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Abstract

:

Background: Rectal cancer (RC) is one of the most commonly diagnosed and particularly challenging tumours to treat due to its location in the pelvis and close proximity to critical genitourinary organs. Radiotherapy (RT) is recognised as a key component of therapeutic strategy to treat RC, promoting the downsizing and downstaging of large RCs in neoadjuvant settings, although its therapeutic effect is limited due to radioresistance. Evidence from experimental and clinical studies indicates that the likelihood of achieving local tumour control by RT depends on the complete eradication of cancer stem cells (CSC), a minority subset of tumour cells with stemness properties. Methods: A systematic literature review was conducted by querying two scientific databases (Pubmed and Scopus). The search was restricted to papers published from 2009 to 2021. Results: After assessing the quality and the risk of bias, a total of 11 studies were selected as they mainly focused on biomarkers predictive of RT-response in CSCs isolated from patients affected by RC. Specifically these studies showed that elevated levels of CD133, CD44, ALDH1, Lgr5 and G9a are associated with RT-resistance and poor prognosis. Conclusions: This review aimed to provide an overview of the current scenario of in vitro and in vivo studies evaluating the biomarkers predictive of RT-response in CSCs derived from RC patients.
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1. Introduction


Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the second leading cause of cancer death worldwide [1]. One-third of CRCs occur in the rectum, with an incidence of approximately 35% and a median age at diagnosis of 70 years, despite predictions suggesting that this picture will rise in the future [2]. In 60% of cases, RC presents in a locally advanced form with neoplastic infiltration beyond the muscularis of the rectum and/or lymph node involvement (cT3-T4 and/or cN+) [3]. Due to tumour location in the pelvis and close proximity to critical genitourinary organs, treatment of locally advanced rectal cancer (LARC) is particularly challenging [4,5]. The globally recognized therapeutic strategy for treating LARC consists of neoadjuvant chemo-radiotherapy (CRT) or radiotherapy alone followed by mesorectal excision (TME) [2,3,4,5]. Such a preoperative treatment regimen has the advantage of low toxicity, high sphincter preservation rate and low locoregional recurrence rate. Radiotherapy (RT) has been reported to significantly promote the downsizing and downstaging of large RCs in neoadjuvant settings; however, it is not free from adverse effects (such as serious anorectal and genitourinary complications), which may negatively impact on patient’s quality of life [6]. Moreover, a limited number of patients respond positively to a CRT, with a 30–40% rate of relapse [7]. Many biological mechanisms causing radio-resistance have been identified so far. Resistance to radiation therapy is associated with alterations within the tumour and in the surrounding microenvironment, such as DNA repair, growth signalling pathways, inflammation, angiogenesis and oxygen tension [8]. Thus, in order to avoid unnecessary treatments, costs and adverse events, a major effort has been directed either toward the development of pharmacological agents able to enhance response to radiation, or to the identification of predictors of the response to CRT [9]. It is now widely accepted that tumour maintenance is due to cancer stem cells (CSCs), a minority subset of tumour cells with stemness properties, able to undergo self-renewal and multi-lineage differentiation, sustain malignant growth and mediate CRT response [10,11,12]. CSCs have been demonstrated to display a higher capacity of DNA damage repair and a robust capability to initiate local and metastatic spread. CSC elimination can reduce the incidence of recurrence, metastasis and chemoresistant phenotype, which in turn effectively enhances sensitivity to therapy in advanced CRC patients [9,13,14]. Cellular resistance to CRT remains the primary barrier to overcome in order to achieve treatment success and improve RC prognosis; an increasing body of evidence from both experimental and clinical studies indicates that the likelihood of achieving local tumour control by CRT depends on the complete eradication of CSC populations [15]. Preoperative CRT followed by surgery has become the standard treatment for LARC. Therefore, to avoid unnecessary treatments, adverse events and costs, there is an increasing and urgent need to find CSC-related biomarkers predictive of response to radiotherapy [7,9,15,16]. Unfortunately, despite the potential role of CSCs in resistance to preoperative CRT, only a few studies have reported the prognostic effect of putative CSCs in RC treated with preoperative CRT [17].



Putative stem cells identified by surface markers have been found in numerous studies to be more radioresistant than non-stem cells of the same cell line in in vitro colony assays [18,19]. In addition, several studies have shown a significant increase in the fraction of marker-positive cells after irradiation in vitro or in vivo, which would be in line with selection of radioresistant CSC while the more sensitive non-stem cells are more effectively killed [18,19,20]. Some of these studies have also shown a lower number of DNA double-strand breaks after irradiation, again supporting a higher radioresistance of CSC [20]. These findings indicated that CSCs, also called tumor-initiating cells, possess two fundamental properties that make them different from other tumor cells: they have unlimited capacity to self-renew and differentiate to all cell populations present in the original tumors. These properties make these cells a root of tumor growth and recurrence and, thus, an important marker for tumour diagnosis, prognosis, and treatment, as well as critical targets for cancer therapy. Strong evidence is emerging to support the dynamic nature of tumour stemness, which can be influenced by genetic and epigenetic alterations and by tumoral microenvironment [10]. Although tumour cell heterogeneity displays a high level of complexity, CSC populations remain critical targets and biomarkers for cancer treatments. Due to the detection of cancer stem cells via the expression of biomarkers, tumour initiating cells have been identified in leukemia (CD34+, CD38−) [21] and in solid tumours including glioma (CD133+, ALDH1+) [22], breast (EpCAM+/CD44high/CD24low, ALDH1+) [23], and head and neck squamous carcinoma (CD44+) [24]. Various markers have been used to identify intestinal cancer stem cells based in the main on the utilization of mouse models. Human colorectal stem cells were first isolated on the basis of CD133 expression, also known as the prominin-1 glycoprotein [25]. The selected cells expressing the CD133 marker were isolated from primary colon cancer samples, and were capable of growing as spheres and forming tumours once inoculated in mice, remaining undifferentiated when cultured in serum-free media. Moreover, Todaro et al. showed that CD133+ cells are capable of producing IL-4 in order to evade apoptosis. The treatment of CD133+ cells with a α-IL-4 neutralising antibody significantly enhanced the sensitivity to chemotherapeutic drugs and increased their antitumour efficacy [26]. Furthermore, CD44 has also emerged as an important marker for CRC. It is a cell surface glycoprotein that functions in cell–cell interactions, adhesion of the cytoskeleton to the extracellular matrix and cell migration. Transcription of CD44 is at least in part activated by β-catenin Wnt signalling, and its overexpression is an early event in the transformation of colorectal adenoma to carcinoma. Knockdown of CD44 prevents tumourigenesis and clonal formation. Furthermore, injection of only 100 CD44+ cells is sufficient to initiate tumour formation in nude mice, and single CD44+ cells form tumour spheres with stem cell characteristics, which develop into tumours once inoculated into nude mice [27]. Unfortunately, several of these markers are not specifically expressed only in the stem or cancer stem cell population. Indeed some biomarkers, while overlaying stem cell populations, also mark other non-stem cells, and several normal intestinal stem cell markers also mark CSCs. Lgr5+ cells have been shown to be representative of the cell of origin of intestinal tumourigenesis and have tumour-initiating potential [28]. The degree of expression of this protein appears to be related to disease recurrence after treatment with curative intent in CRC [29].




