograms the colorectal
cancer stem cell metastatic machinery
Simone Di Franco 1, Paola Bianca 2, Davide Stefano Sardina 2, Alice Turdo 2, Miriam Gaggianesi 1,
Veronica Veschi 1, Annalisa Nicotra 2, Laura Rosa Mangiapane 2, Melania Lo Iacono 1, Irene Pillitteri 1,
Sander van Hooff3, Federica Martorana 4, Gianmarco Motta 4, Eliana Gulotta5, Vincenzo Luca Lentini 6,
Emanuele Martorana 7, Micol Eleonora Fiori 8, Salvatore Vieni1, Maria Rita Bongiorno2, Giorgio Giannone9,
Dario Giuffrida9, Lorenzo Memeo 9, Lorenzo Colarossi 9, Marzia Mare9,10, Paolo Vigneri 11,

Matilde Todaro2, Ruggero De Maria12,13, Jan Paul Medema3,14 & Giorgio Stassi 1✉

Obesity is a strong risk factor for cancer progression, posing obesity-related cancer as one of

the leading causes of death. Nevertheless, the molecular mechanisms that endow cancer cells

with metastatic properties in patients affected by obesity remain unexplored.

Here, we show that IL-6 and HGF, secreted by tumor neighboring visceral adipose stromal

cells (V-ASCs), expand the metastatic colorectal (CR) cancer cell compartment

(CD44v6+ ), which in turn secretes neurotrophins such as NGF and NT-3, and recruits

adipose stem cells within tumor mass. Visceral adipose-derived factors promote vasculo-

genesis and the onset of metastatic dissemination by activation of STAT3, which inhibits miR-

200a and enhances ZEB2 expression, effectively reprogramming CRC cells into a highly

metastatic phenotype. Notably, obesity-associated tumor microenvironment provokes a

transition in the transcriptomic expression profile of cells derived from the epithelial con-

sensus molecular subtype (CMS2) CRC patients towards a mesenchymal subtype (CMS4).

STAT3 pathway inhibition reduces ZEB2 expression and abrogates the metastatic growth

sustained by adipose-released proteins. Together, our data suggest that targeting adipose

factors in colorectal cancer patients with obesity may represent a therapeutic strategy for

preventing metastatic disease.
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Colorectal cancer (CRC) is the third most common cause of
cancer-related death worldwide1. Despite the great effort
made in the study of CRC, the molecular mechanisms

underlying the metastatic process are still poorly defined. It is
becoming increasingly clear that obesity, whose prevalence
is raising worldwide2, is associated with cancer incidence and
contributes to up to 20% of cancer-related deaths3,4. Adipose
tissue (AT) is an endocrine organ subdivided into two com-
partments. White AT, prevalently distributed subcutaneously and
surrounding bowels, and brown AT, present in the cervical and
supraclavicular area, are endowed with fat storage and thermo-
genic function, respectively5. White AT is characterized by a
marked cell variety, which includes adipocytes, immune cells,
vascular, and progenitor cells6. In obesity state, both the sub-
cutaneous and visceral white adipose tissues expand by hyper-
trophy of pre-existing adipocytes. Recent evidence showed that
visceral fat, in high-fat diet-induced obese mouse models, deter-
mines a hyperplastic response, which is driven by adipose pre-
cursor cells, identified as Lin– /Sca1+/CD29+ /CD34+ 7. This
phenomenon could be due to the different embryological origin
of subcutaneous and visceral adipose tissue, and/or by the pre-
sence of specific resident factors, as highlighted by lineage tracing
experiment performed in adult Wt1-GFP knock-in mice8. In
particular, mature adipocytes are postmitotic cells, suggesting that
hyperplasia arises from the expansion and differentiation of
adipocyte precursors9,10. Mature adipocytes together with adipose
stromal cells (ASCs) influence the surrounding cell populations
through the release of a plethora of inflammatory and angiogenic
cytokines5,7,11,12. In individuals affected by obesity, adipose-
released proteins, including TNF-α, IL-6, and monocyte che-
moattractant protein1 (MCP1), promote a chronic inflammatory
state that creates a microenvironment able to sustain tumor
progression13,14. In the presence of obesity-released protein,
various types of cancers activate cell proliferative processes and
behave more aggressively15–22. Several retrospective studies ana-
lyzing large cohorts of cancer patients highlighted that obesity has
a significant impact on overall survival, positing this indicator as a
significant negative prognostic factor, including for CRC
patients23–25. Furthermore, Bhaskaran and colleagues showed
that while in CRC patients, characterized by a BMI from 15 to
25 kg/m2, the mortality risk does not vary, it linearly increases in
those with BMI from 25 to 50 kg/m2,25. An increase of VAT
governs the expansion of intestinal stem cells and proliferation of
progenitors by activating GSK-3β and contributing to β-catenin
accumulation in canonical WNT signaling pathway26,27. It has
been established that cancers, including colon, originate by a
small subset of cells with stem-like features called cancer stem
cells (CSCs), whose phenotype and behavior can be modulated by
the tumor microenvironment (TME)28–30. More recently, TME
cytokines, such as IL-6 and HGF, were demonstrated to have
clinical relevance and induce cancer cell stemness concomitantly
enhancing the epithelial-to-mesenchymal transition (EMT), cell
migration, and metastatic potential31–33. The interaction between
the CRC cells and their TME is fundamental for addressing
cancer cell fate, which characterizes the tumor biological
behavior34. In agreement, CRC can be stratified into four con-
sensus molecular subtypes (CMS) according to their molecular
signature, which in part depends on the composition of the TME
and predicts clinical outcome35. Specifically, CMS1 displays an
immune system signature, CMS2 represents an epithelial-like
cancer characterized by the activation of Wnt and c-Myc sig-
naling pathways, CMS3 shows a metabolic deregulation, and
CMS4 displays a mesenchymal phenotype. Of note, 14% of all
CRCs represents a transition or mixed phenotype. The dynamic
CRC microenvironment that induces a CMS plasticity shaping
the clinical outcome, has been poorly investigated.

In this work, we have investigated the paracrine effect of VAT
in the mesenchymal phenotype modulation of CRC cells, by
reprogramming the CMS. We show that in CRC patients affected
by obesity, tumor-infiltrating ASCs are key elements of cancer
progression. CRC cell-released NGF and VEGF induce ASC
recruitment and transdifferentiation in endothelial cell pheno-
type. Moreover, we provided evidence that IL-6 and HGF,
enhance the tumorigenic and metastatic potential of CRC cells.
Our data indicate microenvironmental cytokines as essential
prognostic molecules that predict the tumor behavior of obesity-
associated cancer patients.

Results
Visceral adipose stromal cells promote tumorigenic and
metastatic activity of CR-CSphCs. To confirm the clinical
impact of obesity on the biological behavior of cancer cells, we
first evaluated the potential role of adipose tissue in CRC pro-
gression, correlating recurrence and survival in CRC patients with
a healthy weight (18.50 < BMI < 25) or affected by obesity
(BMI > 30). A meta-analysis of a large cohort of CRC patients
revealed that obesity is negatively associated with survival prob-
ability (Fig. 1a). Importantly, this correlation was also confirmed
by the progression-free survival (PFS) analysis on a large cohort
of CRC patients, positing BMI as a negative prognostic factor
independent of stage and treatment (Fig. 1b, and Supplementary
Fig. 1a, b). Obesity is characterized by a chronic low-grade
inflammation, which relies on the presence of an heterogenous
cell population, including lymphocytes, endothelial cells, macro-
phages, progenitor, and mature adipose cells36. Intriguingly,
immunohistochemical analysis of tumor sections from CRC
patients with obesity highlighted that adipose cells, marked by
high expression of adiponectin, were located at tumor invasive
front and interspersed among tumor cells expressing CDX2 and
covering the 28% of the entire tumor mass (Fig. 1c and Supple-
mentary Fig. 1c, d). Likewise, CRC liver metastasis of patients
affected by obesity displayed a prominent presence of adipose
cells at metastatic lesion edge, in the proximity of peritumoral
budding. This phenomenon was not observable in primary and
metastatic CRC tissues from lean patients (Fig. 1c and Supple-
mentary Fig. 1c, d). As the obesity inflammatory environment is
strongly sustained by the paracrine activity of mature adipocytes
and adipose-derived vascular stromal cells37, including adipose
stem cells, we next investigated whether this cell subset is present
in the tumor area and could influence cancer cell phenotype. By
immunohistochemical analysis, we found that a high percentage
of cells within tumor-neighboring and -infiltrating adipose tissue
of patients with obesity are CD34+ /CD45-, while lacking the
expression of CD31, indicating their ASC identity in both pri-
mary and metastatic CRC. Tumor specimens of lean CRC
patients displayed the presence of cells expressing CD34+ /
CD31+ /CD45− ascribable to an endothelial phenotype (Fig. 1d
and Supplementary Fig. 1e).

Whereas ASCs isolated from subcutaneous AT (S-ASCs) are
enriched in CD10 positive cells, visceral ASCs (V-ASCs) show
high expression of CD200 and WT18,38 (Supplementary Fig. 1f, g
and Supplementary Table 1). Following exposure to adipogenic
differentiation medium, S-ASCs and V-ASCs were equally
inclined to differentiate in vitro toward adipocytes, as displayed
by AdipoRed staining (Supplementary Fig. 1h, i)39,40. Condi-
tioned medium (CM) from V-ASCs boosted both the colony-
forming capacity of CRC sphere cells (CR-CSphCs) and the
in vivo tumor growth, which was sustained by the high number of
cells expressing Ki67 observed in tumor xenografts generated by
the co-injection of CR-CSphCs and V-ASCs (Supplementary
Fig. 1j–l and Supplementary Table 2). We next investigated
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whether the adipogenic niche could impact the self-renewal
activity of CRC cells. The in vitro limiting-dilution assay showed
that treatment with V-ASC-released factors enhances the sphere-
initiating cell frequency of bulk and enriched Wntlow CR-
CSphCs, recapitulating the clonogenic potential of Wnthigh cells
(Fig. 1e–g). This phenomenon was paralleled by the conversion of
Wntinactive (GFP-) to Wntactive (GFP+ ) cells, confirming the

crucial role of the Wnt signaling pathway in the CRC stemness-
associated reprogramming (Fig. 1h).

To explore the role of ASCs more in detail, we investigated
their effect in the clonal tumor initiation of CR-CSphCs. V-ASCs
co-injected into the subrenal capsule of mice with a limiting-
dilution series of CR-CSphCs increased the frequency of cancer-
initiating cells (5.73-fold; p < 0.0001) (Fig. 1i). These data indicate
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that CRC spheres retain cells endowed with stem cell properties,
which are significantly expanded in presence of adipose
microenvironment stimuli.

Interestingly, V-ASC is endowed with migration capacity
(Supplementary Fig. 1n, o). Their CM significantly enhanced
in vitro cell invasion of CR-CSphCs (Supplementary Fig. 1m). In
line with the more pronounced invasive potential, in vivo
limiting-dilution assay, in presence of V-ASCs, showed that
CMS2 CR-CSphCs acquire the ability to generate metastatic
lesions into the liver and lungs even when a small number of cells
is transplanted (Fig. 1j). While S-ASCs were unable to influence
the liver and lung colonization, V-ASCs potentiate the migratory
capacity and the engraftment of CR-CSphCs in distant sites
(Supplementary Fig. 1p, q). These data indicate a crosstalk
between ASCs and CRC cells in supporting cancer progression.

