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Chemotherapy is the mainstay for the treatment of non-small cell lung cancer (NSCLC). However, NSCLC cells are either intrinsically chemoresistant or rapidly develop therapy resistance. Cancer stem cells (CSCs) are widely recognized as the cell population responsible for resistance to systemic therapies, but the molecular responses of CSCs to chemotherapeutic agents are largely unknown. We identified the embryonic protein CRIPTO in stem cell-enriched spheroid cultures of adenocarcinoma (AC) and squamous cell carcinoma (SCC) derived from NSCLC surgical specimens. The CRIPTO-positive population had increased clonogenic capacity and expression of stem cell-related factors. Stemness-related properties were also obtained with forced CRIPTO expression, whereas CRIPTO downregulation resulted in cell cycle blockade and CSCs death. Cell populations positive and negative for CRIPTO expression were interconvertible, and interfering with their reciprocal equilibrium resulted in altered homeostasis of cell expansion both in spheroid cultures and in tumor xenografts. Chemotherapy treatment of NSCLC cells resulted in reduction of cell number followed by increased CRIPTO expression and selective survival of CRIPTO-positive cells. In NSCLC tumor xenografts, chemotherapeutic agents induced partial cell death and tumor stabilization followed by CRIPTO overexpression and tumor progression. Altogether, these findings indicate CRIPTO as a marker of lung CSCs possibly implicated in cancer cell plasticity and post-chemotherapy tumor progression.
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Introduction

CRIPTO, also known as teratocarcinoma-derived growth factor-1 (TDGF-1), is an extracellular glycosylphosphatidylinositol (GPI)-anchored protein (1) expressed in mouse and human embryonic stem cells (ESCs), where it regulates self-renewal and differentiation (2). CRIPTO is an obligate co-receptor for the TGF-β family members Nodal and GDF1/3 implicated in development, pluripotency and cancer (3–5). Besides its well-known role as modulator of TGF-β signaling, CRIPTO also cooperates with different pathways including WNT, AKT and NOTCH (6). CRIPTO is overexpressed in several human tumors including breast, colorectal, lung, renal, ovarian, pancreatic, prostate, gastric, bladder and esophageal cancers, melanoma and glioblastoma (7–19). CRIPTO expression has been detected by our group and others on cancer stem cells (CSCs) of colorectal, hepatocellular, esophageal carcinomas and embryonal carcinoma (20–23). In colorectal cancer (CRC) CRIPTO levels affected the size of the CSCs compartment, as CRIPTO downregulation was able to inhibit CSCs survival, tumor growth and metastasis formation (20). CRIPTO was also found to be expressed by pancreatic CSCs, where Nodal/Activin signaling proved to be essential for CSCs self-renewal, chemoresistance and in vivo tumorigenicity (24). In lung cancer, serum levels of soluble CRIPTO were identified as a diagnostic and prognostic marker, whereas CRIPTO expression in tumor tissues was associated with worse prognosis (16, 25–30). CRIPTO was previously proposed to mediate NSCLC resistance to the EGFR tyrosine kinase inhibitor (TKI) erlotinib (31). However, subsequent studies with the third generation EGFR TKI osimertinib showed that CRIPTO was ineffective in eliciting drug resistance, although CRIPTO serum levels mirrored patient progression and resistance to treatment (32). Altogether, these findings highlight a complex role of CRIPTO in regulating tumor stemness that deserves further investigation, also in light of potential CRIPTO targeting by molecular and immunotherapeutic strategies (33, 34). Here, we show that CRIPTO is dynamically expressed in NSCLC spheroid cultures derived from surgical specimens of lung adenocarcinoma (AC) and squamous cell carcinoma (SCC). Exogenous CRIPTO expression in NSCLC spheroids increased stemness-related gene expression, cell migration, clonogenic capacity and production of soluble CRIPTO. By contrast, CRIPTO silencing induced cell cycle arrest and subsequent CSCs extinction. Interestingly, flow cytometry separation of CRIPTOhigh and CRIPTOlow cells was followed by an interconversion of these two populations, highlighting the plasticity of lung CSCs. Chemotherapy treatment of NSCLC spheroids and xenografts increased CRIPTO expression and enhanced tumor progression in vivo as compared to untreated tumors. According to these observations, NSCLC patients with higher CRIPTO expression had a worse prognosis. Overall, these observations indicate that CRIPTO expression identifies a dynamic population of lung CSCs that may be implicated in chemoresistance and post-chemotherapy tumor progression.