2. Materials and Methods


2.1. Study Design


This is a systematic review of the most recent studies focusing on the characteristics of CSCs and their response to radiotherapy. It follows the Preferred Reporting Items for Systematic Reviews (PRISMA) guidelines.




2.2. Selection and Exclusion Criteria


Studies from 2009 to 2021 investigating the radiosensitivity/radioresistance of cancer stem cells from rectal or colorectal cancer were selected. The search was limited to original articles written in English language and based on human studies including at least more than four patient-derived samples. Meta-analysis and review papers were excluded.




2.3. Search Strategy


A systematic literature search of the PubMed and Scopus databases was undertaken. Significant references were checked and included. Relevant published studies were searched from each databases’ inception since January 2009 to July 2021. Search strings were combined by using the basic Boolean operators (“AND”, “OR”). The database search was performed using the following search terms: (“rectal cancer” OR “colorectal cancer”) AND (“radiotherapy” OR “radiosensitivity”) OR (“stem” OR “organoids”) in Title and Abstract.




2.4. Quality Assessment and Risk of Bias


To assess the quality of the selected articles, we formulated 10 questions (Table 1).



For each question a positive answer was scored as 1 and a negative as 0 (Table S1). Each author classified and rated each record independently from each other. All the authors discussed the differences observed in the scores in order to identify a final consensus score. The study selected achieved >80% of the total score (positive response to at least 8 questions out of 10; Table 1). The risk of bias was assessed by Robvis R package [30]. Studies were evaluated based on their relative low, moderate, or high risk of bias.





3. Results


3.1. Selection, Bias and Quality of Articles


We retrieved 464 records in total, 48 records from Pubmed and 416 from Scopus by using the searching strategy reported in the Material and Methods section. After duplicate removal, 112 studies met the inclusion criteria. Each author independently and accurately evaluated the full text of the selected studies. Only the studies showing results significant to the field, with a quality assessment score > 80, and with a low or moderate risk of bias, were eligible (Figure 1, Figure 2 and Figure 3 and Table S1). Eleven studies on cellular radiosensitivity, identifying several cell-surface biomarkers of CSCs as predictors of radioresistance in RC, were included in this systematic review. Out of these, 5 studies were about CD133, 4 about CD44 including 1 also focusing on ALDH1, 1 on G9a and 2 on Lgr5. Of these, 2 studies investigated how mechanisms of DNA repair are involved in the RT response (Figure 1 and Table 2).




3.2. Biomarkers Predictive of Radiotherapy Response in CSCs Isolated from RC Patients


Radiation therapy represents an essential tool in the current treatment modality for CRC patients. Research has revealed the presence of CSC populations in different tumours, including RC, which are responsible for disease relapse, poorer survival rate and therapeutic resistance to conventional chemo- and radiotherapies [31,32]. In 1959, Hewitt and Wilson developed a quantitative method for tumour cell transplantation, which correlated the median transplantation dose (TD50) with irradiation dose, by employing the serial dilution in vivo assay. Such a method was then successfully adopted to correlate TD50 and radiotherapy as cancer treatment in multiple tumour models [15,33]. These studies laid the foundation for the subsequent research on CSCs in radiation oncology, suggesting the importance of the number of tumour-initiating cells as prognostic factors for tumour radiocurability [15,34,35,36,37,38]. The detection of biomarkers that characterize CSCs may play a crucial role in predicting the clinical outcome of radiotherapy-treated patients (Table 2) [39]. Currently, CD133 represents the main biomarker for the identification of putative CSCs in various types of cancer, including RC [39,40]. As CD133 is associated with poor clinical outcomes, evaluation of the sensitivity to radiation therapy in RC may serve to predict a possible complete or partial tumour response to RT, thus avoiding unnecessary treatments [20,31,40]. In 2010, Chen et al. explored the causes of radioresistance in human CRC by observing the changes in chromatin histone in human colorectal CSCs (CD133+) and non-CSCs (CD133−) after a single high-dose of radiation. A distinct difference was found in colorectal CSC chromatin structure, with compact patches in the CD133+ nucleus and loosely latticed structure in the CD133− nucleus. Such a mechanism seems to be related to heterochromatin formation and histone methylation, thus demonstrating that CSCs play a role in CRC radiosensitivity [41]. In the same year, tumour cells from 50 RC patients who had undergone preoperative chemoradiotherapy followed by surgery were analysed by Saigusa et al. CD133 expression, both on the luminal surface and in the cytoplasm, was found to be associated with a poorer response [42]. Furthermore, in 2012, Saigusa and colleagues demonstrated that gene expression levels of LGR5 in cancer cells and of CD44 in stromal cells were significantly correlated with disease recurrence, whereas only elevated levels of stromal CD44 was an independent prognostic factor of recurrence and overall survival of RC patients after preoperative CRT [43]. A retrospective study from Yoon et al. highlighted the effectiveness of targeting CSCs as a diagnostic/therapeutic approach in RC patients receiving preoperative CRT. Results suggested a correlation between the positivity to two surrogate markers (ALDH1 and CD44) and the regression grade of RC. Positivity to ALDH1 was also associated with short recurrence-free survival (RFS) and RC specific survival (RCS) [17]. ALDH1 expression levels were significantly higher in advanced RCs (stage III/IV) compared with early (stage II) tumors, as demonstrated in a more recent study from Vermani et al. focused on the identification/validation of suitable housekeeping genes for the evaluation of gene expression in RC [44]. In 2017, Luo et al. analysed primary tumours from 39 RC patients who received CRT and evaluated the in vitro stemness ability and the in vivo tumorigenic properties of sphere cells derived from the established colon cancer cell lines HT-29, HCT-116 and HCT-15. Study results showed that cells surviving to radiation treatment displayed high levels of G9a, a lysine methyltransferase involved in histone methylation, whose expression is positively correlated with CD133 in LARC patients. Knockdown of G9a increased the sensitivity of cells to radiation treatment, thus acting as a predictor of response to preoperative CRT in patients with advanced CRC [40]. Ganesh et al. investigated the radiosensitivity of organoid cultures (tumoroids) isolated and propagated from patients with primary, metastatic or recurrent RCs. Ex vivo responses to chemotherapy and radiotherapy correlated with the clinical responses observed in individual patients’ tumours. Furthermore, RC tumoroids recapitulated the heterogeneous response to radiotherapy observed in clinical settings [45].