IL-6 and HGF expand the number of CD44v6+ CR-CSCs,
which produce NGF and favor the migration capacity and
endothelial transdifferentiation of visceral ASCs. To identify
the key players of metastasis promoted by VAT, we next inves-
tigated whether cytokines released by V-ASCs would influence
the metastatic properties of CR-CSphCs. According with reported
literature, V-ASCs, isolated from CRC patients with obesity,
produce more abundant IL-6 and HGF as compared with S-
ASCs, CR-CSphCs, and primary adipose tissue cells (AT) (Freese
et al., 2015) (Fig. 2a). CR-CSphCs and their differentiated
counterpart (sphere-derived adherent cells, SDACs), obtained as
previously described41 and characterized respectively by high and
low expression of active β-catenin42 (Supplementary Fig. 2a),
constitutively expressed IL-6R and c-MET (Supplementary
Fig. 2b, c). The presence of IL-6 and/or HGF enhanced the
proliferative capacity and colony-forming potential of CR-
CSphCs (Fig. 2b, c), which concomitantly acquire an invasive
phenotype together with the expression of stemness and
metastasis-related genes such as WNT5A, WNT5B, WNT7A,
MMP2, MMP9, TWIST, NODAL, SDF1 and ZEB2 (Fig. 2d, e and
Supplementary Fig. 2d). IL-6 and HGF increased ZEB2 protein
expression, in line with the upregulation of its mRNA levels
(Fig. 2f). Moreover, blockade of IL-6 and/or HGF abrogated cell
proliferation and migratory activity of CR-CSphCs induced by V-
ASCs-released proteins (Fig. 2g, h). Accordingly, V-ASC-derived
IL-6 and HGF released into V-ASC CM significantly boosted the

expression of CD44v6 (Fig. 2i), a marker that identifies CRC cells
characterized by a robust metastatic potential43, and even induced
CD44v6- sphere cells to acquire CD44v6 expression (Fig. 2j and
Supplementary Fig. 2e).

Because ASCs are characterized by the expression of
CD27144–46, we evaluated the involvement of its ligands,
produced by CSCs, in the recruitment of ASCs. CD44v6+ cells
express high levels of nerve growth factor (NGF) and NTF3
mRNA as compared with the other CD271 ligand family
members, BDNF and NTF4 (Fig. 2k) and secrete NGF and NT-
3, while these neurotrophins are barely released by CD44v6- cells,
unless exposed to CM of V-ASC (Fig. 2l). This phenomenon is
likely due to the enhancement of neurotrophins production and
the reprogramming of CD44v6- into CD44v6+ cells, mediated by
HGF/c-MET signaling pathway43,47. The CD44v6+ cell-released
NGF and NT-3 promote ASCs recruitment, which is completely
prevented by a CD271 neutralizing antibody, compared with the
weaker effects of NGF neutralizing antibody (Fig. 2m). Moreover,
CR-CSphCs exposed to V-ASC CM were also able to attract ASCs
(Fig. 2m, n). Notably, the analysis of a cohort of 289 CRC patients
showed a significant negative correlation between relapse-free
survival (RFS) and CD271 expression (Supplementary Fig. 2f, g).
Thus, these data suggest that ASC-derived IL-6 and HGF can
reprogram CD44v6- progenitors into CD44v6+ cells, which can
increase their metastatic potential by secreting NGF and
recruiting ASCs within tumor mass.

Because CD44v6+ cells express and produce high levels of
VEGF, which augments the proliferation rate of ASCs (Fig. 3a, b
and Supplementary Fig. 3a), we hypothesized that its release
could also promote angiogenesis and vasculogenesis. A global
RNA-Seq transcriptomic analysis and functional enrichment of
differentially expressed genes (DEGs) computed by Panther of
CD44v6+ versus CD44v6- cells highlighted enrichment in
biological processes associated with extracellular matrix (ECM)
remodeling (Supplementary Fig. 3b). The majority of
CD271+ASCs express VEGFR (Fig. 3c), suggesting that
CD44v6+ cell-derived VEGF may trigger an angiogenic signal
on ASCs. The paracrine activity of CD44v6+ cells induced the
transdifferentiation of enriched CD34+ /CD31-ASCs toward
endothelial-like cells expressing CD31 (Fig. 3d and Supplemen-
tary Fig. 3c). Moreover, exposure to CM released by
CD44v6+ cells led HUVEC endothelial cells to develop vascular

Fig. 1 Tumor-infiltrating VAT boosts the metastatic potential of CR-CSphCs. a Forest plot of survival changes in high (>30, obesity) versus low (≥18.5
and <25, lean) BMI CRC patients. Data represent the risk ratio ± 95% CI. Statistical significance was calculated by a Random-effect meta-analysis model.
b Kaplan–Meier of progression-free survival (PFS) curve in a cohort of 511 CRC patients, based on BMI status. Healthy weight indicates 18,5<BMI < 30, and
obesity BMI > 30. Statistical significance was calculated using the log-rank (Mantel–Cox) test. c H&E analysis and CDX2 expression on primary and liver
metastasis in CRC patients with healthy weight or affected by obesity. Black arrow heads indicate tumor-infiltrating adipose cells. Li: liver; T= tumor.
d Immunohistochemical analysis of CD34 (brown color), CD31 (green color), and CD45 (red color) in tissues as in c. For c, d one representative of 9
independent experiments is shown. e Phase-contrast analysis of CMS2 cells (CSphC #9) treated with medium or V-ASC CM. For (c–e) scale bars, 100 µm.
One representative of three independent experiments is shown. f ELDA software analysis of the clonogenic activity in CMS2 CR-CSphCs following
treatment with medium or V-ASC CM. g Clonogenic assay of CMS2 CR-CSphC lines TOP–GFPhigh and TOP–GFPlow (15% highest/lowest TOP–GFP levels)
treated with medium or V-ASC CM. For (f–g) statistical significance was calculated using the two-tailed t test and data are mean ± standard error of three
independent experiments performed with CR-CSphCs isolated from three different CRC patients (CSphC #8, #9). h Percentage of TOP–GFP positive cells,
in CMS2 cells treated with medium or V-ASC CM (left panel). Box plots show min-to-max values, with line indicating the mean value. Flow cytometry
analysis of TOP–GFP (black color indicates Wnt- cells; green color scale indicates low, intermediate, and high Wnt+ cells) (right panel). Statistical
significance was calculated using the paired two-tailed t test. Data are mean ± standard error of independent experiments performed with different CR-
CSphCs (#1, #4, #5, #8, #9, #11, #21). i Number of mouse tumor xenografts generated by subrenal capsule injection of 10, 100, 1000, or 10,000 CR-
CSphCs, alone or in combination with 50,000 V-ASCs (upper panel). Percentage of cancer-initiating cell (CIC) and its fold increase of cells (lower panels).
Data are mean ± standard error (95% confidence interval) of 12 independent experiments performed with CR-CSphCs injected as described above.
Statistical significance was calculated by ELDA software (http://bioinf.wehi.edu.au/software/elda/). j In vivo imaging and CK20 immunohistochemistry
analysis of xenograft tumor formation obtained by subrenal capsule injection of 100 CR-CSphCs alone or together with V-ASCs at the indicted time points.
Photon signal of all metastatic sites (kidney, liver, and lungs) at 12 weeks. A yellow dotted line indicates a tumor xenograt lesion. Tumor (T), kidney (K),
liver (Li), and lung (Lu) are indicated. One representative of 12 independent experiments is shown. Scale bars, 100 µm.
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tubules likewise those formed following treatment with VEGF
(Fig. 3e and Supplementary Fig. 3d). In line with the more
pronounced vascular density, associated with a preferential
localization of CD44v6+ cells at the vascular front and observed
in CRC xenografts generated by co-injection of CR-CSphCs and
V-ASCs (Fig. 3f), these findings suggest the involvement of the

CSC compartment in the neo-angiogenesis and angiogenic
sprouting of pre-existing capillaries.

Visceral released proteins induce EMT of CR-CSphCs. Next, we
sought to investigate whether the presence of ASCs within tumor
mass could lead to the acquisition of a transcriptional signature
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related to a CMS associated with a metastatic potential. Con-
firming the prominent role of released proteins in triggering
metastasis pathways, exposure of CR-CSphCs to V-ASC CM
turned the transcriptomic profile from an epithelial/CMS2 pat-
tern into a phenotype that resembles the mesenchymal CMS4
(Fig. 3g). Likewise, a global RNA-Seq transcriptome analysis of
CR-CSphCs treated with V-ASC CM or medium alone showed 10
DEGs, associated with a CMS4 signature (Fig. 3h). Accordingly,
IL-6 and HGF promoted the downregulation of epithelial (CDX2,
E-cadherin), and upregulation of mesenchymal (CXCR4, SLUG,
TWIST, ZEB1, ZEB2) markers. Moreover, in CMS2 cells treated
with V-ASC CM, targeting of both IL-6 and HGF restored the
basal levels of EMT-related genes (Supplementary Fig. 3e). In
addition, the treatment of CMS2 CR-CSphCs with IL-6 and/or
HGF recapitulated the invasive scenario observed in CMS4 CR-
CSphCs, which display a great ability to colonize the liver and
lung. Conversely, IL-6 and HGF targeting abolished the meta-
static activity induced by VAT, restoring the nonmetastatic
phenotype of CMS2 CR-CSphCs (Fig. 3i). Thus, these data lay the
groundwork for a critical consideration of released proteins in the
regulation of the molecular machinery involved in metastasis.
Taken together our results demonstrate that the paracrine activity
of V-ASCs drives the transition of CRC sphere cells toward a
mesenchymal-like phenotype, endowing them with a metastatic
potential.

VAT governs the EMT through regulation of ZEB2 expression.
We next explored the metastatic molecular events enhanced by
V-ASCs. Based on a global RNA-Seq transcriptome analysis of
CR-CSphCs exposed to V-ASC CM compared to those treated
with medium alone, the gene set enrichment analysis (GSEA)
performed with the molecular signatures database (MSigDB)
showed negative enrichment of genes associated with metabolic
pathways, and positive enrichment for genes related to EMT
program (Fig. 4a). About 50% of EMT-related DEGs in CMS2
CR-CSphCs exposed to V-ASC CM are similar to those expressed
in CMS4 CR-CSphCs. This includes upregulation of zinc finger
E-box binding homeobox (ZEB) transcription factors ZEB1 and
ZEB2 in line with the capacity of released proteins to reprogram
CMS2 CR-CSphCs toward a pro-metastatic phenotype (Fig. 4b).
In particular, 15 genes were upregulated while six downregulated
in both the CMS4 and CMS2 CR-CSphCs treated with V-ASC
CM (Fig. 4c). GSEA based on the differentially expressed genes
from qPCR computed by MSigDB displayed an enrichment of
terms associated with tumorigenesis, cell proliferation, EMT

signaling pathways, and cancer stemness (Supplementary Fig. 3f).
ZEB1 and ZEB2, whose upregulation is induced both at mRNA
and protein levels by V-ASCs cytokines (Fig. 4d, e), have been
reported to modulate miR-200 family members expression and
regulate EMT in CRC48.