Results


CRIPTO Is Dynamically Expressed on Stem Cell-Enriched NSCLC Cultures

NSCLC surgical specimens (two AC and two SCC) were cultured in serum-free medium containing EGF and basic-FGF (bFGF) to generate stem cell-enriched spheroid cultures, as previously described (35, 36). Clinical data of NSCLC patients and mutational features of NSCLC spheroids are reported in Supplemental Table 1. NSCLC spheroids retain the ability to produce phenocopies of the original tumors when inoculated in immunecompromised mice (Figure 1A) and are enriched in cells expressing stemness-related factors NANOG, SOX2 and OCT3/4 (Supplemental Figure 1A). We have previously demonstrated that CRIPTO is a marker of CRC CSCs and that CRIPTO expression determines CSCs-related features of CRC cells in vitro and in vivo (20). To investigate whether CRIPTO plays a role also in NSCLC CSCs, we investigated its expression in AC and SCC spheroid cultures. Flow cytometry analysis of surface CRIPTO levels showed the presence of CRIPTO+ cells in both AC and SCC cultures with percentages of positivity variable approximately between 12% and 50% and comparable between the two histotypes (Figure 1B). To analyze CRIPTO subcellular localization, we performed immunofluorescence staining of AC1 cells. Localization of CRIPTO at the plasma membrane was detected by double staining of unpermeabilized cells with CRIPTO and either E-Cadherin antibodies (Figure 1C, upper panels) or with Wheat Germ Agglutinin (WGA), a member of the lectin family (Supplemental Figure 1B). Furthermore, to analyze intracellular CRIPTO localization, and considering that CRIPTO undergoes post-translational modifications in the endoplasmic reticulum (ER) and Golgi (37, 38), cells were permeabilized and double stained with CRIPTO and the ER marker Prolyl 4-Hydroxylase subunit beta (P4HB). Confocal analysis showed that the intracellular presence of CRIPTO protein in NSCLC CSCs was mostly localized in the ER (Figure 1C, lower panels). Then, we analyzed CRIPTO expression over time by monitoring CRIPTO levels in AC and SCC spheroids by flow cytometry through a four-week period. Similar to what was found in CRC spheroids (20), CRIPTO positivity was subject to a dynamic regulation in both AC and SCC cells (Figure 1D, upper panel; FACS profiles in Supplemental Figure 1C). Importantly, CRIPTO levels did not depend on fluctuations of cell viability, as determined by 7-aminoactinomycin D (7-AAD) staining, as this was roughly constant throughout the culture (Figure 1D, lower panel). An apparent decrease of 20-50% cell viability in FACS analyses is a technical artifact due to the mechanical dissociation of spheroids before testing. Altogether, these results show for the first time that CRIPTO is expressed on NSCLC CSCs and that CRIPTO expression is dynamically regulated over time in NSCLC cultures.




Figure 1 | CRIPTO (CR-1) is dynamically expressed in stem cell-enriched cultures of adenocarcinoma (AC) and squamous cell carcinoma (SCC). (A) Hematoxylin/Eosin staining of paraffin-embedded xenograft sections obtained from two SCC and two AC spheroid cultures (upper panels) and of the parental patient tumor (lower panels), 20X magnification, scale bar 50 μm. Pictures in the upper panels are representative of xenograft sections derived from three different mice. (B) Flow cytometry analysis of surface CRIPTO expression on two SCC and two AC spheroid cultures derived from patients represented in (A) and in Table S1. (C) Immunofluorescence staining for CRIPTO in combination with E-Cadherin or Prolyl 4-Hydroxylase subunit beta (P4HB) to show respectively plasmamembrane and endoplasmic reticulum localization on AC1 cells, 60X magnification, 1.8X zoom, scale bar 10 μm. (D) Values obtained from flow cytometry analysis of surface CRIPTO (indicated as percentage of positive cells) in AC1 (light purple rhombus) and SCC1 (light blue square) at the indicated days. The histogram represents the percentage of FACS-positive cells for 7-amino actinomycin D (7-AAD). FACS plots are shown in Supplemental Figure 1.