The effect of radiation therapy on CRC stem cells (CR-CSCs) was published in two 2019 studies [32,46]. The first study from Chen et al. investigated the radiosensitising effect of polydatin (PD) by inducing apoptosis of CR-CSCs. The investigation was carried out on a C57BL/6 mouse model of CRC induced with azoxymethane/dextran sodium sulfate (AOM/DSS), which was divided into four groups: (i) control, (ii) PD only, (iii) IR only, (iv) PD + IR combination. Radiotherapy (dose rate: 2 Gy/min, 10 Gy) was administered once a week for a total of four times. In order to determine the radiosensitising mechanism of PD, CSCs were treated with the type I bone morphogenetic protein (BMP) receptor inhibitor K02288. Proliferation of Lgr5+ CSCs was dramatically increased by the addition of K02288. Both in vivo and in vitro experiments demonstrated that the combined IR + PD treatment inhibited the proliferation and promoted apoptosis of Lgr5+ CR-CSCs, suggesting an involvement of the BMP signalling pathway in the radiosensitising effect of PD [46]. In the second study, Anuja et al. assessed the radioresistance in CR-CSCs by irradiating parental HCT116 and HCT-15 cells and derived clonospheres and evaluated the DNA damage response (DDR) by γH2AX foci formation, COMET assay and ATM, p-ATM, and ERCC1. A higher survival rate in clonospheres post-irradiation compared to their parental counterpart, which corresponds to efficient DDR, was found. Differential expression of developmental markers, CSC markers (CD44, KLF4) and telomeric components were observed after irradiation, suggesting that they may contribute to the radioresistance property of CSCs [32]. In 2020, Endo et al. used a radiosensitivity assay in a study aimed to investigate the effect of radiation on growth, stemness and differentiation of four cancer tissue-originated spheroid (CTOS) lines (C45, CB3, C138, C111). As a consequence of a 9 Gy sublethal dose, a drastic reduction in proliferation and stemness markers (including Wnt target genes) and a persistence of differentiation markers were found. After a static growth phase, regrowth foci appeared, consisting of highly proliferating cells expressing stem cell markers (CD44v9 and Lgr5), which were the same that showed activated Wnt signalling at the time of irradiation [47]. Analysis of the stemness plasticity role in CTOSs radiosensitivity indicated a higher regrowth in disrupted compared to non-disrupted cell lines, thus suggesting a link between mechanical disruption and increased CTOSs’ radioresistance [47]. Moreover, pre-treating organoids with histone deacetylase inhibitors increased organoid radiosensitivity and the relevant suppression of Wnt signal-related gene expression. Taken together, these results suggested that foci can rise from a small subset of cancer cells with high Wnt activity at the time of irradiation; furthermore, the increased sensitivity of CTOS following pre-treatment with a Wnt inhibitor might have been due to alterations in stemness/differentiation status, rather than alterations in the DNA damage response. Finally, both radiosensitivity and ability to form foci showed good correlation with in vivo radiation sensitivity [47].



Along this line, Puglisi et al. demonstrated in the same year that in vitro and in vivo models based on patient-derived CSCs were able to predict individual responses to radiotherapy in LARC [48]. CSCs were isolated from CRC biopsies and injected subcutaneously into the flanks of thymic immunocompromised mice. Hence, the resulting tumour mass explanted from the animal was processed for histologic and immunohistochemical analyses and subjected to in vitro irradiation with the same clinical protocol used for LARC patients (5 Gy/Day) and the effects of the dose rate in terms of cell growth arrest and apoptosis induction were investigated. These in vitro results demonstrated that radiosensitivity varies among CSCs, with no differences among the various dose–rate protocols tested. Notably, the specific CSCs’ in vitro and in vivo sensitivity values corresponded to patients’ responses to radiotherapy [48].





4. Discussion


To the best of the authors’ knowledge, this is the first systematic review to collect the most relevant studies focusing on the CSC mechanisms of resistance to radiotherapy in RC. Four hundred and sixty-four studies published between January 2009 to July 2021 were systematically reviewed and only 11 were selected, suggesting the urgent need for further studies including larger cohorts of patients. There is currently a lack of studies regarding somatic mutations specific for the CSC population in RC, which are responsible for radiotherapy resistance. However, mutations in PI3K/AKT/mTOR signalling pathway components and in DNA damage response (DDR) as well as in DNA mismatch repair (MMR) candidate genes have been identified as potential mechanisms of CRT resistance in the bulk population of RCs [49,50]. Preoperative RT, administered as a conventional fractionated RT (45 Gy to the pelvis, followed by 5.4 Gy in 3 fractions to the tumour) has been recognised to play a key role in the standard multidisciplinary treatment of RC, by reducing local recurrence and increasing survival [51,52,53]. However, tumour response to RT differs considerably among patients, with several tumour types, including RC [39]. A significant number of patients exhibiting a complete response to neoadjuvant therapy experience local regrowth or metastatic dissemination, which is strongly associated with the capability of CSCs to resist treatment and promote cancer progression [48]. Serious adverse events such as anorectal and genitourinary complications derived from RT, may negatively impact on patient’s quality of life, despite the severity of these effects being affected by individual susceptibility, radiation dosing and accuracy. Hence, a proper identification of the patients who are likely to benefit from neoadjuvant chemo-radiotherapy as well as the most suitable therapy (dose or protocol) for each individual is important for managing patients and supporting clinical strategies [48]. To date, there are no indicators able to distinguish RC resistance and neoadjuvant treatment [40]. Therefore, identifying specific biomarkers to predict patient response to RT can help in planning a strategy aimed at targeting not only the tumour bulk, but also the sensibility of CSCs to RT, in order to avoid therapeutic failure and unnecessary treatments [20,31,39,40]. This review analysed the most recent studies focused on the characteristics of CSCs and therapeutic sensitivity targeting CSC radiosensitivity/radioresistance, through the detection of RT-response predictive biomarkers. Experimental data have shown a great heterogeneity in tumour radiosensitivity. Radioresistance, either intrinsic or acquired (leading to the development of adaptive responses induced by the irradiation itself), represents a barrier to overcome in order to improve both prognosis and treatment efficacy. The emerging role of CSCs in tumour response to RT has promoted the investigation of the molecular mechanisms underlying radioresistance in these cells [39,41]. To date, studies on cellular radiosensitivity in vitro have identified several cell-surface biomarkers of CSCs, showing differences between marker-negative and positive cells, the latter generally being more radioresistant. The techniques developed have identified some markers (summarised in Table 2), such as CD133, CD44, ALDH1, Lgr5 and G9a, whose positivity has been correlated with greater resistance to RT and poorer outcomes [17,32,40,41,42,46,47,48]. Tumour radioresistance, with consequent regrowth and spread, was seen to be strongly associated with the DNA-repairing ability of CSC, which promotes angiogenesis by enhancing vascular endothelial growth factor (VEGF) expression, or with the acidic microenvironment around hypoxic cells, which contributes to metastasis [39,41,54]. Current evidence indicates that CD133 expression correlates with poor RT response, thus suggesting the prognostic importance of this marker in the clinical setting [39]. CD44 expression also significantly correlated with poor survival and resistance to ionizing radiation, therefore indicating that other markers may be potential candidates of CSC radiosensitivity [39,46]. Lgr5 is linked with stemness and renewal but not with tumour progression. Recently, it was established as a surface marker for colorectal CSCs, particularly when co-expressed with CD44 and EPCAM [55]. G9a is involved in the DNA damage response, leading to the malignant phenotype of CRC. Since a significantly higher level of G9a expression was observed after radiation, it could be used as a predictive biomarker of radiosensitivity. Furthermore, a positive correlation between G9a and CD133 was noted in patients with LARC receiving neoadjuvant chemoradiotherapy. The knockdown of G9a resulted in a cell population with high sensitivity to radiation treatment [56]. ALDH1 positivity in residual disease after CRT could be a robust and an independent predictor of recurrence in residual rectal cancer patients treated with preoperative CRT followed by curative surgery [17]. Clinical studies analysed in this review showed that some parameters correlate with the outcome of RT and may be considered as surrogate markers for predicting CSC radiosensitivity. There is a growing evidence of the importance of cancer 3D organoid culture or in vivo models for cancer biology, preserving many of the biological and histological features and properties of the human tumours from which they were derived. Based on this evidence, an assay for stemness markers aimed at evaluating the effects of RT treatment in vitro could be translated in clinical decisions for the management of RC patients, thus avoiding radiation toxicity to resistant patients and reducing the treatment costs [48,57,58]. A recent study demonstrated that the in vivo responses to radiotherapy were fully consistent with those obtained in vitro, indicating that the intrinsic radiosensitivity grade of CSC isolated from RC needle biopsies was also maintained in the animal model [48]. For this reason, refining organoid culture techniques becomes necessary to make such methods as useful tools for biological analysis, in order to deepen the knowledge of mechanisms underlying radioresistance, as well as for therapeutic studies. This in vitro radiotherapy response predictivity assay could support clinical decisions for the management of RC patients, thus avoiding radiation toxicity to resistant patients and reducing the treatment costs. Thus, it is crucial to further investigate the individual impact of the association of chemotherapy to RT, which today represents the standard neoadjuvant treatment for patients with CR. Although it is clear that long-course CRT following the removal of the entire mesorectum is the best option for LARC, less evident is the recommendation for early rectal cancer located in the lower rectum or for patients bearing high-risk for cancer progression. Moreover, the role of chemotherapy intensification in improving pathological complete remission or in reducing distant failure rates should be further investigated [59].