Analysis of a large spectrum of miRNAs expression reveals that
miRNA-200 family members, and particularly miR-200a, are
downregulated in CMS2 CR-CSphCs following treatment with
V-ASC CM, showing similar miRNA levels exhibited by CMS4
CR-CSphCs (Fig. 4f and Supplementary Fig. 3g). In CR-CSphCs
treated with V-ASCs CM, analysis of the network of most
differentially expressed miRNAs and their targets showed that
ASC-released proteins regulate a plethora of genes that converge
on miR-200a/ZEB members axis involved in the EMT process
(Fig. 4g). These data suggest that obesity-released proteins,
through the modulation of miR-200a, could play a crucial role in
determining the switch from an epithelial- to a mesenchymal-like
phenotype, ultimately providing a considerable impact on disease
progression. In line with this hypothesis, blockade of IL-6 and
HGF restored the basal levels of miR-200a expression in CMS2
CR-CSphCs treated with V-ASC CM (Supplementary Fig. 3h).
Moreover, CMS2 cells transfected with antagomiR-200a signifi-
cantly increased their invasive capacity, whereas synthetic miR-
200a led to a reduced number of invasive CMS4 cells despite their
intrinsic mesenchymal-like phenotype (Supplementary Fig. 3i, j).
To assess the effect of miR-200a in CR-CSphC behavior, we
transduced CMS4 cells with miR-200a. CMS4 CR-CSphCs over-
expressing miR-200a showed abrogation of ZEB2 expression
coupled with a significant reduction of both the basal as well as
IL-6 and HGF-induced clonogenic and invasive potential
(Supplementary Fig. 3k-o). Thus, we evaluated whether ZEB1
and ZEB2, under the control of V-ASCs secreted proteins, could
contribute to the induction of EMT in CR-CSphCs. Both ZEB1
and ZEB2 are known to actively participate in the metastatic
process and to be regulated by the miR-200 family through a
negative feedback loop49. Importantly, the expression of both
ZEB1 and ZEB2 have been associated with poor prognosis in
CRC50,51. We therefore explored whether the expression of these
EMT-inducing transcription factors influenced the metastatic
capacity of CMS2 CR-CSphCs. ZEB2 protein expression levels in
CMS2 cells exposed to V-ASC CM were similar to those detected
in CMS4 cells (Fig. 4h). Moreover, exogenous expression of ZEB2
fostered expression of both vimentin and CD44v6 and enhanced
the tumor spreading into distant organs (Fig. 4i, j, and
Supplementary Fig. 4a–c), indicating that ZEB2 may act as a

Fig. 2 Adipose-derived factors expand CD44v6+ cell fraction that secretes NGF and potentiates the migration capacity of ASCs. a Cytokines secreted
by CR-CSphCs (n= 4: #1, #8, #9, #21), S-ASCs (n= 6: #3, #5, #6, #8, #14, #20), V-ASCs (n= 6: #3, #5, #6, #8, #14, #18), or primary adipose tissue
(AT) (n= 4). Data are the mean of 3 independent experiments. b Cell growth of CR-CSphCs treated for 5 days with IL-6 and HGF alone or in combination.
The dotted red line shows the cell number at day 0. c Colony size of CR-CSphCs treated as indicated. n represents the number of colonies. Statistical
significance was calculated using the two-tailed t test. d Invasion assay of CR-CSphCs pretreated with the indicated cytokines for 48 h. For b–d data show
mean ± S.D. of three independent experiments using fourdifferent CR-CSphCs (CSphC #1, #8, #9, #21). e mRNA expression levels of CSC-related genes in
CMS2 CR-CSphCs (CSphC #8, 9) exposed to vehicle (Medium) or IL-6 in combination with HGF for 48 h. f Immunoblot analysis of ZEB2 in CMS2 CR-
CSphCs (CSphC #8) treated as indicated. Data are mean ± S.D. of three independent experiments using two different CSphCs (CSphC #8, #9). Samples
were run on the same gel and images were cropped only for the purpose of this figure. Source data are provided as a Source Data file. g Kinetic growth of
CR-CSphCs treated as indicated. h Number of invading CR-CSphCs at 48 h, pretreated with V-ASC CM and the indicated neutralizing antibodies for 48 h.
i Flow cytometry analysis of CD44v6 positivity in CR-CSphCs treated as indicated, for 48 h. For g–i data are mean ± S.D. of six independent experiments
performed with 2 different CR-CSphC lines (#8 and #9). For (b–d and g-i) statistical significance was calculated using the unpaired two-tailed t test.
j, CD44v6 expression in CD44v6- and GFP-transduced CD44v6+ cells after 3 days of exposure to V-ASC CM. One representative of 6 independent
experiments is shown. k NGF, BDNF, NTF3, and NTF4 mRNA expression levels on CD44v6- and CD44v6+ cells. Results show mean ± S.D. of three
independent experiments performed with enriched cells from two different CR-CSphC lines (CSphC #8, #9). l Lollipop plot showing NGF, BDNF, NT-3, and
NT-4 production by the indicated cells treated as indicated. m, Invasion assay of RFP transduced ASCs, using the indicated cells/media as chemoattractant
agents. Scale bars, 100 µm. n Number of invading ASCs in presence of the indicated cells/media as chemoattractant agents. For l–n data are mean ± SD of
three independent experiments using CR-CSphCs from different patients (CSphC #1, #8, #9, #21).
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functional marker of CRC cells endowed with metastatic
properties52. In accordance with these data, the analysis of a
cohort of 37 tissue samples displayed a positive correlation
between CD44v6 expression and CRC patients affected by obesity
(Supplementary Fig. 4d). Knock-down of ZEB2 in CMS4 CR-
CSphCs led to downregulation of vimentin and EMT-related
genes and impaired the metastatic potential of these cells

(Supplementary Fig. 4e–i). Altogether, these results posit ZEB2
as a functional biomarker for CRC endowed with a metastatic
potential.

IL-6/HGF blockade reduces the metastasis formation induced
by VAT. To further define the signaling pathway involved in the
regulation of miR-200a by pro-metastatic factors, we analyzed the
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transcriptomic and the post-translational reprogramming of CR-
CSphCs in presence of V-ASC CM. GSEA revealed that V-ASC-
released factors promoted the enrichment of genes associated
with STAT3-activated pathways in CR-CSphCs (Fig. 5a).
Immunoblot analysis showed that both V-ASC CM and IL-6/
HGF activate STAT3 pathway in CMS2 cells by enhancing the
phosphorylation of STAT3 in tyrosine and serine residues
(Fig. 5b). In accordance, immunohistochemical analysis of colon
tumor sections indicated that activation of STAT3, highlighted by
nuclear staining, is mainly located in proximity to adipose tissue
of CRC patients with obesity. While cancer cells in contact with
tumor stroma in lean patients displayed a weak presence of
nuclear p-STAT3 (Fig. 5c). C188-9, an inhibitor of STAT3
phosphorylation, reduced the activation of STAT3, sustained by
IL-6 together with HGF (Fig. 5d and Supplementary Fig. 5a).
Moreover, in presence of IL-6 and HGF, C188-9 significantly
lessened the cell proliferation rate, together with the clonogenic
activity, and restored both miR-200a and ZEB2 expression levels
in treated CR-CSphCs (Fig. 5e–h). Likewise, CMS2 CR-CSphCs,
exposed to IL-6 and HGF, changed their cell morphology
acquiring a distinctive polarization associated with an elongated
shape, which is attenuated by the exposure to C188-9 (Fig. 5i).
These results suggest that adipose microenvironmental cytokines,
via STAT3/miR-200a/ZEB1/2 axis, drive epithelial-associated
CMS2 CR-CSphCs to acquire a mesenchymal phenotype.

To circumvent this potentially detrimental activity of adipose
tissue, we next analyzed whether therapeutic targeting of adipose-
released proteins could prevent metastasis formation. Given that
CR-CSphCs express IL-6R and c-MET, we focused on the
currently available clinical compounds tocilizumab and crizoti-
nib, which target the IL-6 and HGF pathway, respectively
(Supplementary Fig. 6a). Importantly, the combinatorial treat-
ment with tocilizumab and crizotinib was able to revert the
impact of V-ASC CM on CR-CSphCs proliferation and colony-
forming capacity (Fig. 6a, b). Furthermore, this dual-target
therapy impeded the V-ASC-induced downregulation of miR-
200a, thus reducing the expression of both ZEB1 and ZEB2, and
the acquired invasive behavior of CMS2 CR-CSphCs (Fig. 6c–e).
To determine whether tocilizumab, in combination with
crizotinib, could be employed in an adjuvant setting and prevent
metastasis formation induced by visceral adiposity, metastatic
mouse avatars were generated by co-injection of CMS2 CR-
CSphCs and V-ASCs into mice spleen. Five days after the
splenectomy, mice were treated three times a week for 3 weeks
(Fig. 6f). This optimized combinatorial drug dosage does not

provoke preclinical signs of toxicity as evidenced by the absence
of significant body weight oscillations (Supplementary Fig. 6b).
Strikingly, this therapeutic regimen significantly reduced the
metastatic engraftment frequency of V-ASC-stimulated CMS2
cells, even 8 weeks after treatment suspension (Fig. 6g and
Supplementary Fig. 6c, d). Moreover, in line with our in vitro
data, we observed that most CRC cells found in metastatic lesions
of mice co-injected with CR-CSphCs and V-ASCs showed
mesenchymal traits highly expressing p-STAT3 and ZEB2
(Supplementary Fig. 6e). Furthermore, the analysis of a cohort
of 112 CMS2 CRC patients showed a significant negative
correlation between ZEB2 expression and RFS probability
(Fig. 6h, i), suggesting that ZEB2 is a putative prognostic factor
that could be relevant in cancer patients affected by obesity.

Discussion
Here, we describe the paracrine role of VAT that through the
activation of ZEB2 confers to CRC cells, endowed with an epi-
thelial phenotype, a mesenchymal-like trait coupled with the
ability to migrate and engraft at the distant site. CMS classifica-
tion of CRC, based on gene expression analysis, has been recently
proposed as a clinical tool to stratify patients according to the
biological tumor behavior35. Among the distinct cancer subtypes,
as a consequence of transition phenotype or tumor heterogeneity,
a relevant fraction is represented by indeterminate or mixed
nonconsensus samples35. Chronic adipose-derived proteins
released in TME of patients with obesity, reprogram CMS2 CRC
cells into a cell phenotype that is characterized by the partial
expression of genes associated with CMS4 signature, likely
reflecting a transient CMS2/CMS4 subtype. This phenomenon is
in line with the presence of CRC patients classified as mixed,
whose clinical outcome remains undefined and transcriptomic
profile may reside in that category named “hybrid,” “partial,” or
“reversible” epithelial-mesenchymal (E/M) phenotype53,54.
Induction of E/M state ensures the reaction of cancer cells to
microenvironmental stimuli preserving cancer stemness and
tumor initiation abilities55.

We predict that the future availability of integrated tran-
scriptomic and clinical data may allow to define a new signature
specific for CRC patients affected by obesity and to determine the
prognostic impact of obesity in CMS2 CRC patients.