CRIPTO Expression Regulates Stemness-Related Features in NSCLC Cells

To investigate whether CRIPTO plays a functional role in regulating NSCLC stemness, we modulated CRIPTO levels in SCC1 spheroids through shRNA-mediated silencing (Figure 2A, CRIPTO KO) or through exogenous expression of human CRIPTO driven by a lentiviral construct (Figure 2A, CRIPTO over). The efficacy of CRIPTO downregulation or overexpression was confirmed at the RNA level (Figure 2B). Then, we determined whether CRIPTO modulation affected the levels of stemness-related factors OCT3/4, SOX2 and Nanog. RT-PCR assessment of OCT3/4, SOX2 and Nanog in SCC1 spheroids showed that the expression of OCT3/4 and Nanog (but not SOX2) was downregulated in CRIPTO KO cells, while the three factors were significantly upregulated upon CRIPTO overexpression (Figure 2B). Then, we determined the effect of CRIPTO modulation on the growth of NSCLC spheroids. ATP measurement with the CellTiterGlo® assay revealed that CRIPTO KO cultures contained a number of viable cells significantly lower than vector-transduced cultures, whereas CRIPTO overexpressing cultures contained a higher number of viable cells, indicating that CRIPTO expression affects NSCLC cell growth/viability (Figure 2C). To assess whether the lower number of cells in CRIPTO KO cultures was due to a proliferative arrest, we analyzed the cell cycle in SCC1 spheroids transduced with the empty vector of with CRIPTO shRNA. The CRIPTO KO sample showed an accumulation of cells in late G1/S phase and a cell cycle arrest in G2/M (Figure 2D), indicating that CRIPTO silencing results in cell cycle dysregulation. Then, we ought to investigate whether CRIPTO modulation was able to affect the clonogenic capacity of NSCLC cells. CRIPTO KO and CRIPTO overexpressing cells were plated in soft agar and colony formation was assessed after three weeks. While CRIPTO KO cells were virtually unable to form colonies, CRIPTO-overexpressing cells generated a slightly higher (but not significant) total number of colonies as compared to control cells. However, the amount of large colonies produced by CRIPTO overexpressing cells was significantly higher than the control, indicating a shift of the population towards a state of increased stemness (Figure 2E). Modulation of CRIPTO expression affected also the amount of soluble CRIPTO (sCR-1) released by NSCLC cells, as shown by enzyme-linked immunosorbent assay (ELISA) performed on the culture medium (Figure 2F). Finally, we analyzed whether CRIPTO modulation affected the migratory and invasive capacity of NSCLC cells. CRIPTO KO cells were unable to migrate in the transwell assay, while CRIPTO overexpressing cells showed a significantly higher migration/invasion capacity as compared to control cells (Figure 2G). Altogether, these observations indicate that CRIPTO plays a functional role in the determination of NSCLC stemness by enhancing stem cell-related gene expression and functional features.




Figure 2 | CRIPTO (CR-1) expression regulates cells proliferation and stem cell gene expression in NSCLC spheroids. (A) Immunoblot analysis of CRIPTO and βActin in SCC1 spheroids transduced with the empty vector (Vector), with CRIPTO shRNA vector (CRIPTO KO) or with exogenous CRIPTO (CRIPTO-over). (B) CRIPTO and stem cell genes (OCT3/4, SOX2, NANOG) mRNA expression in SCC1 transduced with vector, CRIPTO KO or CRIPTO-over sequences. (C) ATP assay performed on SCC1 transduced with the vector, CRIPTO KO or CRIPTO-over sequences, performed 4 days after transduction (D). Cell cycle analysis of SCC1 transduced as above, performed 3 days after transduction. (E) Soft agar pictures (left; two technical replicates for each sample) and graph (right) of colony forming assay performed on control (Vector), CRIPTO KO and CRIPTO overexpressing SCC1 spheroids. The results are evaluated as colony formation in semisolid culture and expressed as normalized colony size/percentage over plated cells. (F) ELISA assay performed on SCC1 cells transduced with empty vector, CRIPTO KO sequences and CRIPTO overexpression vector. (G) Invasion/migration assay performed on vector-transduced, CRIPTO KO and CRIPTO overexpressing SCC1 cells. *P < 0.05; **P < 0.01, ***P < 0.001 by unpaired student’s t test (transduced vs vector).





CRIPTOhigh and CRIPTOlow Populations Have Different Stemness Features and Are Interconvertible Both In Vitro and In Vivo

After assessing the effects of exogenous CRIPTO modulation, we asked whether also endogenous CRIPTO levels were related to different stemness states in NSCLC cultures. To this end, we separated CRIPTOhigh and CRIPTOlow populations from AC1 spheroid cultures (Figure 3A) and we analyzed the clonogenic capacity and expression of stemness-related factors. After FACS sorting, CRIPTOhigh and CRIPTOlow cells were seeded in soft agar and colony generation was assessed after three weeks. While the total number of colonies was similar between the two populations, CRIPTOlow cells generated prevalently small and medium-sized colonies. By contrast, CRIPTOhigh cells produced predominantly large-sized colonies, indicating an increased proportion of CSCs (Figure 3B). RT-PCR analysis performed immediately after sorting of CRIPTO RNA levels confirmed the effective separation of CRIPTOhigh and CRIPTOlow populations (Figure 3C, left panel). In line with higher CRIPTO expression, also the RNA levels of OCT3/4, SOX2 and Nanog were significantly increased in CRIPTOhigh as compared to CRIPTOlow cells (Figure 3C, right panels). These results were confirmed also on SCC1 spheroid cultures (Supplemental Figure 2). Then, we analyzed the growth of purified CRIPTOhigh and CRIPTOlow populations in liquid culture by counting dissociated spheroid cells at different time points for four weeks. Surprisingly, after the second week of culture we observed a striking proliferative increase of CRIPTOlow cells, while the growth of CRIPTOhigh cells did not significantly differ from that of unseparated cultures (Figure 3D). Driven by this unexpected result, we analyzed CRIPTO RNA levels throughout the time of culture and we found that cells initially expressing low CRIPTO levels rapidly re-acquired CRIPTO expression and after two weeks expressed up to 13 times the initial CRIPTO RNA levels. By contrast, CRIPTOhigh cells progressively lost excess CRIPTO expression and returned to baseline levels, which were maintained until the end of the experiment (Figure 3E). Finally, we investigated whether the overturning between CRIPTOhigh and CRIPTOlow cells occurred also in NSCLC tumor xenografts. Freshly sorted CRIPTOhigh and CRIPTOlow cells were subcutaneously inoculated in the flanks of immunocompromised mice and tumor growth was monitored through the subsequent seven weeks. In line with in vitro results, the growth of tumor xenografts generated by CRIPTOhigh cells was comparable to controls, whereas tumors generated by CRIPTOlow cells reached a size nearly four times larger than the controls (Figure 3F, left panel). Accordingly, CRIPTO levels at the end of the experiment were significantly higher in the former CRIPTOlow population as compared to CRIPTOhigh cells and controls (Figure 3F, middle and right panels) These observations indicate that CRIPTO is a metastable marker of NSCLC CSCs and highlight the plasticity of CSCs populations, particularly evident when CSCs homeostasis is perturbed.