The major limitation of the studies herein discussed is the small number of patients and samples evaluated. The median number of the examined samples was 46, ranging from 2 to 145. Even though a significant correlation between CSC biomarker expression and patients outcome was observed among the majority of studies analyzed, major efforts are required to enroll more patients into studies and transfigure preclinical observations into clinical practice. Another major issue to face is the heterogeneity in the experimental approach used to study the CSC population and its response to radiotherapy and, also, in the methods to detect and quantify CSC biomarkers expression. The diverse sensibility of techniques and the arbitrary scoring system used could compromise reliable comparisons among studies and jeopardize the association between CSC biomarkers expression and CRT sensibility/resistance [60]. Altogether the above mentioned concerns mirror the complexity in establishing the importance and reliability of biomarkers in the management of RC patients.



However, the studies selected in this systematic review highlight the usefulness of CSC-associated biomarkers as reliable predictors of therapy response in LARC patients. Further studies in the field comprising larger cohorts of patients will pave the way for more tailored therapies that avoid unnecessary treatments and side effects.




5. Conclusions


Elevated expression of CSC biomarkers such as CD133, CD44, ALDH1, G9a and Lgr5 have been correlated with radioresistance in RC and with poor outcome. Only 11 studies have been selected in this systematic review based on the inclusion criteria and the low risk of bias. Further studies are needed to investigate additional CSC biomarkers and their specific characteristics that are predictive of radioresistance in RC patients. Based on current evidence, an organoid platform along with a stemness marker assay evaluating the effects of RT treatment in vitro could be essential to deepen the knowledge of mechanisms underlying radioresistance and to avoid unnecessary radiation toxicity in resistant RC patients.








Supplementary Materials


The following are available online at ’https://www.mdpi.com/article/10.3390/genes12101502/s1, Table S1: Quality assessment of the selected studies.





Author Contributions


Conceptualization, M.M., D.G., G.S. and C.C.; Methodology, Validation and Formal Analysis, M.M., L.C., V.V., A.T., L.M. and C.C.; Writing—Original Draft Preparation, M.M., C.C., V.V., A.T., D.G. and G.S.; Writing—Review & Editing, D.G., L.M., G.S. and C.C.; Supervision and Funding Acquisition, D.G. and G.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by MIUR (PRIN 2017WNKSLR) to G.S.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


A.T. and V.V. are research fellows funded by European Union-FESR FSE, PON Ricerca e Innovazione 2014–2020 (AIM line 1). We thank Francesco Calò for image editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Glynne-Jones, R.; Wyrwicz, L.; Tiret, E.; Brown, G.; Rodel, C.; Cervantes, A.; Arnold, D.; Committee, E.G. Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2018, 29, iv263. [Google Scholar] [CrossRef]

	



Capelli, G.; De Simone, I.; Spolverato, G.; Cinquini, M.; Moschetti, I.; Lonardi, S.; Masi, G.; Carlomagno, C.; Corsi, D.; Luppi, G.; et al. Non-Operative Management Versus Total Mesorectal Excision for Locally Advanced Rectal Cancer with Clinical Complete Response After Neoadjuvant Chemoradiotherapy: A GRADE Approach by the Rectal Cancer Guidelines Writing Group of the Italian Association of Medical Oncology (AIOM). J. Gastrointest. Surg. 2020, 24, 2150–2159. [Google Scholar] [CrossRef] [PubMed]

	



Benson, A.B.; Venook, A.P.; Al-Hawary, M.M.; Cederquist, L.; Chen, Y.J.; Ciombor, K.K.; Cohen, S.; Cooper, H.S.; Deming, D.; Engstrom, P.F.; et al. Rectal Cancer, Version 2.2018, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2018, 16, 874–901. [Google Scholar] [CrossRef]

	