Our data reveal that V-ASCs are prominently present in a
primary and metastatic lesion of CRC from patients with obesity.
These cells release IL-6 and HGF, which in turn induce EMT up-
regulating STAT3 phosphorylation and ZEB2 and increase the

Fig. 3 VEGF induces endothelial differentiation of ASCs, which activate the EMT program of CRC sphere cells. a Clustergram of tumor
microenvironment-related genes in CR-CSphCs (CSphC #1, #8, #9, #21) and CD44v6 − or CD44v6+ enriched cells. Data are presented as normalized
expression values. b VEGF production in cells as indicated. Data are mean ± SD of 4 independent experiments. Box and whiskers show min-to-max values,
with line indicating the mean value. c, Gating strategy of CD271/VEGFR expression on ASCs (upper panels). Dot-plots of CD271/VEGFR staining with or
without the indicated antibody (FMO-APC control, minus CD271-PE-Cy7) (middle panel). Flow cytometry analysis of CD271 and VEGFR in ASCs. Data are
representative of 3 independent experiments performed with 10 different ASC lines (lower panel). d, Percentage of CD31 positivity, by flow cytometry
analysis, on CD34+ /CD31-/CD45- enriched ASCs exposed to vehicle (Medium), CD44v6+ CR-CSCs CM (CSC #1, #8, #9, #21), in presence or absence
of VEGF neutralizing antibody, or VEGF for 14 days. Data are mean ± SD of three independent experiments using 3 different ASC cultures. e Phase-contrast
micrographs of capillary-like tubular structures of Huvec cells treated as indicated for 16 h. Scale bars, 500 µm. One representative of 3 independent
experiments is shown. f Immunohistochemical analysis of CD31 (red) and CD44v6 (green) on tumor xenografts generated by subcutaneous injection of
CR-CSphCs alone or in combination with S-ASCs or V-ASCs (upper panel). Percentage of vascular surface area, based on CD31 positivity, in tumor
xenografts (lower panel). Scale bars, 200 µm. Data are representative of 3 independent experiments. For b, d, and f statistical significance was calculated
using the unpaired two-tailed t test. g Transcriptomic profile correlation between CMS2 CR-CSphCs (CSphC #8, #9) treated with S-ASCs or V-ASC
conditioned medium (CM) and CMS4-associated gene signature. h GSEA of CMS4-associated gene signature in CMS2 CR-CSphCs (CSphC #8, #9)
treated with V-ASC CM (upper panel). Top ten significantly up- and downregulated CMS4 signature genes in treated cells (lower panel). Statistical
significance between two groups was determined by unpaired Student’s t test (2-tailed). i, Kinetics and whole-body in vivo imaging analysis of mice (n= 6)
intrasplenically injected with LUC-GFP CMS4, or CMS2 CR-CSphCs alone or co-injected with V-ASCs and treated as indicated. Data are mean ± S.D. of
independent experiments performed with CR-CSphCs isolated from two different CMS2 (CSphC #8, #9) and CMS4 (#1, #21) CRC patients.
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number of cells expressing CD44v6, the cell population able to
colonize the liver and produce CRC metastases43. CD44v6+ cells
produce NGF and NFT3, which in turn recruit ASCs promoting a
paracrine loop that increase the tumor cell aggressiveness. The
presence of adipose tissue in liver CRC metastasis is likely due to
recruitment from disseminated CD44v6 cells and the migration
capacity of V-ASCs in patients affected by obesity. In parallel with

metastatic dissemination, VEGF released by CD44v6+ CRC cells
likely contributes to increase tumor angiogenesis via the trans-
differentiation of ASCs in endothelial cells and angiogenic
sprouting of pre-existing vessels, thus sustaining the remodeling
of tumor vasculature56–58 (Fig. 6j). Although both IL-6 and HGF
activate STAT3 and induce ZEB2, they seem to play a different
role in tumor progression. HGF promotes cancer stemness and
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increases the clonogenicity, whereas IL-6 mainly contributes to
enhance the invasion of CMS2 CR-CSphCs. In accordance with
recent findings, the GSEA shows that the enrichment for genes
associated with EMT and metastatic signature is dictated by the
presence of VAT-released factors59.

CMS2 CRC cells in contact with VAT-proteins activate STAT3
and up-regulate ZEB2 along with a decrease of miR-200a
expression levels. Notably, over-expression of miR-200a ham-
pers the invasive ability of CRC cells with a CMS4 signature,
indicating that their constitutive metastatic behavior relies on
signaling regulated by miR-200a/ZEB2 axis60 (Fig. 6i). ZEB2 and
miR-200a act through a mutual inhibitory feedback loop, which
has been reported to be involved in the establishment of E/M
cancer phenotype55,61. ZEB2 emerges as a prognostic predictive
biomarker for CMS2 CRC, as confirmed by the inverse correla-
tion between relapse-free survival and ZEB2 expression, which
could be also relevant to identify cancers endowed with E/M traits
and associated with high aggressiveness55. Thus, evaluation of
ZEB2 expression levels could ameliorate CRC patient stratifica-
tion for adjuvant therapy.

Despite the excess of AT accumulation directly influences
tumor response to standard therapies due to augmented clearance
and altered pharmacokinetics62, the decreased overall survival of
cancer patients with obesity could be also dependent on the
molecular mechanisms governed by microenvironmental
adipose-released proteins. Here we show that targeting the acti-
vation of the JAK/STAT pathway, by inhibiting STAT3 (C188-9),
IL-6R (tocilizumab), or c-MET (crizotinib), impairs the VAT-
driven metastasis promoting activity of CMS2 CR-CSphCs
(Fig. 6i). Thus, because adipose-released factors fuel CRC
microenvironment by determining a chronic inflammatory state
and increasing the risk of distant metastasis formation63, the
clinical availability of these drugs could be taken into con-
sideration for an adjuvant setting strategy in obesity-related
cancer patients.

Methods
Tissue collection, isolation, and culture of cancer and adipose cells. Colorectal
cancer and adipose specimens were collected from CRC patients who underwent
surgical resection, in accordance with the ethical policy of the University of
Palermo Committee on Human Experimentation. Isolation and propagation of
CR-CSphCs and ASCs were performed as previously reported43,64. CR-CSphC
lines #1, #8, #9, and #21 were isolated from lean CRC patients. Adipose stromal
cells from VAT and SAT were obtained from the greater omentum and sub-
cutaneous anterior abdominal wall, respectively. The study received ethical
approval for the purification and culture of CR-CSphC and ASCs, by Ethics

Committee 1 board, University of Palermo - Azienda Ospedaliera Universitaria
“Paolo Giaccone” (authorization CE 6/2015). The study complied with all the
ethical regulations for work with human participants, including obtaining the
informed consent for both CRC patients with healthy weight, and affected by
obesity.

Human samples were crosscut into small pieces and grinded using scalpels and
surgical scissors and digested at 37 °C for 30 min in DMEM medium supplemented
with 0.6 mg/ml of collagenase (Gibco) and 10 µg/ml of hyaluronidase (Sigma). The
cell pellet was resuspended: i. for CRC, in serum-free stem cell medium (SCM)
supplemented with EGF and b-FGF; ii. for adipose tissue, in mesenchymal stem cell
medium (ThermoFisher Scientific), in ultra-low attachment cell culture flasks,
leading to cell growth as spheroids. When cancer and adipose spheroids reached
approximately 80% of confluence, cells were mechanically and enzymatically
disaggregated, using Accutase (ThermoFisher Scientific). ASCs were routinely
frozen and stored in liquid nitrogen at early passages to maintain their
pluripotency (passage 1–12). Differentiated adipose cells were obtained by exposing
ASCs, for up to 28 days, to adipogenesis differentiation medium (ThermoFisher
Scientific). Differentiation efficiency was evaluated by AdipoRed assay (Lonza).
Colorectal cancer sphere-derived adherent cells (SDACs) were obtained by
culturing cells in adherent condition, in presence of 10% FBS, as previously
described41,65. Huvec cells prescreened for angiogenesis were purchased by Lonza
(C2519AS) and cultured according to the manufacturer’s instructions.

CR-CSphC and ASC lines were routinely authenticated by short tandem repeat
(STR) analysis using a multiplex PCR assay, including a set of 24 loci (GlobalFiler™
STR kit, Applied Biosystem), by comparing them to the parental patient tissues66.
Conditioned medium was collected 48 h after cells reached subconfluence in SCM.
The viability of CR-CSphC culture, which is routinely estimated by trypan blue and
7-AAD, is 93 ± 7%.

CR-CSphCs were treated with recombinant IL-6 (2 ng/ml; Novus), HGF (10 ng/
ml; Peprotech), VEGF (10 ng/ml; Novus) and exposed to neutralizing antibodies
against IL-6 (100 ng/ml; R&D), HGF (200 ng/ml; R&D), NGF (0.2 µg/ml; R&D),
CD271 (0.5 µg/ml; Merck), and VEGF (10 ng/ml; R&D), tocilizumab (10 µg/ml;
Selleckchem) or crizotinib (30 nM; Selleckchem), or to STAT3 inhibitor C188-9
(10 µM; Selleckchem). CM, cytokines, and neutralizing antibodies were added
every 48 h to the cell culture.

Cell viability assay was performed using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (MTS) according to the manufacturer’s
instructions and analyzed by using the GDV MPT reader (DV 990 BV6). To
monitor the acquisition of epithelial versus a mesenchymal phenotype, 5 × 103
viable CR-CSphCs were embedded in 1:10 SCM/Matrigel solution and seeded as a
single drop in a pre-warmed 24 well plate. Following matrigel polymerization,
500 µl of SCM were overlaid to each well and 3D organoid formation was followed
up to 21 days.

ELISA cytokines quantification. Tumor inflammation, cell proliferation, and
immune response cytokines, produced by cancer and adipose cells, were quantified
by using the Bio-Plex Pro™ Human Cytokine 21-plex and 27-plex Assay (Bio-Rad),
or by customized Luminex Assay specific for VEGF, NGF, BNDF, NT-3, NT-4
(R&D). Raw data were analyzed by Bio-Plex Manager Software 6.2 (Bio-Rad).

Cell transfection and lentiviral transduction. 1 × 106 viable CR-CSphCs were
transfected with 8 µg of antagomiR-200a (ABM), or synthetic miR-200a (ABM),
using the X-tremeGENE HP DNA Transfection Reagent (Roche) according to the
manufacturer’s instructions. Lentiviral particles were generated by transfecting

Fig. 4 V-ASCs enhance the expression of ZEB2 sustaining the metastatic activity of CR-CSphCs. a Up- (red) and down- (blue) regulated genes and their
relative top twenty significantly enriched gene sets (FDR q value≤ 0.05), common in CMS4 CR-CSphCs (CSphC #1, #21) and CMS2 cells (CSphC #8, #9)
treated with V-ASC CM, selected from all gene sets within MSigDB (H, CP Biocarta, CP Kegg, MIR, CGN, CM, BP, CC, MF, C6, C7). b Heatmap of EMT-
related genes in CMS2 (CSphC #8, #9) and CMS4 (CSphC #1, #21) CR-CSphCs treated for 48 h as indicated. c, Venn diagrams of up- and downregulated
genes in untreated CMS4 (CSphC #1, #21) and V-ASC CM-treated CMS2 (CSphC #8, #9) CR-CSphCs, compared to untreated CMS2 cells. d ZEB1 and
ZEB2mRNA expression levels in CMS4 and CMS2 CR-CSphCs treated as indicated. e Immunofluorescence analysis of CR-CSphCs expressing nuclear ZEB1
and ZEB2 (CMS2 #8, CMS4 #21) treated as indicated. Nuclei were counterstained with Toto-3. Scale bars, 20 µm. For d and e data represent mean ± S.D.
of three independent experiments using CMS2 (#8, #9) and CMS4 (#1, #21) CR-CSphC lines. f Global gene expression profile of miRNAs in CMS4
(CSphC #1, #21) and CMS2 (#8, #9) CR-CSphCs treated as indicated. g Network of most differentially expressed miRNAs and their targets inferred from
miRTarBase in CMS2 CR-CSphCs (CSphC #8, #9) treated with V-ASCs CM for 48 h. Bold colors represent miRNAs with a fold-change >8. Orange area
within dashed line highlights ZEB1 and ZEB2 as direct targets of miR-200a. h Immunoblot analysis of ZEB2 in CMS4 (CSphC #1, #21) and CMS2 (CSphC
#8, #9) CR-CSphCs treated as indicated. Data are mean ± S.D. of three independent experiments performed with CR-CSphCs isolated from 2 different
CMS2 (CSphC #8, #9) and CMS4 (CSphC #1, #21) CRC patients. Samples were run on the same gel and images were cropped only for the purpose of this
figure. Source data are provided as a Source Data file. For (d and h) statistical significance was calculated using the two-tailed t test. i Flow cytometry
analysis of CD44v6 in CMS2 CR-CSphCs (CSphC #8, #9) transduced with empty vector (EV) or ZEB2 synthetic gene. Bars represent means ± S.D. of three
independent experiments using two CR-CSphCs. j In vivo whole-body imaging analysis of mice (n= 6) following intrasplenic injection of CR-CSphCs
transduced as in i at 30min and 8 weeks after splenectomy (left panel). Luciferase signal measured as ph/s/cm2/sr (right panel). Data are mean ± S.D. of
independent experiments performed with two CMS2 CR-CSphCs (#8, #9).
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HEK-293 (ATCC, CRL-1573) packaging cells with TOP–GFP (Addgene),
p-TWEEN LUC-GFP, pLenti-GIII-CMV-RFP-2A-Puro (ABM), ZEB2-RFP
(ABM), nonsilencing shRNA control (Dharmacon), TRIPZ Human ZEB2 shRNA
(Dharmacon), pLenti-III-mir-GFP-Blank (ABM) or LentimiRa-GFP-hsa-mir-200a
(ABM) plasmids, together with psPAX2 (Addgene), and pMD2.G (Addgene) in
OPTIMEM (Gibco) supplemented with XtremeGENE HP DNA Transfection
Reagent (Roche). Cell transduction was fulfilled in presence of 8 μg/ml of polybrene
(Sigma-Aldrich). Selection of resistant clones, where suitable, was performed by

treating cells with puromycin (1 µg/ml) for 5-10 days. Inducible gene expression
was obtained by treating cells for 72 h with Doxycycline (1 µg/ml; Sigma).