Figure 3 | NSCLC subpopulations expressing high or low CRIPTO (CR-1) levels are interconvertible in vitro and in vivo. (A) FACS-based separation of CRIPTOhigh and CRIPTOlow subpopulations of AC1 spheroid cultures. (B) Self-renewal capacity of sorted CRIPTOhigh and CRIPTOlow AC1 spheroid cells, evaluated as colony formation in semisolid culture and expressed in bottom panels as normalized colony size/percentage over plated cells. (C) qRT-PCR analysis of CRIPTO and stem cell related genes (OCT3/4, SOX2, NANOG) performed on CRIPTOhigh and CRIPTOlow subpopulations of AC1 spheroids. (D) Proliferation curve of CRIPTOhigh (dark pink square) and CRIPTOlow (light blue dot) subpopulations or Bulk (burgundy triangle) cultures of AC1 spheroids, starting at day 0 (after sorting) and monitored at the indicated times. (E) qRT-PCR analysis of CRIPTOhigh (light purple histogram) and CRIPTOlow (light blue histogram) subpopulations at the indicated times starting at day 0 after sorting. (F) Left: In vivo growth of tumor xenografts obtained by subcutaneous inoculation of CRIPTOhigh (dark pink square) and CRIPTOlow (light blue dot) subpopulations or Bulk (burgundy triangle) cultures of AC1 spheroids, monitored at the indicated times. Results shown are the mean ± SEM of values obtained using 4 mice per group. *P < 0.05; **P < 0.01, ***P < 0.001. Middle: representative confocal images of CRIPTO (red) staining of CRIPTOhigh, CRIPTOlow and Bulk tumors. 40X magnification, scale bar 50 μm. Right: quantification of CRIPTO performed on 3 sets composed of 5 fields/group. **P < 0.01. AU, arbitrary units.





Chemotherapy Treatment Increases CRIPTO Expression and Growth of NSCLC Tumor Xenografts

A proportion of NSCLC spheroids shows intrinsic resistance to chemotherapy treatment, mirroring the chemotherapy resistance typical of lung tumors (36). To investigate whether CRIPTO expression was affected by chemotherapy, we treated SCC1 spheroids with Cisplatin plus Gemcitabine (Cis+Gem) for 4 days. Then, drugs were washed out and cells were analyzed for CRIPTO expression after 3 and 7 days, respectively. Annexin V and 7-AAD stainings were added in order to exclude early-apoptotic and late-apoptotic cells, respectively (Supplemental Figure 3, line 2). However, cellular elements that are 7-AAD-/Annexin V- may include not only viable cells but also cellular debris, which have a low uptake of both nuclear dyes and Annexin V (39). Therefore, we have performed an analysis of the 7-AAD-/Annexin V- population for physical parameters (Supplemental Figure 3, line 3), allowing to discriminate viable cells from subcellular elements. In fact, cellular elements that are classified as “non-viable” in the forward scatter/side scatter (FSC/SSC) analysis include particles with very low size and variable granularity that correspond to cellular debris according to accredited flow cytometry guidelines (40). Moreover, cellular elements found in apoptotic cultures may include microvesicles released by therapy-resistant cells (41). At early times after chemotherapy treatment, CRIPTO expression increased approximately two times as compared to vehicle-treated controls, although it did not reach statistical significance. At later times, we observed a massive (~15 times) increase of CRIPTO expression in cells surviving chemotherapy treatment (Figure 4A and Supplemental Figure 3). Thus, the analysis of CRIPTO expression on cell populations purged of dead cells and debris shows that CRIPTO expression is strongly increased in surviving cancer cells that are responsible for post-chemotherapy culture recovery. To investigate whether the same phenomenon occurred in vivo, we generated subcutaneous xenografts with SCC1 spheroids and we treated mice with Cis+Gem, monitoring tumor volume for 30 days. NSCLC tumor xenografts responded to chemotherapy treatment with a growth slowdown and stabilization for the duration of the experiment (Figure 4B, left panel). Notably, immunofluorescence analysis of tumor sections at the end of the experiment showed an increased amount of dead cells in treated tumors (as assessed by TUNEL assay) and a strong increase of CRIPTO expression (Figure 4B, middle and right panels), indicating that chemotherapy induces CRIPTO expression also in vivo in NSCLC xenografts. Importantly, monitoring tumor growth after treatment cessation showed that chemotherapy-treated xenografts underwent rapid progression, reaching five times the starting size as compared to the two times increase of untreated tumors (Figure 4C). We analyzed the levels of cyclin E (as a marker of cell proliferation) and of CRIPTO in tumor xenografts harvested at different times of treatment, i.e. after the first week of treatment, at treatment stop and after three additional weeks of tumor growth. Interestingly, we found that during the first phase of chemotherapy cyclin E levels were lower than controls, according to tumors’ growth slowdown. Subsequently, cyclin E expression started to increase around the end of treatment, possibly due to the thriving of chemoresistant cells, and further increased during tumor progression. CRIPTO levels showed a slightly different trend, as they started to raise shortly after treatment start and progressively increased at treatment stop and during tumor progression (Figure 4D). These results show that CRIPTO levels strongly increased following treatment with anticancer drugs both in vitro and in vivo. The increase of CRIPTO expression mirrored chemotherapy-induced tumor progression in NSCLC xenografts and may reflect a selective survival of chemoresistant CSCs. In line with these results, an analysis of NSCLC gene expression datasets showed that higher CRIPTO expression correlated with worse prognosis in both AC and SCC (Supplemental Figure 4).