Benson, A.B.; Venook, A.P.; Al-Hawary, M.M.; Arain, M.A.; Chen, Y.J.; Ciombor, K.K.; Cohen, S.; Cooper, H.S.; Deming, D.; Garrido-Laguna, I.; et al. NCCN Guidelines Insights: Rectal Cancer, Version 6.2020. J. Natl. Compr. Cancer Netw. 2020, 18, 806–815. [Google Scholar] [CrossRef]

	



Couwenberg, A.M.; Burbach, J.P.M.; van Grevenstein, W.M.U.; Smits, A.B.; Consten, E.C.J.; Schiphorst, A.H.W.; Wijffels, N.A.T.; Heikens, J.T.; Intven, M.P.W.; Verkooijen, H.M. Effect of Neoadjuvant Therapy and Rectal Surgery on Health-related Quality of Life in Patients With Rectal Cancer During the First 2 Years After Diagnosis. Clin. Colorectal. Cancer 2018, 17, e499–e512. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Joo, J.; Kim, T.W.; Hong, Y.S.; Kim, J.E.; Hwang, I.G.; Kim, B.G.; Lee, K.W.; Kim, J.W.; Oh, H.S.; et al. A Randomized Phase 2 Trial of Consolidation Chemotherapy After Preoperative Chemoradiation Therapy Versus Chemoradiation Therapy Alone for Locally Advanced Rectal Cancer: KCSG CO 14-03. Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 889–899. [Google Scholar] [CrossRef]

	



Buckley, A.M.; Lynam-Lennon, N.; O’Neill, H.; O’Sullivan, J. Targeting hallmarks of cancer to enhance radiosensitivity in gastrointestinal cancers. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 298–313. [Google Scholar] [CrossRef]

	



Harada, Y.; Kazama, S.; Morikawa, T.; Emoto, S.; Murono, K.; Kaneko, M.; Sasaki, K.; Otani, K.; Nishikawa, T.; Tanaka, T.; et al. Prognostic impact of doublecortin-like kinase 1 expression in locally advanced rectal cancer treated with preoperative chemoradiotherapy. APMIS 2018, 126, 486–493. [Google Scholar] [CrossRef]

	



Turdo, A.; Veschi, V.; Gaggianesi, M.; Chinnici, A.; Bianca, P.; Todaro, M.; Stassi, G. Meeting the Challenge of Targeting Cancer Stem Cells. Front. Cell Dev. Biol. 2019, 7, 16. [Google Scholar] [CrossRef] [PubMed]

	



Boman, B.M.; Wicha, M.S. Cancer stem cells: A step toward the cure. J. Clin. Oncol. 2008, 26, 2795–2799. [Google Scholar] [CrossRef]

	



Diehn, M.; Cho, R.W.; Lobo, N.A.; Kalisky, T.; Dorie, M.J.; Kulp, A.N.; Qian, D.; Lam, J.S.; Ailles, L.E.; Wong, M.; et al. Association of reactive oxygen species levels and radioresistance in cancer stem cells. Nature 2009, 458, 780–783. [Google Scholar] [CrossRef] [PubMed]

	



Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved questions. Nat. Rev. Cancer 2008, 8, 755–768. [Google Scholar] [CrossRef] [PubMed]

	



Vinogradov, S.; Wei, X. Cancer stem cells and drug resistance: The potential of nanomedicine. Nanomedicine (Lond.) 2012, 7, 597–615. [Google Scholar] [CrossRef] [PubMed]

	



Peitzsch, C.; Kurth, I.; Ebert, N.; Dubrovska, A.; Baumann, M. Cancer stem cells in radiation response: Current views and future perspectives in radiation oncology. Int. J. Radiat. Biol. 2019, 95, 900–911. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.; Wei, J.W.; Tao, Y.L.; Ding, P.R.; Xia, Y.F.; Gao, Y.H.; Xiao, W.W. CCR6 Is a Predicting Biomarker of Radiosensitivity and Potential Target of Radiosensitization in Rectal Cancer. Cancer Res. Treat. 2018, 50, 1203–1213. [Google Scholar] [CrossRef]

	



Yoon, G.; Kim, S.M.; Kim, H.J.; Seo, A.N. Clinical influence of cancer stem cells on residual disease after preoperative chemoradiotherapy for rectal cancer. Tumour. Biol. 2016, 37, 3571–3580. [Google Scholar] [CrossRef] [PubMed]

	



Blazek, E.R.; Foutch, J.L.; Maki, G. Daoy medulloblastoma cells that express CD133 are radioresistant relative to CD133- cells, and the CD133+ sector is enlarged by hypoxia. Int. J. Radiat. Oncol. Biol. Phys. 2007, 67, 1–5. [Google Scholar] [CrossRef]

	



Woodward, W.A.; Chen, M.S.; Behbod, F.; Alfaro, M.P.; Buchholz, T.A.; Rosen, J.M. WNT/beta-catenin mediates radiation resistance of mouse mammary progenitor cells. Proc. Natl. Acad. Sci. USA 2007, 104, 618–623. [Google Scholar] [CrossRef]

	



Bao, S.; Wu, Q.; McLendon, R.E.; Hao, Y.; Shi, Q.; Hjelmeland, A.B.; Dewhirst, M.W.; Bigner, D.D.; Rich, J.N. Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature 2006, 444, 756–760. [Google Scholar] [CrossRef]

	



Bonnet, D.; Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic cell. Nat. Med. 1997, 3, 730–737. [Google Scholar] [CrossRef]

	



Singh, S.K.; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, J.; Dirks, P.B. Identification of a cancer stem cell in human brain tumors. Cancer Res. 2003, 63, 5821–5828. [Google Scholar]

	



Zhang, X.; Powell, K.; Li, L. Breast Cancer Stem Cells: Biomarkers, Identification and Isolation Methods, Regulating Mechanisms, Cellular Origin, and Beyond. Cancers 2020, 12, 3765. [Google Scholar] [CrossRef] [PubMed]

	



Elkashty, O.A.; Abu Elghanam, G.; Su, X.; Liu, Y.; Chauvin, P.J.; Tran, S.D. Cancer stem cells enrichment with surface markers CD271 and CD44 in human head and neck squamous cell carcinomas. Carcinogenesis 2020, 41, 458–466. [Google Scholar] [CrossRef]

	



Ricci-Vitiani, L.; Lombardi, D.G.; Pilozzi, E.; Biffoni, M.; Todaro, M.; Peschle, C.; De Maria, R. Identification and expansion of human colon-cancer-initiating cells. Nature 2007, 445, 111–115. [Google Scholar] [CrossRef] [PubMed]

	



Todaro, M.; Alea, M.P.; Di Stefano, A.B.; Cammareri, P.; Vermeulen, L.; Iovino, F.; Tripodo, C.; Russo, A.; Gulotta, G.; Medema, J.P.; 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. [Google Scholar] [CrossRef]

	



Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [Google Scholar] [CrossRef] [PubMed]