Immunohistochemistry/immunofluorescence and flow cytometry. Immuno-
histochemical analysis was performed on 4 µm-thick paraffin-embedded tumor
sections, cytospins, or cells grown on glass coverslip, using a mix made by 100 µl of
Antibody Diluent (Dako, S3022) and specific antibody against CDX2 (AMT28;
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mouse IgG1κ, Novocastra, 1:50 dilution), Adiponectin (19F1; mouse IgG, Ther-
moFisher, 1:500 dilution), CK20 (Ks20.8, mouse IgG2a,k, Novocastra, 1:50 dilu-
tion), p-STAT3 (Tyr705; 9145, rabbit IgG, CST, 1:50 dilution), STAT3 (9139,
mouse IgG2a, CST, 1:300 dilution), and ZEB2 (E-11, mouse IgG2a, Santa Cruz,
1:100 dilution). Single staining was revealed using biotine-streptavidine system
(Dako) and detected with 3-amino-9-ethylcarbanzole (Dako). Double staining was
performed using antibodies against CD31 (AB28364, rabbit IgG, Abcam, 1:50
dilution) and CD44v6 (2F10, mouse IgG1, R&D systems, 1:100 dilution), or using
antibodies against CK20 and ki67 (D3B5, rabbit IgG, CST, 1:100 dilution), revealed
by the MACH 2 double stain 2 kit conjugated goat antimouse polymer horseradish
peroxidase (HRP) and the conjugated goat antirabbit polymer alkaline phosphatase
(AP) (Biocare Medical), and detected by DAB or Vina Green, and Vulcan Fast Red
chromogen. Triple staining was performed using antibodies against CD34
(ICO115, mouse IgG1, CST, 1:50 dilution), CD31 (JC70A, mouse IgG1k, Dako, 1:50
dilution), and CD45 (D9M8I, rabbit IgG, CST, 1:200 dilution), revealed by specific
secondary antibodies, and detected by DAB, Vina Green and Vulcan Fast Red
chromogen, respectively. For paraffin-embedded sections of primary CRC, the
staining was detected using the Fast Red/Diaminobenzidine (DAB) substrates,
while Fast Red/Vina Green were used in liver metastasis to avoid the intrinsic
brown color background. Nuclei were counterstained with aqueous hematoxylin
(Sigma). H&E stainings were performed using standard protocols. The adipose
tissue and the vascular area were evaluated by calculating the area covered by
Adiponectin+ and CD31+ cells, respectively (ImageJ, Colour deconvolution
plugin). “Cell counter” plugin (ImageJ 1.8.0_172) was used to determine the
number of cells expressing CD34/CD31/CD45, CK20/ki67, or p-STAT3. The
analysis was assessed on five tumor sections of primary and metastatic tissue, for
each experimental condition.

Retrospective immunohistochemistry score of CD44v6 expression in CRC
patients with healthy weight and affected by obesity has been measured as quick
score (Q), by multiplying the percentage of positive cells (P) by the intensity (I).

For immunofluorescence, cells were cytospun or grown on glass coverslips,
fixed, permeabilized, and exposed overnight at 4 °C to a mix made by 100 µl of 3%
BSA 0,05% Tween-20 PBS and specific antibodies against ZEB2, ZEB1 (H-102,
rabbit IgG, Santa Cruz, 1:100 dilution), WT1 (83535, rabbit IgG, CST, 1:100
dilution), IL-6R (PA5-47209, goat IgG, ThermoFisher Scientific, 1:50 dilution),
c-Met (95106, mouse IgG1, R&D, 1:100 dilution), or isotype-matched control
(IMC), as previously described43. Primary antibody staining was detected by using
antirabbit, antigoat, or antimouse secondary antibodies conjugated with Alexa
Fluor-488 or Rhodamine Red-x (Life Technologies). Nuclei were counterstained
using Toto-3 iodide (Life Technologies), or DAPI (ThermoFisher Scientific). Lipid
droplets were stained using the Oil Red O (Sigma).

For flow cytometry analysis, following antibody titration, 1 × 105 cells were
collected, washed in PBS and stained for 1 h at 4 °C with conjugated antibodies
specific for CD44v6 (2F10 APC, mouse IgG1, R&D systems, 5 µl/sample), CD271
(C40-1457 PE-Cy7, mouse IgG1κ, BD, 12 µl/sample), VEGFR (89106 APC, mouse
IgG1, R&D, 10 µl/sample), CD31 (WM59 PE, mouse IgG1κ, BD, 5 µl/sample),
CD34 (581 APC, mouse IgG1κ, BD, 20 µl/sample), CD45 (5H9, mouse IgG1κ, BD,
5 µl/sample), CD90 (5E10 PE, mouse IgG1κ, BD, 10 µl/sample), CD105 (166707
APC, mouse IgG1, R&D, 10 µl/sample), CD73 (AD2, mouse IgG1κ, BD, 5 µl/
sample), CD10 (97C5 APC, mouse IgG1κ, Miltenyi Biotech, 5 µl/sample), CD200
(MRC OX-104 APC, mouse IgG1κ, BD, 20 µl/sample), CD36 (CLB-IVC7, mouse
IgG1κ, BD, 5 µl/sample), CD106 (51-10C9, mouse IgG1κ, BD, 5 µl/sample), or
corresponding IMC. Dead cells’ exclusion was performed by using 7-AAD
(0.25 µg/1×106 cells, BD Biosciences).

Isolation of TOP–GFPhigh/low and CD44v6+ /- CR-CSphCs, or CD34+ /
CD31-/CD45- ASCs was performed by using the FACSMelody cell sorter. Cells
were washed with 2% BSA and 2mM EDTA PBS and filtered with a 70 µM mesh to

prevent cell clogging. Postsorting analysis was performed to verify the purity of the
sorted population. Dead cells’ exclusion was performed by staining cells with
7-AAD.

Clonogenesis, colony forming, and invasion assay. Clonogenicity of bulk or
enriched Wnthigh/low CR-CSphCs, was determined by plating 1, 2, 4, 8, 16, 32, 64,
128 cells per well, in medium or V-ASC CM, and analyzed with the Extreme
Limiting Dilution Analysis (ELDA) ‘limdil’ function (http://bioinf.wehi.edu.au/
software/elda/index.html).

CR-CSphCs were seeded as dissociated cells (2 × 104 viable cells) in 0.3% agar
(SeaPlaque Agarose; Lonza) and cultured up to 21 days. Colony-forming potential
was assessed by staining cells with 0.01% crystal violet in 1% methanol. Colonies
were counted using ImageJ software based on the size (small <7 pixels, medium
7–13 pixels, and large >13 pixels).

The invasive potential was evaluated by seeding 2 × 103 viable CR-CSphCs in
200 µl of SCM into 8 µm pore size transwell coated with 30 µl of 1:6 Matrigel/SCM
solution (BD Biosciences). SCM supplemented with 10% human serum was used as
chemoattractant, alone or in combination with NGF (10 ng/ml; Peprotech), NGF
neutralizing antibody (0.2 µg/ml; R&D), or CD271 neutralizing antibody (ME20.4,
mouse IgG1, Merck). To study the paracrine role of CD44v6+ cells in the
induction of an invasive phenotype on ASCs, 1 × 105 enriched viable cells were
seeded in the lower chamber of 24 well plate until confluence was reached.

Animal models and Treatments. Six weeks old male NOD-SCID mice were
purchased by Charles River Laboratories and housed at the University of Palermo
in accordance to institutional guidelines of the Italian animal welfare (D.L. n° 26
March 4, 2014) and authorization n. 951/2015-PR. Mice were maintained in a
temperature-controlled system (22 oC, 50% humidity) with a 12 h dark/light cycle,
with ad libitum access to pelleted chow (Special Diets Services-811900 VRF1 (P))
and to 0.45 µm filtered water in sterile drinking bottles, in cages (Tecniplast) with
radiation-sterilized bedding (SAWI Research Bedding, JELU-WERK).

CIC capacity was evaluated by injecting 50 µl of 1:3 Matrigel/SCM containing
luciferase LUC/GFP-transduced CR-CSphCs (10, 100, 1000, or 10,000), alone or in
combination with V-ASCs (50,000), in the subrenal capsule of NSG mice.
Following i.p. injection of VivoGlo Luciferin (150 mg/kg), tumor growth and
metastasis formation were monitored by evaluation of bioluminescence emission,
which was detected by the whole-body imaging system (IVIS Lumina III,
PerkinElmer). CIC frequency was analyzed with the Extreme Limiting Dilution
Analysis (ELDA) ‘limdil’ function (http://bioinf.wehi.edu.au/software/elda/
index.html).

Subcutaneous xenografts were generated by injecting 150 µl of 1:1 Matrigel/
SCM solution containing 2.5 × 105 viable CR-CSphCs, alone or in combination
with S-ASCs or V-ASCs (1.25 × 105 viable cells). After tumor appearance
(0.03–0.06 cm3), mice were monitored twice a week and tumors were measured by
using a digital caliper. Tumor volume was calculated using the formula largest
diameter x (smallest diameter)2 x π/6. Once the endpoints were reached, with
subcutaneous tumors having the largest diameter = 2 cm, or when mice showed
signs of suffering, animals were sacrificed accordingly to Directive 2010/63/EU
guidelines (D.lgs 26/2014).