Figure 4 | Chemotherapy treatment increases CRIPTO (CR-1) expression and tumor progression in NSCLC xenografts. (A) Flow cytometry analysis of CRIPTO on SCC1 cells treated with vehicle only (Vehicle) or with chemotherapeutic agents (Cis+Gem early and Cis+Gem late). Cells in the Cis+Gem samples were treated with Cisplatin 5 μM plus Gemcitabine 25 μM for 4 days then washed, replated and analyzed after 3 additional days (Cis+Gem early) or 7 additional days (Cis+Gem late). The graph shows the mean ± SD of two independent experiments. Ns, non-significant, ***P < 0.001. (B) Left: Xenograft volume of SCC1 spheroids cells treated with Vehicle (Vehicle, light blue square) or with Cisplatin plus Gemcitabine (Cis+Gem, Dark pink dots). Mean ± SEM, 6 mice/group. **P < 0.01 (two-tailed t test). Middle: representative confocal images of CRIPTO (red) and TUNEL (green) staining of Vehicle and Cis+Gem treated tumors. 40X magnification, scale bar 50 μm. Right: quantification of CRIPTO and TUNEL performed on 3 sets composed of 5 fields/group. **P < 0.01. AU, arbitrary units. (C) Tumor variation after treatment withdrawal of SCC1 spheroids treated with vehicle (Vehicle, light blue square), and Cis plus Gemcitabine (Cis+Gem, dark pink dots). Mean ± SEM, 4 mice/group. (D) qRT-PCR analysis of CRIPTO and Cyclin E mRNA expression of SCC1-derived xenografts, monitored during treatment and after treatment withdrawal at the indicated times. *P < 0.05; **P < 0.01, ***P < 0.001.