	



Barker, N.; Ridgway, R.A.; van Es, J.H.; van de Wetering, M.; Begthel, H.; van den Born, M.; Danenberg, E.; Clarke, A.R.; Sansom, O.J.; Clevers, H. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 2009, 457, 608–611. [Google Scholar] [CrossRef]

	



Merlos-Suarez, A.; Barriga, F.M.; Jung, P.; Iglesias, M.; Cespedes, M.V.; Rossell, D.; Sevillano, M.; Hernando-Momblona, X.; da Silva-Diz, V.; Munoz, P.; et al. The intestinal stem cell signature identifies colorectal cancer stem cells and predicts disease relapse. Cell Stem Cell 2011, 8, 511–524. [Google Scholar] [CrossRef]

	



McGuinness, L.A.; Higgins, J.P.T. Risk-of-bias VISualization (robvis): An R package and Shiny web app for visualizing risk-of-bias assessments. Res. Synth. Methods 2021, 12, 55–61. [Google Scholar] [CrossRef]

	



Saigusa, S.; Tanaka, K.; Toiyama, Y.; Yokoe, T.; Okugawa, Y.; Ioue, Y.; Miki, C.; Kusunoki, M. Correlation of CD133, OCT4, and SOX2 in rectal cancer and their association with distant recurrence after chemoradiotherapy. Ann. Surg. Oncol. 2009, 16, 3488–3498. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.; Zhang, Y.; Guo, W.H.; Meng, M.B.; Mo, X.M.; Lu, Y. Effects of heterochromatin in colorectal cancer stem cells on radiosensitivity. Chin. J. Cancer 2010, 29, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Saigusa, S.; Tanaka, K.; Toiyama, Y.; Yokoe, T.; Okugawa, Y.; Kawamoto, A.; Yasuda, H.; Morimoto, Y.; Fujikawa, H.; Inoue, Y.; et al. Immunohistochemical features of CD133 expression: Association with resistance to chemoradiotherapy in rectal cancer. Oncol. Rep. 2010, 24, 345–350. [Google Scholar] [CrossRef] [PubMed]

	



Saigusa, S.; Inoue, Y.; Tanaka, K.; Toiyama, Y.; Matsushita, K.; Kawamura, M.; Okugawa, Y.; Hiro, J.; Uchida, K.; Mohri, Y.; et al. Clinical significance of LGR5 and CD44 expression in locally advanced rectal cancer after preoperative chemoradiotherapy. Int. J. Oncol. 2012, 41, 1643–1652. [Google Scholar] [CrossRef] [PubMed]

	



Luo, C.W.; Wang, J.Y.; Hung, W.C.; Peng, G.; Tsai, Y.L.; Chang, T.M.; Chai, C.Y.; Lin, C.H.; Pan, M.R. G9a governs colon cancer stem cell phenotype and chemoradioresistance through PP2A-RPA axis-mediated DNA damage response. Radiother. Oncol. 2017, 124, 395–402. [Google Scholar] [CrossRef] [PubMed]

	



Ganesh, K.; Wu, C.; O’Rourke, K.P.; Szeglin, B.C.; Zheng, Y.; Sauve, C.G.; Adileh, M.; Wasserman, I.; Marco, M.R.; Kim, A.S.; et al. A rectal cancer organoid platform to study individual responses to chemoradiation. Nat. Med. 2019, 25, 1607–1614. [Google Scholar] [CrossRef]

	



Chen, Q.; Zeng, Y.N.; Zhang, K.; Zhao, Y.; Wu, Y.Y.; Li, G.; Cheng, H.Y.; Zhang, M.; Lai, F.; Wang, J.B.; et al. Polydatin Increases Radiosensitivity by Inducing Apoptosis of Stem Cells in Colorectal Cancer. Int. J. Biol. Sci. 2019, 15, 430–440. [Google Scholar] [CrossRef]

	



Anuja, K.; Chowdhury, A.R.; Saha, A.; Roy, S.; Rath, A.K.; Kar, M.; Banerjee, B. Radiation-induced DNA damage response and resistance in colorectal cancer stem-like cells. Int. J. Radiat. Biol. 2019, 95, 667–679. [Google Scholar] [CrossRef]

	



Endo, H.; Kondo, J.; Onuma, K.; Ohue, M.; Inoue, M. Small subset of Wnt-activated cells is an initiator of regrowth in colorectal cancer organoids after irradiation. Cancer Sci. 2020, 111, 4429–4441. [Google Scholar] [CrossRef]

	



Puglisi, C.; Giuffrida, R.; Borzi, G.; Di Mattia, P.; Costa, A.; Colarossi, C.; Deiana, E.; Picardo, M.C.; Colarossi, L.; Mare, M.; et al. Radiosensitivity of Cancer Stem Cells Has Potential Predictive Value for Individual Responses to Radiotherapy in Locally Advanced Rectal Cancer. Cancers 2020, 12, 3672. [Google Scholar] [CrossRef]

	



Hewitt, H.B.; Wilson, C.W. The effect of tissue oxygen tension on the radiosensitivity of leukaemia cells irradiated in situ in the livers of leukaemic mice. Br. J. Cancer 1959, 13, 675–684. [Google Scholar] [CrossRef]

	



Hill, R.P.; Milas, L. The proportion of stem cells in murine tumors. Int. J. Radiat. Oncol. Biol. Phys. 1989, 16, 513–518. [Google Scholar] [CrossRef]

	



Baumann, M.; Dubois, W.; Suit, H.D. Response of human squamous cell carcinoma xenografts of different sizes to irradiation: Relationship of clonogenic cells, cellular radiation sensitivity in vivo, and tumor rescuing units. Radiat. Res. 1990, 123, 325–330. [Google Scholar] [CrossRef] [PubMed]

	



Baumann, M.; Krause, M.; Hill, R. Exploring the role of cancer stem cells in radioresistance. Nat. Rev. Cancer 2008, 8, 545–554. [Google Scholar] [CrossRef] [PubMed]

	



Koch, U.; Krause, M.; Baumann, M. Cancer stem cells at the crossroads of current cancer therapy failures—Radiation oncology perspective. Semin. Cancer Biol. 2010, 20, 116–124. [Google Scholar] [CrossRef] [PubMed]

	



Krause, M.; Yaromina, A.; Eicheler, W.; Koch, U.; Baumann, M. Cancer stem cells: Targets and potential biomarkers for radiotherapy. Clin. Cancer Res. 2011, 17, 7224–7229. [Google Scholar] [CrossRef]

	



Ogawa, K.; Yoshioka, Y.; Isohashi, F.; Seo, Y.; Yoshida, K.; Yamazaki, H. Radiotherapy targeting cancer stem cells: Current views and future perspectives. Anticancer Res. 2013, 33, 747–754. [Google Scholar]