In vivo metastatic potential of CR-CSphCs was assessed by intrasplenic
injection of 30 µl of PBS solution in presence of 3 × 105 luciferase LUC/GFP-
transduced cells, alone or in combination with 1.25 × 105 V-ASCs. To ascertain the
in vivo migratory/engraftment potential, 1.25 × 105 LUC-GFP-transduced ASCs
were injected into NOD-SCID mice spleen. The spleen was removed 30 min after
cell injection. Where indicated, mice were treated i.p. with tocilizumab (10 mg/kg)
in combination with crizotinib (5 mg/kg) 3 days/week for 3 weeks. At 12 weeks,

Fig. 5 IL-6 and HGF induce a mesenchymal phenotype by activation of STAT3. a GSEA of STAT3 targets gene signature in CMS2 CR-CSphCs (CSphC
#8, #9) exposed to V-ASC CM. Statistical significance was calculated as described in Subramanian et al. (doi: 10.1073/pnas.0506580102). b Immunoblot
analysis of phosphorylated STAT3 (p-STAT3SER727/TYR705) and STAT3 in CMS2 CR-CSphCs (CSphC #9) treated as indicated. β-actin was used as a
loading control. Samples were run on the same gel and images were cropped only for the purpose of this figure. Source data are provided as a Source Data
file. One representative of three independent experiments is shown. c Immunohistochemical analysis of p-STAT3 on paraffin-embedded sections of CRC
patients with healthy weight or affected by obesity. One representative experiment of nine is shown. Scale bars, 100 µm. Box and whiskers show min-to-
max values, with a line indicating the mean value. d Immunoblot analysis of CMS2 CR-CSphCs (CSphC #9) treated as indicated. β-actin was used as a
loading control. One representative of four independent experiments is shown. Samples were run on the same gel and images were cropped only for the
purpose of this figure. Source data are provided as a Source Data file. e Proliferation rate of CMS2 CR-CSphCs exposed to the indicated treatment. Data are
mean ± S.D. of three independent experiments using two different CR-CSphC lines (CSphC #8, #9). f Colony-forming analysis of CR-CSphCs treated as
indicated, at 21 days. Boxes and whiskers represent mean ± S.D. of colony size performed in four independent experiments using four different CR-CSphC
lines (CSphC #1, #8, #9, #21). n represents the number of colonies. g miR-200a expression levels in CMS2 cells treated as indicated using two different
CR-CSphC lines (CSphC #8, #9). U6 was used as housekeeping control gene. Histograms represent mean ± S.D. of three independent experiments. For (c
and e-g) statistical significance was calculated using the two-tailed t test. h Clustergram of stemness-related genes in CMS2 CR-CSphCs (CSphC #8, #9)
treated for 48 h as indicated. GAPDH and HPRT1 were used as housekeeping control genes. i Phase-contrast analysis of CMS2 CR-CSphCs grown in
matrigel and treated as indicated at 10 days. One representative of four independent experiments carried out with two different CR-CSphC lines (CSphC
#8, #9) is shown. Scale bars, 20 µm. For (d-i) STAT3 inhibitor C188-9 was used at 10 µM concentration.
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after mouse sacrifice, organs were harvested, macroscopically analyzed, and fixed in
formalin for histological analysis.

Tube formation assay. Huvec cells were plated on matrigel coated wells (200 µl/
cm2) at 80,000 cells/cm2 seeding density with 170 µl/cm2 of EGM-2 growth med-
ium, in presence or absence of 10 ng/ml VEGF, or CD44v6+CR-CSphCs’ CM.
Plates were incubated for 16 h at 37 oC in humidified incubator 5% CO2, before
microscopy observation. Phase-contrast images of Huvec-derived tubes were

captured using the EVOS microscope (AMG) at x4 magnification. Image analysis
for the evaluation of tubule characteristics (tubules covered area (%), tubules
length, total number of tubules, mean of tubules length) was performed using the
Wimasis software (https://www.wimasis.com/en/).

Real-time PCR and RNAseq. RNA was retrotranscribed using the High-Capacity
cDNA Archive Kit (Applied Biosystems). Quantitative Real-time PCR (qRT-PCR)
was accomplished in a SYBR Green PCR master mix (Qiagen) containing primers
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for NGF, BDNF, NTF3, NTF4, ZEB1, ZEB2, CDX2, E-CADHERIN, CXCR4,
FRMD6, N-CADHERIN, SLUG, SNAIL, TWIST, and VIMENTIN. GAPDH was
used as endogenous control. Primers sequences are included in Supplementary
Table 3.

mRNA expression levels of EMT- (PAHS-090Z, Qiagen) and tumor metastasis-
related genes (PAHS-028Z, Qiagen) were detected by RT2 profiler PCR array. The
gene expression profile of EMT-, Wnt- and CSCs-related gene expression was
evaluated by using the PrimePCR Custom Panel (Bio-Rad) according to
manufacturer’s instructions. To evaluate miRNA expression levels, total RNA was
retrotranscribed by using miScript reverse Transcription Kit (Qiagen). miRNA
expression profile was determined using Megaplex pools kit (Applied Biosystem)
specific for a set of 384 microRNAs (TaqMan Human MicroRNA Array A) as
recommended by manufacturer’s instructions. Collected data were analyzed with
the Thermo FisherCloud software. miR-200a, miR-200b, and miR-200c expression
levels were evaluated by qRT-PCR using specific primers (Qiagen). miRNA
expression levels were normalized with endogenous RNU-6 (Qiagen) control and
calculated using the comparative Ct method (2-ΔΔCt). For measuring mRNA
expression, the NEBNext Ultra Directional RNA Library Prep Kit for Illumina was
used to process the samples. The sample preparation was performed according to
the protocol ‘NEBNext Ultra Directional RNA Library Prep Kit for Illumina’
(NEB). Briefly, mRNA was isolated from total RNA using the oligo-dT magnetic
beads. After the fragmentation of the mRNA, a cDNA synthesis was performed.
This was used for ligation with the sequencing adapters and PCR amplification of
the resulting product. The quality and yield after sample preparation were
measured with the Fragment Analyzer. The size of the resulting products was
consistent with the expected size distribution (a broad peak between 300 and
500 bp). Clustering and DNA sequencing using the Illumina NextSeq 500 was
performed according to the manufacturer’s protocols. A concentration of 1.6 pM of
DNA was used. NextSeq control software 2.0.2 was used. Image analysis, base
calling, and quality check were performed with the Illumina data analysis pipeline
RTA v2.4.11 and Bcl2fastq v2.17. Raw sequencing reads were aligned to Ensembl
release 84 (GRCh38 assembly) using the HISAT2 2.1.0 pipeline67 and counts were
summarized per gene using the summarizeOverlaps function in the
GenomicsAlignment R package68. Gene counts were normalized to reads per
million and log2 transformed. The CMS signature was derived from the TCGA
dataset69, which expression data were downloaded from the FIREHOSE repository
(https://gdac.broadinstitute.org/). This included RNAseq expression data generated
by the Illumina HiSeq (N= 326) and Genome Analyzer (N= 172) platforms
(RSEM normalized data). After log2 transformation, data from both platforms
were combined into a single dataset (N= 498), correcting platform-specific effects
with the ComBat algorithm70 as implemented in the sva R package71. As a first step
toward defining a CMS signature, genes were selected with at least one read per
gene in all 12 cell line expression profiles (N= 10,949). This set of genes was
further filtered based on a correlation of correlations approach35 comparing the
TCGA dataset with the cell line expression data and retaining genes with a
correlations of correlation score ≥0.1 (N= 4481). CMS labels for the TCGA
samples were obtained from Guinney et al.35 (134 CMS2, 81 CMS4) and
differential gene expression (CMS4 versus CMS2) was determined using the limma
R package72. The CMS signature was constructed using the log2 fold changes of the
10 most significantly upregulated and 10 most significantly downregulated genes.
This signature was used to calculate the Pearson correlation coefficient with the cell
line expression profiles, averaging the treatment replicates and mean-centering
within the cell line (both gene-wise). GSEA73 using the CMS4 signature, as well as
the tumor stemness and STAT3 targets gene sets, was performed using the GSEA
software (http://software.broadinstitute.org/gsea/index.jsp).

Gene set enrichment analysis was accomplished in R with fgsea package by
considering all gene sets from MSigDB collections (msigdb.v6.2.symbols) with

sample permutation (1,000 permutations). A differential expression analysis was
performed with limma package.

Western blot. Cells were lysate in ice-cold buffer, loaded in SDS-PAGE gels, and
blotted on nitrocellulose membranes. Membrane were pre-incubated with blocking
buffer (0.1% Tween 20 and 5% nonfat dry milk in PBS) for 1 h at room tem-
perature and then exposed to a mix made by 5% BSA 0,05% Tween-20 PBS and
specific antibodies (1:1000 dilution) against ZEB2 (E-11, mouse IgG2a, Santa Cruz),
p-STAT3 (Ser727) (rabbit, CST), p-STAT3 (Tyr705) (9145, rabbit IgG, CST),
STAT3 (9139, mouse IgG2a, CST), active β-catenin (Ser33/37/Thr41) (D13A1,
rabbit IgG, CST), β-catenin (D10A8, rabbit IgG, CST), vimentin (R28, rabbit, CST),
or β-actin (8H10D10, mouse, CST). Primary antibodies were revealed using anti-
mouse or antirabbit HRP-conjugated (goat H+ L, ThermoFisher Scientific, 1:2000
dilution in blocking buffer) and detected by Amersham imager 600 (GE Health-
care). Protein levels were calculated by densitometric analysis using ImageJ soft-
ware v1.8.0_172.

Statistical analysis. The meta-analysis was conducted after the selection of all the
relevant studies on PubMed database related to BMI and survival of CRC patients.
The studies were classified by year and population size, and the relative Hazard
Ratio (HR), Risk Ratio, and Odds Ratio values were collected. In order to account
for the missing confidence intervals (CI) for the estimate of effect in a study we
used the method as proposed in Altman et al.74. Meta-analysis was conducted by
using metafor package in R and choosing the default Restricted Maximum-
likelihood Estimator (REML) estimation to fit the model.

Survival results were obtained from an internal database of medical records or
using the “R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl
http://r2platform.com)” and analyzed with a log-rank (Mantel–Cox) test and
expressed as Kaplan–Meier survival curves.

Clinical data for progression-free survival, univariate and multivariate analysis,
were obtained from Istituto Oncologico del Mediterraneo (n= 393), and Azienda
Ospedaliero Universitaria “Policlinico Vittorio Emanuele” (n= 441). Univariate
and multivariate analysis were performed in R (v R-4.1.0) with “survival” package
by fitting a Cox proportional hazards regression model to evaluate the risk of
Progression-Free Survival (PFS) associated with each covariate. PFS was calculated
with right-censored data and the event of distant recurrence for each patient.