Discussion

CRIPTO is a multifunctional signaling molecule with a well-defined role in embryonic development and pluripotent stem cells (4), and an emerging function in tissue regeneration (42–44). Despite a large set of literature describing CRIPTO overexpression in a variety of tumors, the role of CRIPTO in cancer is less defined. Indeed, several studies support a correlation between CRIPTO levels and worse prognosis in multiple cancers, but the mechanistic role of CRIPTO in cancer cell regulation is largely unknown. We have previously characterized CRIPTO as a functional marker of CRC stem cells, involved in the regulation of self-renewal, tumorigenesis and metastatic ability (20). In this manuscript we demonstrate, for the first time to our knowledge, that CRIPTO is expressed on NSCLC CSCs and is responsible for the regulation of stemness-associated features. Furthermore, our results showed that CRIPTO is involved in NSCLC CSCs plasticity, as separation of CRIPTOhigh and CRIPTOlow cells resulted in a rapid modification of CRIPTO levels in the two subpopulations and in a functional response in terms of tumor cell expansion. In fact, while CRIPTOhigh cells shortly returned to baseline CRIPTO levels and proliferation state, CRIPTOlow cells reacted to the perturbation with a strong increase of CRIPTO RNA and a corresponding proliferative burst observed both in tumor spheroids and xenografts. Interestingly, previous studies on ESCs showed that separation of CRIPTOhigh and CRIPTOlow cells was followed by a return to equilibrium of both populations, and that fluctuation of Cripto protein levels do not reflect changing in the RNA levels (2). Therefore, the strong expansion of NSCLC cells/xenografts in response to the depletion of CRIPTOhigh cells (that likely correspond to cells with increased stemness features) may be viewed as a form of altered homeostasis typical of tumors. In fact, while normal tissues usually respond to perturbations with a return to homeostasis, tumors often respond to cytotoxic challenges by increasing their survival cues (i.e. by undergoing epithelial-mesenchymal transition) and preparing for subsequent regrowth, according to the therapy-induced cancer repopulation model (41, 45, 46). In particular, in several tumors chemotherapy treatment has been shown to result in an increase in stem cell content (46–48). Specifically, NSCLC stem cells have been demonstrated to survive chemotherapy (35, 36, 49). Furthermore, shorter progression-free survival was observed in chemotherapy-treated NSCLC patients expressing the CSCs marker CD133 (49). In support of these observations, clinical studies on NSCLC patients showed an accelerated tumor regrowth after induction chemotherapy (50, 51), which may be likely due to a reactive expansion of the CSCs compartment. Further studies will be needed to demonstrate a causal role of CRIPTO in NSCLC and in post-chemotherapy tumor cell repopulation. The findings reported herein and our previous data (20) suggest that CRIPTO may act as a molecular rheostat that reacts to depletion mechanisms and preserves the CSC population. Definitive implication of CRIPTO in NSCLC relapse and progression may lead to targeted therapeutic approaches aimed at interfering with post-chemotherapy CSCs expansion and to the use of CRIPTO as a marker/readout of chemotherapy-induced CSC expansion.



Materials and Methods


NSCLC Stem Cells Isolation and Spheroid Cultures

NSCLC cells were isolated as previously described from surgically resected tumor samples through selective culture in serum-free medium containing EGF 20 ng/ml and bFGF 10 ng/ml (PeproTech, London, UK) (35). Nontreated polystyrene flasks (Thermo Fischer Scientific, Waltham, MA, USA) were used to reduce cell adherence and to support the growth of lung CSCs as multicellular spheroids. Regular thawing of early-passage cells was carried out to avoid the accumulation of culture-related changes.



Flow Cytometry and Cell Cycle Analysis

Dissociated spheroid cells were labelled with primary non-conjugated rabbit polyclonal antibody against CRIPTO, produced as described in (52) for 1 h on ice and with donkey anti-rabbit IgG Alexa Fluor®647-conjugated secondary antibody (#A31573,Thermo Fisher) for 30 min on ice, then sorted with a FACSAria (BD Biosciences, San Jose, CA, USA) or analyzed with a FACSCanto flow cytometer equipped with a DIVA software (BD Biosciences). 10 μg/ml 7-aminoactinomycin D (Sigma-Aldrich) was always added for dead cell exclusion. FITC-conjugated Annexin V was purchased from E-Bioscience/Thermo Fisher Scientific. The cell cycle status of NSCLC spheroids was assessed by staining dissociated spheroids with 50 μg/ml propidium iodide dissolved in buffer 0.1% trisodium citrate, 9.65 mM NaCl, 0.1% NP40, 200 μg/ml RNAse for 1 h at room temperature. Analysis of debris/apoptotic cells was performed by gating the desired area of the plot on the basis of physical parameters and subsequent fluorescence analysis on a linear scale.