	



Vermani, L.; Kumar, R.; Kannan, R.R.; Deka, M.K.; Talukdar, A.; Kumar, N.S. Expression pattern of ALDH1, E-cadherin, Vimentin and Twist in early and late onset sporadic colorectal cancer. Biomark. Med. 2020, 14, 1371–1382. [Google Scholar] [CrossRef]

	



Stockton, J.D.; Tee, L.; Whalley, C.; James, J.; Dilworth, M.; Wheat, R.; Nieto, T.; Consortium, S.C.; Geh, I.; Barros-Silva, J.D.; et al. Complete response to neoadjuvant chemoradiotherapy in rectal cancer is associated with RAS/AKT mutations and high tumour mutational burden. Radiat. Oncol. 2021, 16, 129. [Google Scholar] [CrossRef]

	



de Rosa, N.; Rodriguez-Bigas, M.A.; Chang, G.J.; Veerapong, J.; Borras, E.; Krishnan, S.; Bednarski, B.; Messick, C.A.; Skibber, J.M.; Feig, B.W.; et al. DNA Mismatch Repair Deficiency in Rectal Cancer: Benchmarking Its Impact on Prognosis, Neoadjuvant Response Prediction, and Clinical Cancer Genetics. J. Clin. Oncol. 2016, 34, 3039–3046. [Google Scholar] [CrossRef]

	



Zhou, C.; Xiao, W.; Jiang, T.; Guo, Z.; Li, M.; Chang, H.; Wu, Y.; Chen, M.; Shi, M.; Xu, W.; et al. Targeting SGK1 enhances the efficacy of radiotherapy in locally advanced rectal cancer. Biomed. Pharmacother. 2020, 125, 109954. [Google Scholar] [CrossRef]

	



Kim, J.H. Controversial issues in radiotherapy for rectal cancer: A systematic review. Radiat. Oncol. J. 2017, 35, 295–305. [Google Scholar] [CrossRef] [PubMed]

	



Parashar, B.; Chen, W.C.; Herman, J.M.; Potters, L. Disease Site-Specific Guidelines for Curative Radiation Treatment During ‘Limited Surgery’ and ‘Hospital Avoidance’: A Radiation Oncology Perspective From the Epicenter of COVID-19 Pandemic. Cureus 2020, 12, e8190. [Google Scholar] [CrossRef] [PubMed]

	



Carnero, A.; Lleonart, M. The hypoxic microenvironment: A determinant of cancer stem cell evolution. Bioessays 2016, 38 (Suppl. 1), S65–S74. [Google Scholar] [CrossRef] [PubMed]

	



Ralph, S.J.; Nozuhur, S.; RA, A.L.; Rodriguez-Enriquez, S.; Moreno-Sanchez, R. Repurposing drugs as pro-oxidant redox modifiers to eliminate cancer stem cells and improve the treatment of advanced stage cancers. Med. Res. Rev. 2019, 39, 2397–2426. [Google Scholar] [CrossRef] [PubMed]

	



Das, P.K.; Islam, F.; Lam, A.K. The Roles of Cancer Stem Cells and Therapy Resistance in Colorectal Carcinoma. Cells 2020, 9, 1392. [Google Scholar] [CrossRef] [PubMed]

	



Butof, R.; Dubrovska, A.; Baumann, M. Clinical perspectives of cancer stem cell research in radiation oncology. Radiother. Oncol. 2013, 108, 388–396. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, N.; Osman, A.A.; Takahashi, Y.; Lindemann, A.; Patel, A.A.; Zhao, M.; Takahashi, H.; Myers, J.N. Head and neck cancer organoids established by modification of the CTOS method can be used to predict in vivo drug sensitivity. Oral Oncol. 2018, 87, 49–57. [Google Scholar] [CrossRef]

	



Roeder, F.; Meldolesi, E.; Gerum, S.; Valentini, V.; Rodel, C. Recent advances in (chemo-)radiation therapy for rectal cancer: A comprehensive review. Radiat. Oncol. 2020, 15, 262. [Google Scholar] [CrossRef]

	



Kuremsky, J.G.; Tepper, J.E.; McLeod, H.L. Biomarkers for response to neoadjuvant chemoradiation for rectal cancer. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 673–688. [Google Scholar] [CrossRef]








[image: Genes 12 01502 g001 550] 





Figure 1. Flow chart of study selection strategy. 
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Figure 2. Risk of bias of the selected studies. 
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Figure 3. Summary plot of bias of the selected studies as a percentage of the total. 
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Table 1. Criteria used to assess the quality and bias of the selected studies.
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	No.
	Question
	Answer





	Q1
	Is the study design well described?
	Yes/No



	Q2
	Is the study well written and the English language of sufficient quality?
	Yes/No



	Q3
	Is the experimental plan well organized?
	Yes/No



	Q4
	Are the results statistically significant?
	Yes/No



	Q5
	Are the positive/negative controls reported?
	Yes/No



	Q6
	Do the findings support the conclusions of the study?
	Yes/No



	Q7
	Are the human samples utilized ≥4?
	Yes/No



	Q8
	Is the study significant for the field ?
	Yes/No



	Q9
	Do the study cover the relevant literature in an unbiased manner?
	Yes/No



	Q10
	Is there any other source of bias in the study?
	Yes/No
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Table 2. Summary of the main in vitro/in vivo studies (2009–2021) investigating the radiosensitivity/radioresistance of CSCs in RC.
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	Study
	Reference
	Title of the Study
	Patients and Samples
	Biomarker
	Biomarker

Detection
	Radiotherapy
	Results





	1
	Saigusa S, Tanaka K, Toiyama Y, et al. 2009 [31]
	Correlation of CD133, OCT4, and SOX2 in Rectal Cancer and Their Association with Distant Recurrence After chemoradiotherapy.
	RC cells isolated from patients (TNM clinical stage II/III) pre- and postoperative CRT (n = 33).
	CD133

OCT4

SOX2
	IHC

Real-time PCR
	Dose rate: Preoperative radiotherapy at 20–45 Gy. Postoperative radiotherapy with short-course radiation in 28 patients (20 Gy, five fractions over a week) or fractionated radiation in 5 patients (45 Gy, 18 fractions for 4 weeks).
	Significant positive correlation between post-CRT levels of CD133, OCT4 and SOX2 and disease-free survival probability (p = 0.0285; p = 0.0114; p = 0.006).