Data were shown as mean ± standard deviation. Following
Kolmogorov–Smirnov test to assess the samples distribution, statistical significance
was estimated by unpaired T test, or by two-tailed Mann–Whitney test. Results
were referred to statistically significant as p < 0.05. * indicates p < 0.05, ** indicate
p < 0.01, *** indicate p < 0.001, and **** indicate p < 0.0001.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability
All data relevant to the study are included in the article or uploaded as supplementary
information. Uncropped western blots are included in the Source Data file. The data that
support the findings of this study are available from the corresponding author (GS) upon
reasonable request. RNA sequencing data of CR-CSphCs treated with control medium,
S-ASC or V-ASC CM generated in this study have been deposited in a public, open-
access GEO repository, under accession number GSE162561 (link to data:). The CMS
signature was derived from the TCGA dataset, which expression data were downloaded
from the FIREHOSE repository (https://gdac.broadinstitute.org/). CMS labels for the
TCGA samples were obtained from Guinney et al. and are available at the website:

Fig. 6 IL-6 and HGF targeting hampers the VAT-induced metastatic capacity of CR-CSphCs. a Growth kinetics of CMS2 CR-CSphCs treated with V-ASC
CM, alone or in combination with tocilizumab (Toc) and crizotinib (Criz). b Colony-forming assay of CR-CSphCs following the indicated treatment, at
21 days. c, miR-200a expression in CMS2 CR-CSphCs treated as indicated for 48 h. U6 was used as housekeeping control gene. d ZEB1 and ZEB2
expression levels in cells treated for 72 h as indicated. GAPDH was used as housekeeping control gene. e Number of invading CMS2 CR-CSphCs pretreated
as indicated for 48 h. Statistical significance between two groups was determined by unpaired Student’s t test (2-tailed). For (a-e) data are mean ± S.D. of
three independent experiments using two different CR-CSphC lines (CSphC #8, #9). Statistical significance was calculated using the two-tailed t test.
f Schematic model of intrasplenic injection of CR-CSphCs showing time points of treatments and in vivo bioluminescence detection. g Kinetics and whole-
body imaging analysis of mice (n= 6) following intrasplenic injection of LUC-GFP-transduced CMS2 CR-CSphCs alone or co-injected with V-ASCs
untreated or treated with the indicated pharmaceutical compounds. Insets represent spleen collected 30min after cell injection, and liver, lung, and bowel
collected at the time of sacrifice. Data are mean ± S.D. of independent experiments using two different CR-CSphC lines (CSphC #8, #9), and 2 S- (#3, #6)
or V-ASC (#5, #14) lines. h RFS rate of CMS2/MSS/Stage1-2 CRC patients according to ZEB2 expression levels. Statistical significance was calculated
using the log-rank (Mantel–Cox) test. i Univariate and Multivariate analysis of relapse-free survival (RFS) according to regression Cox model in CRC
patients as in h. Statistical significance was calculated using the Wald test. j Schematic representation of bidirectional crosstalk between ASCs and CRC
cells. Visceral adipose factors enhance the expression of CD44v6; CD44v6+ -released NGF/NT-3 drives the intra-tumor recruitment of ASCs; adipose-
released proteins induce EMT of CRC cells through the activation of STAT3; CD44v6+ -released VEGF promotes the endothelial transdifferentiation of
ASCs. Clinically available drugs targeting HGF and IL-6 are highlighted in red.
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Supplementary Fig. 1. V-ASCs sustain the metastatic potential of CR-CSphCs.
a, Univariate and multivariate analysis of progression free survival (PFS) according to regression Cox
model in CRC patients. Statistical significance was calculated using the Wald test. b, Kaplan-Meier
PFS curves in stage III CRC patients, based on BMI status. Healthy weight indicates 18,5<BMI<30,
and obesity BMI>30. Statistical significance was calculated using the log-rank (Mantel–Cox) test. c,
Immunohistochemical analysis of adiponectin and CDX2 on primary and liver metastasis tissue
specimens from CRC patients with obesity. One representative of 9 independent experiments is shown.
Scale bars, 100 µm. d, Percentage of adipose tissue (AT) area based on adiponectin positivity,
evaluated in primary tumor and liver metastasis as in (c). e, Number of CD34+/CD31-/CD45- and
CD34+/CD31+/CD45- cells on primary and liver metastasis CRC from patients with healthy weight or
affected by obesity. For (d, e) data are mean ± standard error of 9 independent experiments. f,
Mesenchymal stem cell and endothelial (CD31, CD34) marker expression in ASCs isolated from
subcutaneous (S-ASCs; n= 13) and visceral (V-ASCs; n= 10) adipose tissue. g, Immunofluorescence
analysis of WT1 expression in S-ASCs or V-ASCs. Yellow arrow heads indicate ASCs with nuclear
localization of WT1. Scale bars, 40 µm. Data are representative of experiments performed in 12 S-
ASCs and 10 V-ASCs. h, Adipocyte differentiation of S-ASCs or V-ASCs. Data are mean ± S.D. of 4
independent experiments using 3 different S-ASC and V-ASC cultures. i, Phase contrast and
fluorescence analysis of lipid droplets content in cells as indicated. Scale bars, 100 µm. One
representative of 4 independent experiments is shown. j, Colony forming assay of CR-CSphCs treated
as indicated. n represents number of colonies. k, Size of subcutaneous tumor xenografts at the indicated
time points generated by injection of CR-CSphCs alone or together with S-ASC or V-ASCs. l,
Immunohistochemical analysis of CK20 (brown) and ki67 (red) of tumor xenografts generated by
subcutaneous injection of cells as in (k) (upper panel). Percentage of ki67+/CK20+ cells in tumor
xenografts. m, Invasion assay of CR-CSphCs treated as indicated for 48 hours (lower panel). n, GFP
expression of transduced LUC-GFP S-ASCs and V-ASCs. Scale bars, 500 µm. One representative of 3
independent experiments is shown. o, Whole body in vivo imaging analysis 30 minutes after
intrasplenic injection of ASCs transduced with LUC-GFP. p, Kinetics of in vivo whole-body imaging
analysis of metastasis formation following intrasplenic injection of LUC-GFP transduced CR-CSphCs
alone and together with S-ASCs or V-ASCs at the indicted time points. Bioluminescence signal of
isolated organs was detected after splenectomy at the indicated time. Red dotted line indicates the area
of photons quantification. For (j-m, and p) data are mean ± SD of 6 independent experiments using 4
different CR-CSphC lines (#1, #8, #9 and #21). q, H&E analysis of liver and lung metastases derived
from tumor xenografts generated by intrasplenic injection of indicated cells. Scale bars, 200 µm. Li:
liver; Lu: lungs; T: tumor. For (o-q) one representative of 6 independent experiments is shown.
Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed).
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Supplementary Fig. 2. CRC spheres and their derived adherent cells express IL-6R and c-Met.
a, Immunoblot analysis of non phospho active and total β-catenin in CMS2 CR-CSphCs (#8 and #9)
and sphere-derived adherent cells (SDACs). β-actin was used as loading control (upper panel).
Samples were run on the same gel and images were cropped only for the purpose of this figure. Source
data are provided as a Source Data file. Representative phase contrast analysis of cell morphology in
CMS2 CR-CSphCs (#8 and #9) and sphere-derived adherent cells (SDACs). Scale bars, 200 µm (lower
panel). b, Immunofluorescence analysis of IL-6R and c-Met in CMS2 CR-CSphCs (CSphC #8, #9).
Nuclei were counterstained with Toto-3. c, Immunofluorescence analysis of IL-6R and c-Met in CMS2
SDACs (#8, #9). For (a-c) data are representative of 4 independent experiments. For (b-c) scale bar, 40
µm. d, Stemness-related genes in CMS2 CR-CSphCs (#8, #9) treated with vehicle (Medium), IL-6 or
HGF for 48 hours. Black arrows indicate up- (red) and down- (blue) regulated genes. GAPDH and
HPRT1 were used as housekeeping control genes. e, Flow cytometry profiles of CD44v6 in CD44v6-

and CD44v6+ sorted CR-CSphCs (CSphC #8, #9). Gating strategy to sort CD44v6- and CD44v6+ CR-
CSphCs used on the in vitro assays presented on Fig. 2j-m. f, Relapse-free survival (RFS) rate of CMS2
CRC patients according to CD271 expression levels. Statistical significance was calculated using the
log-rank (Mantel–Cox) test. g, Univariate and multivariate analysis of relapse free survival (RFS)
according to regression Cox model in CRC patients as in (f). Statistical significance was calculated
using the Wald test.
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Supplementary Fig. 3. Adipokines down-regulate miR-200a improving clonogenic and invasive
activity of CR-CSphCs
a, Box and whiskers plot showing cell growth of 8 different ASCs treated as indicated. Box and
whiskers show min-to-max values, with line indicating the median value, and the connecting lines
indicating the mean values of 8 independent experiments. Statistical significance was calculated using
two-tailed paired nonparametric Mann–Whitney test. b, Top twenty significantly enriched gene sets
from PANTHER (GO biological process annotation) (FDR p-value ≤ 0.05) identified through the
analysis of differentially expressed genes in CR-CSphCs (#1, #8, #9, #21). c, Gating strategy to sort
CD31-/CD34+/CD45- ASCs used on the in vitro endothelial-differentiation assay presented on Fig. 3d.
d, Tube formation assay analysis of Huvec cells exposed to vehicle (Medium), CM derived from
CD44v6+ CR-CSCs (#1, #8, #9, #21), in presence or absence of VEGF neutralizing antibody, or VEGF
for 16 hours. e, Boxplot of epithelial and markers expression in CMS2 cells treated as indicated for 48
hours. Box and whiskers show min-to-max values, with line indicating the mean value. f, Up- (red) and
down- (blue) regulated signaling pathways, computed by GSEA, in CMS2 CR-CSphCs (#8, #9) treated
with V-ASC conditioned medium. g, miR-200 family members expression in CMS2 CR-CSphCs (#8,
#9) following treatment with V-ASC CM. h, miR-200a expression levels in CMS2 CR-CSphCs (#8,
#9) treated as indicated. i, miR-200a expression levels in CMS2 (#8, #9) and CMS4 CR-CSphCs (#1,
#21) transfected with antagomiR-200a or synthetic miR-200a, respectively. j, Invasion assay of CMS2
(#8, #9) and CMS4 (#1, #21) CR-CSphCs as indicated. k, miR-200a expression in CR-CSphCs (#1,
#21) transduced with EV or miR-200a. l, ZEB2 expression levels in CR-CSphCs (#1, #21) transduced
as indicated. m, Immunoblot analysis of ZEB2 in CMS4 CR-CSphCs (#1, #21) transduced as in (k). β-
actin was used as loading control. One representative of 6 independent experiments is shown. Samples
were run on the same gel and images were cropped only for the purpose of this figure. Source data are
provided as a Source Data file. n, Colony forming assay of CMS2 CR-CSphCs transduced with empty
vector (EV) or cl.2 miR-200a and treated as indicated, at 21 days. Data represent mean ± S.D. of
colony size performed in 4 independent experiments using 2 different CR-CSphC lines (#8, #9). n
represents the number of colonies. Statistical significance was calculated using two-tailed
nonparametric Mann–Whitney test. o, Number of invading CMS2 (#8, #9) and CMS4 (#1, #21) CR-
CSphCs transduced as in (n) and treated as indicated. For (d, g-l and o) data are shown as mean ± S.D.
of 6 independent experiments. Statistical significance between 2 groups was determined by unpaired
Student’s t-test (2-tailed). **** p ≤ 0.0001; * p ≤ 0.05.
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Supplementary Fig. 4. ZEB2 is crucial for CRC metastasis formation
a, ZEB2 expression in CMS2 CR-CSphCs (CSphC #8, #9) transduced with EV or ZEB2. GAPDH was
used as housekeeping control gene. b, Immunoblot analysis of ZEB2 and vimentin expression in CR-
CSphCs (CSphC #8, #9) transduced as indicated. β-actin was used as loading control. Samples were
run on the same gel and images were cropped only for the purpose of this figure. Source data are
provided as a Source Data file. c, Representative flow cytometry analysis of CD44v6 on CR-CSphCs
transduced with empty vector (EV) or ZEB2. d, Immunohistochemical analysis of CD44v6 on CRC
tissue with weak (1), moderate (2), and strong (3) staining intensity. Scale bars represent 100 µm.
CD44v6 score (Q score = percentage of positive cells (P) x intensity (I)) in ) CRC patients with healthy
weight (n=28) and obesity (n=9. Box and whiskers show min-to-max values, with line indicating the
mean value. e, ZEB2 expression levels in CMS4 CR-CSphCs (CSphC #1, #21) transduced with
inducible nonsilencing (ns) shRNA control, or ZEB2 shRNA, following 72 hours of exposure to
doxycycline. GAPDH was used as housekeeping control gene. f, Immunoblot analysis of ZEB2 and
vimentin in cells transduced as in (c). β-actin was used as loading control. Samples were run on the
same gel and images were cropped only for the purpose of this figure. Source data are provided as a
Source Data file. For (a-b and e-f) data represent mean ± S.D. of 6 independent experiments. g,
Immunofluorescence analysis of ZEB2 in RFP tagged CR-CSphCs (CSphC #1, #21) transduced as
indicated. Scale bars, 40 µm. One representative of 6 independent experiments is shown. h, Heatmap
of EMT-related genes in CMS4 CR-CSphCs (CSphC #1, #21) transduced as indicated. Data are mean
of 3 independent experiments. i, Whole body in vivo imaging analysis of mice (n=6) intrasplenically
injected with CMS4 CR-CSphCs (CSphC #1, #21) transduced as indicated, at 8 weeks after
splenectomy. Spleen was removed 30 minutes after cell injection. Red dotted line indicates the area of
photons quantification. (right panel) Luciferase signal measured as photons per second that leave a
square centimeter of tissue and radiate into a solid angle of one steradian (ph/s/cm2/sr). One
representative of 6 independent experiments is shown. Statistical significance between 2 groups was
determined by unpaired Student’s t-test (2-tailed).
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Supplementary Fig. 5. STAT-3 is activated in the proximity of VAT in CRC patients with obesity
a, Heatmap matrix of CMS2 CR-CSphC (CSphC #8, 9) viability following treatment with dose-
escalation of STAT3 inhibitor (C188-9), at the indicated time points. Black boxes indicate the selected
concentration for in vitro studies.
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Supplementary Fig. 6. IL-6R and c-Met blockade prevents the metastasis formation of CR-
CSphCs induced by VAT.
a, Heatmap matrix of CMS2 CR-CSphC (CSphC #8, 9) viability following treatment with dose-
escalation of crizotinib, at the indicated time points. Black boxes indicate the selected concentration for
in vitro studies. b, Kinetics of body weight variation in mice following intrasplenic injection of LUC-
GFP CMS2 CR-CSphCs (#8, 9) alone (Medium) or co-injected with V-ASCs, at the indicated time
points. Mice were treated i.p. with tocilizumab (Toc) and crizotinib (Criz). Dotted lines represent the
maximum tolerated reduction in body weight, measured as 80% of basal weight of mice belonging to
each treatment group. Data are mean of 12 independent experiments in mice treated as indicated. c,
Metastasis formation in mice treated as indicated, 9 weeks after treatment suspension. d, H&E analysis
of liver, lung and colon metastatic lesions derived from mice treated as indicated. Scale bars, 200 µm.
T: tumor. e, Representative immunohistochemical analysis of CDX2, p-STAT3, STAT3, and ZEB2 in
paraffin-embedded sections of tumor xenograft specimens of CRC liver metastasis in mice
intrasplenically co-injected with CR-CSphCs and V-ASCs. Scale bars, 100 µm. For (d-e) one
representative of 12 independent experiments is shown. Statistical significance between 2 groups was
determined by unpaired Student’s t-test (2-tailed).