Immunofluorescence Analyses

For immunofluorescence (IF) analyses in Figure 1C and Supplemental Figure 1B, AC1 cells were fixed in 2% paraformaldehyde (PFA) and either permeabilized in 0.5% Triton X-100 (Bio-Rad Laboratories, Hercules, CA, USA) for analyzing intracellular localization of CRIPTO, or not permeabilized. Fixed cells were then incubated overnight (ON) at 4°C with rabbit polyclonal CRIPTO antibodies, and either mouse monoclonal anti-P4HB antibody (#ab2792, Abcam) or anti-mouse E-cadherin (Clone ECCD-2) (#M108, Takara) followed by incubation with the appropriate secondary antibodies for 1 hour at room temperature in the dark. For double staining with Wheat Germ Agglutinin (WGA), unpermeabilized cells were first incubated with anti CRIPTO antibodies (ON at 4°C) and Alexa Fluor®647-conjugated donkey anti-rabbit IgG, and then with biotinylated WGA (#B-1025-5, Vector Laboratories) followed by incubation with Streptavidin, Alexa Fluor 488 Conjugate (#S32354, Invitrogen) for 30 min at room temperature. Cells were counterstained with DAPI. For IF analyses in Supplemental Figure 1B, cells were fixed in 2% PFA and permeabilized in 0.1% Triton X-100 then incubated overnight at 4°C with polyclonal goat anti-NANOG, polyclonal goat anti-SOX2 and polyclonal goat anti-OCT3/4, (#AF1997, #AF2018, #AF1759 R&D System). After two washes in PBS, cells were incubated with appropriate secondary antibodies (donkey anti-rabbit IgG Alexa Fluor®647-conjugated, donkey anti-goat IgG Alexa Fluor®647-conjugated (#A32849) and donkey anti-goat IgG Alexa Fluor®555-conjugated (#A21432)) for 30 min at room temperature in the dark, stained for 15 min with 4′,6-diamidino-2-fenilindole (DAPI, #D1306) and subsequently mounted with ProLong Gold Antifade (Agilent Technologies). For IF analysis of xenograft sections, tumour tissue samples were collected in Optimal Cutting Temperature (OCT compound), frozen on dry ice and stored at − 80°C until further use. Five micrometers tissue sections were cut with a cryostat and mounted on coverslips. Tissue sections were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS, quenched with 1 M glycine in PBS and incubated overnight at 4°C with primary non-conjugated rabbit polyclonal antibody against CRIPTO. After washing in PBS, sections were incubated with a donkey anti-rabbit IgG Alexa Fluor®647-conjugated secondary antibody for 45 minutes at room temperature in the dark. Nuclei were counterstained with DAPI for 15 minutes at room temperature. All antibodies were dissolved in PBS containing 3% bovine serum albumin (BSA), 3% fetal bovine serum (FBS), 0.001% NaN3 and 0.1% Triton X-100. For in situ apoptosis detection in tumor xenograft sections, TUNEL reaction was performed using the In Situ Cell Death Detection kit (Roche Molecular Biochemicals) according to the manufacturer’s instructions. Slides were mounted with Prolong-Gold Antifade (Thermo Fisher) and analyzed using a Zeiss LSM900 Confocal microscope equipped with a 40X oil immersion objective.



Lentiviral Infection

For stable CRIPTO silencing, the lentiviral pLKO.1 silencing vector containing shRNA 4890, that targets the coding sequence of CRIPTO was purchased from Sigma-Aldrich (20). pLKO.1 containing a non-targeting sequence was used as a control. For exogenous CRIPTO expression, human CRIPTO cDNA was subcloned into the Pallino βA vector as previously described (53).



Western Blotting

Cell lysates were obtained from approximately 2.5 × 105 spheroid cells by incubation of cell pellets in 1% NP40 lysis buffer (20 mM Tris HCl pH 7.2, 200 mM NaCl, 1% NP40) supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktails I and II (all from Sigma-Aldrich). Lysate concentrations were determined by the Bradford assay (Bio-Rad Laboratories) and equal amounts of proteins were loaded on a 4-12% precast gel (Invitrogen) and transferred to nitrocellulose membranes. Blots were blocked with TBST 5% nonfat dry milk and incubated overnight at 4°C with primary rabbit polyclonal antibody against CRIPTO, then incubated for 45 min with secondary HRP-conjugated antibodies (GE Healthcare, Uppsala, Sweden) dissolved in TBST 1% BSA. Monoclonal anti-β-actin was from Sigma-Aldrich. Chemiluminescent signals were detected with Super Signal West Pico (Pierce Pierce, Waltham, MA, USA).



Quantitative Real-Time PCR

Total RNA was extracted with TRIzol (Invitrogen) following manufacturer’s instructions. 1 μg of RNA were reverse transcribed with M-MLV reverse transcriptase (Thermo Fisher) and cDNA were used as template in the PCR reactions. Specific primers were used for CRIPTO (Forward: 5’-ACAGAACCTGCTGCCTGAAT-3’, Reverse: 5’-ATCACAGCCGGGTAGAAATG-3’) while a TaqMan assay (Integrated DNA Technologies, IDT, Coralville, USA) was used for NANOG (Hs.PT.58.21480849), OCT3/4 (Hs.PT.58.14494169.g) and SOX2 (Hs.PT.58.237897.g). Normalization was performed using GAPDH (Forward: 5’-TGGAAGATGGTGATGGGATT-3’, Reverse: 5’-GAGTCAACGGATTTGGTCGT-3’) as reference for CRIPTO and using β-actin (Hs.PT.39a.22214847) as reference for NANOG, OCT3/4 and SOX2. Values are expressed in terms of 2-ΔΔCT where ΔΔCT=ΔCTsample−ΔCTcalibrator. ΔCT is the difference in threshold cycles between the specific RNA and reference amplicons, and CT is a parameter given by StepOne Plus Real-Time PCR software by negative correlation with an internal reference dye (ROX).



Proliferation Assays

For proliferation assays shown in Figure 2C, spheroids were dissociated into single cells and plated in 96 well plates (3,5 x103 cells per well). After 24 hrs, cells were treated with chemotherapeutic agents for 4 days in a humidified atmosphere at 37°C, 5% CO2. Cell viability was determined with the CellTiterGlo® viability assay (Promega, Madison, WI, USA) with a DTX880 multimode microplate reader (Beckman Coulter). For the experiment shown in Figure 3D, cells were plated immediately after sorting in 100 μl at a concentration of 105/ml and manually counted once a week upon spheroid dissociation with TrypLE® Express. At every time point, after counting cells were re-plated at the initial concentration and after four weeks cell proliferation was calculated as the ratio between the number of counted cells and the number of plated cells, multiplied for the dilution factor.