	2
	Chen T, Zhang Y, Guo WH, et al. 2010 [32]
	Effects of heterochromatin in colorectal cancer stem cells on radiosensitivity.
	Human colorectal adenocarcinoma samples from patients (n = 16).
	CD133
	Flow cytometry

Immunofluorescence
	Dose rate: 2 Gy/min (one side of the flank in nude mice was exposed to 10 Gy single dose of radiation, the other side without treatment served as control).
	CSCs play a role in radiosensitivity in CRC, with a mechanism related to heterochromatin formation and histone methylation



	3
	Saigusa S, Tanaka K, Toiyama Y, et al. 2010 [33]
	Immunohistochemical features of CD133 expression: Association with resistance to chemoradiotherapy in rectal cancer.
	CSCs from RC patients (n = 50) and primary CRC patients (n = 40).
	CD133
	IHC
	Dose rate: 1, 2.5, and 5 Gy.
	Correlation between CD133 expression and histopathological response to preoperative CRT.

CD133 was also associated with resistance to CRT.



	4
	Saigusa S, Inoue Y, Tanaka K, et al. 2012 [34]
	Clinical significance of LGR5 and CD44 expression in locally advanced rectal cancer after preoperative chemoradiotherapy.
	RC specimens obtained from patients who underwent preoperative CRT (n = 52).
	LGR5

CD44
	IHC
	Dose rate: short-course (20 Gy in 4 fractions) or long-course (45 Gy in 25 fractions) radiotherapy.
	Gene expression levels of LGR5 in cancer cells and CD44 in cancer stroma were significantly correlated with disease recurrence.

High expression levels of stromal CD44 was an independent prognostic factor of recurrence and overall survival of RC patients after preoperative CRT.



	5
	Yoon G, Kim SM, Kim HJ, et al. 2016 [17]
	Clinical influence of cancer stem cells on residual disease after preoperative chemoradiotherapy for rectal cancer.
	Surgical specimens from patients with residual RC after CRT (n = 145).
	ALDH1

CD44
	IHC
	Dose rate: long-course radiation, 45 or 50 Gy in 25 fractions of 1.8 or 2 Gy administered to the whole pelvis five times per week for 5 weeks.
	ALDH1 and CD44 positivity was related to lower TRG (p = 0.009; p = 0.003).

ALDH1 positivity was associated short RFS and RCSS (p = 0.005 and 0.043 vs. p = 0.725 and 0.280, respectively).

ALDH1 positivity was an independent prognostic factor for inferior RFS but not RCSS ((p = 0.039 vs. p = 0.571 [HR, 2.997; 95% CI, 1.059–8.478]).



	6
	Luo CW, Wang JY, Hung WC, et al. 2017 [35]
	G9a governs colon cancer stem cell phenotype and chemoradioresistance through PP2A-RPA axis-mediated DNA damage response.
	Primary tumors from patients who received preoperative CRT (n = 39) for RC and colorectal cancer cell lines (n = 3).
	G9a

CD133
	IHC

Real-time PCR

Flow cytometry
	Dose rate: 20–45 Gy pelvic RT
	Significantly positive correlation between G9a and CD133 in locally advanced RC patients receiving preoperative CRT.

Knockdown of G9a increased the radiosensitivity of cells and sensitised cells to DNA damage agents through PP2A-RPA axis.



	7
	Ganesh K, Wu C, O’Rourke KP, et al. 2019 [36]
	A rectal cancer organoid platform to study individual responses to chemoradiation.
	RC tumoroids (n = 65) from n = 41 patients (22 from treatment-naïve patients; 43 from patients undergoing first- or second-line therapy) and normal rectal organoids from normal adjacent tissue (n = 51)
	CDX2, nuclear β-catenin, Alcian blue, MUC-2, CK20,

E-cadherin
	IHC

Immunofluorescence
	Dose rate: 250 kVp and 12 mA
	RC tumoroids display varying sensitivity to ionizing radiation, which corresponds to clinical radiotherapy responses.



	8
	Chen Q, Zeng YN, Zhang K, et al. 2019 [37]
	Polydatin Increases Radiosensitivity by Inducing Apoptosis of Stem Cells in colorectal cancer.
	C57BL/6 mouse model of CRC induced with AOM/DSS;

CT26 and HCT116 colon cancer cells (n= 2).
	Lgr5
	Flow cytometry
	Dose rate: 10 Gy, 2 Gy/min, once a week for a total of four times
	IR plus polydatin inhibit the proliferation and promote apoptosis of Lgr5+ CR-CSCs through the BMP signalling pathway



	9
	AnujaK, Chowdhury AR, Saha A, et al.2019 [38]
	Radiation induced DNA damage response and resistance in colorectal cancer stem-like cells.
	HCT116 and HCT-15 cells and derived clonospheres (n = 2).
	CD44

KLF4

β-catenin

TRF2

RAP1

hTERT
	Real-time PCR

Immunofluorescence
	Dose rate: 4.0 Gy/min ([0–8 Gy] of 6Mv energy X-rays)
	CSCs endowed with high DNA repair capacity survive following radiation therapy



	10
	Endo H, Kondo J, Onuma K, et al. 2020 [39]
	Small subset of Wnt-activated cells is an initiator of regrowth in colorectal cancer organoids after irradiation.
	Cancer tissue originated spheroid derived from CRC specimens (n = 4).
	CD44v9, Wnt target genes, Lgr5
	Immunohistochemistry

Immunofluorescence

RT-PCR

Real-time PCR
	Dose rate: 9 Gy
	Radiosensitivity differed among CTOS lines and showed good correlation with in vivo radiation sensitivity.

Pre-treating organoids with HDACi increased radiosensitivity.

Wnt inhibitors increased organoid radiosensitivity.



	11
	Puglisi C, Giuffrida R, Borzì G, et al. 2020 [40]
	Radiosensitivity of cancer stem cells has potential predictive value for individual responses to radiotherapy in locally advanced rectal cancer.
	CSC lines (n = 4) from CRC biopsies; animal models, generated by CSC xenotransplantation.
	CD44,

CD133
	Flow cytometry
	Dose rate: Fractioned 25 Gy dose administered daily (5 Gy/Day)

CSCs and animal models were subjected to in vitro irradiation with the same clinical protocol used for LARC patients
	In vitro CSC radiosensitivity correspond to radiosensitive tumour xenografts upon subcutaneous implantation.

CSCs’ in vitro and in vivo sensitivity values correspond to patients’ responses to radiotherapy.







Abbreviations: CRT chemoradiotherapy; RT rectal cancer; AOM/DSS, azoxymethane/dextran sodium sulfate; CI, confidence interval; CRC, colorectal cancer; CSC, cancer stem cells; CR-CSCs, colorectal cancer stem cells; CTOS, cancer tissue-originated spheroid; HCT, human colorectal carcinoma cell line; HDACi histone deacetylase inhibitors; HR, hazard ratio; IHC, immunohistochemistry; LARC, locally advanced rectal cancer; RC, rectal cancer; RCSS, rectal cancer specific survival; RFS, recurrence-free survival; RT, radiotherapy; RT-PCR, Reverse transcriptase PCR; TRG, tumour regression grade.
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