ASC # 2 3 4 5 6 7 8 9 10 11 12 13 14 16 17 18 20 21

0 2 4 6 8 10 12 14 16 18 20

Subcutaneous N/A N/A N/A N/A N/A

Visceral N/A N/A N/A N/A N/A N/A N/A N/A

BMI 43 25 25 28 24 25 21 26 24 61 N/A 21 30 N/A 30 20 23 24

Supplementary Table 1. Human primary ASC cell lines



Supplementary Table 2. Mutational, MSI and CMS profile of colorectal cancer sphere cell lines (CR-
CSphC). 
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Supplementary Table 3. Primer sequences and source.

Gene Symbol Primer sequence/Catalog # Source
NGF Cat. # PPH00205F Qiagen
BDNF Cat. # PPH00569F Qiagen
NTF3 Cat. # PPH00687A Qiagen
NTF4 Cat. # PPH01123A Qiagen
ZEB1 Cat. # PPH01922A Qiagen
ZEB2 Cat. # PPH09021B Qiagen

CDX2
Fwd: 5-TTCACTACAGTCGCTACATCACC-3

Rev: 5-TTGTTGATTTTCCTCTCCTTTGC-3
Metabion

E-CADHERIN
Fwd: 5-TGGAGGAATTCTTGCTTTGC-3

Rev: 5-CGCTCTCCTCCGAAGAAAC-3
Metabion

CXCR4
Fwd: 5-AGCATGACGGACAAGTACAGG-3

Rev: 5-GATGAAGTCGGGAATAGTCAGC-3
Metabion

FRMD6
Fwd: 5-GGACACTCTGGGTTGATTGTG-3

Rev: 5-TGTGTCGATCAGTGGAGGTC-3
Metabion

N-CADHERIN
Fwd: 5-ACAGTGGCCACCTACAAAGG-3

Rev: 5-CCGAGATGGGGTTGATAATG-3
Metabion

SLUG
Fwd: 5-GGTCAAGAAGCATTTCAACG-3

Rev: 5-CACAGTGATGGGGCTGTATG-3
Metabion

SNAIL
Fwd: 5-GGGAATTCTATGCCGCGCTCTTTCCTCGTC-3

Rev: 5-GGGGATCCTCAGCGGGGACATCCTGAGCAG-3
Metabion

TWIST
Fwd: 5-GGCATCACTATGGACTTTCTCTATT-3

Rev: 5-GGCCAGTTTGATCCCAGTATT-3
Metabion

VIMENTIN
Fwd: 5-TTCCTGGGCTACGACCATAC-3

Rev: 5-TGTGCTCCATCAAGCAATTC-3
Metabion

GAPDH
Fwd: 5-GCT TCG CTC TCT GCT CCT CCT GT-3

Rev: 5-TAC GAC CAA ATC CGT TGA CTC CG-3
Metabion



 

 

4. CONCLUSIONS 

 

Despite significant efforts have been made in improving cancer patients’ outcome, the survival of 

CRC patients is still poor. Chemo-resistance is one of the main hurdles in cancer therapy and CSCs 

play a crucial role in this event. For this reason, they are subject of intense research work that aims 

at better understanding of its behavior and at the development of efficacious targeted therapies. 

Promising strategies for the cancer treatment include: the targeting of CSCs-specific features, using 

small molecule inhibitors, epigenetic therapies, the targeting of CSC microenvironment and the 

induction of a differentiated state.  

The deregulation of different epigenetic pathways affects gene expression patterns correlated with 

cell proliferation and survival. In addition, various epigenetic alterations regulate the maintenance 

of CSCs. The lysine methyltransferase SETD8 and the DNA methyltransferase 1 have a critical role 

in different tumours. Nevertheless, the role of SETD8 in CRC is incompletely understood and it has 

not been intensively studied. Their inhibition could be an effective approach to the CSCs targeting. 

However, the limited in vivo stability of the DNMT1 inhibitor decitabine, represents a strong 

limitation for its administration. We showed the effectiveness of the use of UNC0379, an inhibitor 

of SETD8, in tumour treatment and in CSCs targeting. 

Proteins belonging to the bone morphogenetic protein family (BMP) have the ability to promote the 

differentiation of CSCs. Among these, we have identified a variant of BMP7 characterized by 

improved stability and solubility (BMP7v), which sensitizes CRC and CSCs to chemotherapy and 

recapitulate a gene expression profile related to cell differentiation. Furthermore, we have shown 

that treatment with BMP7v makes CSCs also sensitive to targeted therapies (Chapter 1). Moreover, 

in recent years, scientific research has focused on the various mechanisms responsible for the 

development of resistance to therapies, including the genetic heterogeneity and the activation of 

alternative survival signaling pathways. The EGFR is the main target identified in the treatment of 

CRC. The treatment with anti-EGFR antibodies combined to chemotherapy is currently the most 

effective therapy for metastatic CRC RAS wt. However, the therapeutic response is temporary and 

limited to a small number of patients. Activation of alternative signaling pathways downstream or 

parallel to MAPK pathway is involved in the inefficacy of anti-EGFR treatment. We have shown 

that CSCs CD44v6 positive, express high levels of HER2 and are resistant to therapy with 

cetuximab, a monoclonal antibody directed against EGFR. CSCs CD44v6+ exhibit activation of the 

PI3K signaling pathway, which is associated with transcriptional regulation of ERBB2 in CSCs 

CD44v6+. The targeting of HER2, MEK and PI3K determines the cell death of CSCs and the 



 

regression of tumors resistant to anti-EGFR therapy, including those with the mutation in KRAS 

and PIK3CA. Furthermore, this combinatorial treatment is able to induce cell death of CR-CSCs 

and tumor regression, even in presence of cytokines released by tumor-associated fibroblasts 

(Chapter 2). Furthermore, CSCs show a higher expression of the MAPK p38α and are dependent 

on its kinase activity. We have shown that the p38α inhibitor ralimetinib causes increased 

sensitization of CSCs to chemotherapeutic agents commonly used for the treatment of CRC, and 

exhibits a synthetic lethality effect when used in combination with the MEK inhibitor, trametinib. 

The protein p38α represents a further example of a targeted treatment for CSCs (Chapter 3).  

In recent years, there has been a growing interest in the use of natural compounds in the treatment 

of tumors. This interest is mainly derived from their availability and their low toxicity. Alkaloids 

have represented a very important source for the development of compounds with therapeutic 

purposes. Among these, particular interest was given to nortopsentin, whose analogues showed a 

great anti-proliferative activity against different human tumor cell lines. 

We evaluated the biological activity of the neosynthetic alkaloid NORA234 in the treatment of CR-

CSCs. NORA234 causes an initial reduction in the proliferation and clonogenic potential of CSCs, 

followed by an adaptive response that selects resistant clones that express high levels of CD44v6 

and have a constitutive activation of the Wnt signaling pathway. Furthermore, NORA234 causes 

genotoxic stress, cell cycle arrest in the G2-M phase and activation of CHK1 (Checkpoint kinase 1), 

promoting DNA damage repair in CSCs. The combination of NORA234 and rabusertib, the CHK1 

inhibitor, induces the death of both CD44v6- and CD44v6+ (Chapter 4). We also evaluated the 

anticancer properties of natural flavonoids, polymethoxyphlavones and prenylflavonoids, extracted 

from Citrus sinensis and Humulus lupulus, respectively. The fractions of the natural extracts, 

individually and in combination, reduced the cellular vitality of CSCs and improved the efficacy of 

chemotherapy with 5-Fluoruacil and oxaliplatin. Furthermore, the combination of the two extracts 

resulted in a reduction of the expression of the marker CD44v6 and in the inhibition of the Wnt 

signaling pathway (Chapter 5). 

Another promising therapeutic strategy for CSCs eradication is the targeting of the tumor 

microenvironment. The interaction of CSCs with this tumor niche is essential for the growth, 

maintenance and differentiation of CSCs. The tumor microenvironment associated with obesity is a 

strong risk factor for cancer progression. We have shown that IL-6 and HGF produced by stromal 

cells of tumor visceral adipose tissue promote the expansion of the compartment of metastatic 

colorectal cancer cells (CD44v6+), which in turn secrete neurotrophins that recruit adipose stem 

cells within the tumor mass. We have shown that fat-derived factors promote metastatic 

dissemination. Finally, we have observed that the paracrine effect of visceral adipose tissue induces 



 

a transition in the gene expression profile of CSCs from an epithelial type subtype (consensus 

molecular subtype, CMS2) to a mesenchymal subtype (CMS4). Therefore, the targeting of the 

factors produced by fat in obese patients with CRC could represent a therapeutic strategy to prevent 

metastatic disease (Chapter 6). 
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