Clonogenicity Assay

For clonogenic assays, dissociated spheroids were plated in triplicate at 500 cells/well suspended in 0.3% agarose over a layer of 0.4% agarose. Plates were incubated in a 5% CO2 humidified incubator at 37°C and colony counts were performed 21 days after plating. Colonies were stained with crystal violet (0.1% in 10% MetOH) and classified as follows: small 30–60 μm, medium 60–90 μm and large >90 μm. Data represent the percentage of colony numbers relative to plated cells.



Immunohistochemistry

Tissues were fixed in 4% PFA followed by dehydration, paraffin embedding, sectioning, and standard H&E staining. Images were acquired on a Zeiss Axio Scope.A1 Microscope equipped with 20X objective.



Migration/Invasion Assay

1 × 104 control or CRIPTO-interfered NSCLC spheroids were suspended in 200 μl of non-supplemented stem cell medium and plated into the upper wells of Matrigel-coated modified Boyden Chambers containing porous 8 μm diameter polycarbonate membranes (Costar Scientific Corporation, Cambridge, MA, USA). Lower wells contained 500 μl of stem cell medium supplemented with 20 ng/ml EGF and 10 ng/ml bFGF. After 3 days, the cells in the upper wells were removed, whereas the cells that migrated to the lower wells were fixed, stained with DAPI in PBS 1% NP40 for 5 min and counted under a fluorescence Zeiss Axio Scope.A1 microscope equipped with a 10X objective. The number of migrated cells was quantified with the software ZEN 2.6 (blue edition).



ELISA Assay

ELISA–based assay was performed as previously described (42). Sheep anti-mouse CRIPTO Ab (R&D System, #AF1538) and mouse CRIPTO biotinylated Ab (R&D System, #BAF 1538) were used for coating and detection, respectively. Plates were incubated with avidin/streptavidin complex conjugated with horse-radish peroxidase (Vectastain elite ABC kit, Vector Laboratories) and the signals visualized with o-phenylenediamine peroxidase substrate (OPD, Sigma-Aldrich). The relative absorbance was read at 490 nm on a Benchmark microplate reader (Bio-Rad Laboratories).



In Vivo Experiments

All animal procedures were performed according to the Italian National animal experimentation guidelines (D.L.116/92) upon approval of the experimental protocol by the Italian Ministry of Health’s Animal Experimentation Committee (DM n. 292/2015 PR 23/4/2015). For tumorigenesis assays, female 6–8 weeks old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratory) were subcutaneously injected with 5x105 dissociated spheroid cells in 100 μl 1:1 PBS/Matrigel (BD Biosciences). Tumor volume was evaluated by using an external digital caliper and volumes were calculated using the following formula: π/6 x d2 x D, where d and D represent shorter and longer tumor measurements, respectively. For CRIPTO expression experiments, 105 sorted CRIPTOlow, CRIPTOhigh and bulk NSCLC spheroids were injected subcutaneously in the flank of NSG mice and measured two times a week as described above. For drug treatment experiments, 5 × 105 NSCLC spheroid cells were injected subcutaneously in the flank of NSG mice, in 100 μl 1:1 PBS/Matrigel (BD Biosciences). Tumors were measured as described above and drug treatments started when tumor volume reached 50–100 mm3. Mice were randomized in control and treatment group and treated with chemotherapeutic agent combinations of cisplatin 3 mg/kg and gemcitabine 60 mg/kg intraperitoneally biweekly. Control animals were treated with vehicle only. Tumor growth was measured two times a week. For experiments shown in Figures 3D and 4B, for each variable (CRIPTO expression and chemotherapy effect, respectively) we set as minimal relevant percent difference between groups K=50% corresponding to a Cohen delta=K1 = 2. This choice, as analyzed by G Power software at p=0.05 and statistical power=0.80, corresponds to a minimal sample size N=6 mice per group. Animals were euthanized according to the national Animal Welfare Guidelines. Gemcitabine and cisplatin were both from Selleckchem (Houston, TX, USA).



Statistical Analysis

Statistical analyses of in vitro and in vivo experiments were performed using GraphPad Prism version 4.0 for Windows (GraphPad Software) with non-paired student’s-t test. Results are presented as the mean ± SD or mean ± SEM where appropriate. Statistical significance is expressed as *P < 0.05, **P < 0.01 and ***P < 0.001. Statistical analyses of NSCLC databases were performed by IBM SPSS 20.0 and GraphPad Prism 6.0. Results were expressed as mean ± SEM and p < 0.05 was considered to be statistically significant. The GSE41271 dataset (containing mainly lung AC) and the TCGA dataset (www.cbioportal.org) (for lung SCC) were included in the analysis.
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