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Abstract

Colorectal cancer stem cells (CSCs) were initially considered to be a subset of undifferentiated 

tumor cells with well-defined phenotypic and molecular markers. However, emerging evidence 

indicates instead that colorectal CSCs are heterogeneous subsets of tumor cells that are 

continuously reshaped by the dynamic interactions between genetic, epigenetic, and immune 

factors in the tumor microenvironment. Thus, the colorectal CSC phenotypes and responsiveness 

to therapy may not only be a tumor cell-intrinsic feature, but also depend on tumor-extrinsic 

microenvironmental factors. Furthermore, emerging evidence also implicates colorectal CSCs in 

potential immune evasion. Therefore, understanding how colorectal CSC-intrinsic mechanisms 

cooperate with the extrinsic microenvironmental factors to dynamically shape colorectal CSC 

resistance to chemotherapy and immunotherapy holds great promise for development of targeted 

CSC therapies of advanced human CRC.
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Introduction

Colorectal cancer is the third highest cause of cancer related deaths in the US. Current 

statistics by the American Cancer Society show that, while improved screening methods 

have decreased overall mortality rates of the disease over the past decade, advanced stages of 

the disease remain problematic for treatment. Over 93,000 new cases for men and women 

are projected for 2015, while over 49,000 colon cancer-related deaths are estimated for the 

year. One major factor in colorectal cancer progression is the resistance to conventional 

therapies, including chemotherapy, radiotherapy, and immunotherapy (1). The mechanism(s) 

by which colorectal cancer cells develop a resistance to one, some, or all of these therapies is 

still under investigation. However, one controversial topic has recently been proposed to be 

involved in the acquisition of multi-therapy resistance: the “stem-like” quality of certain 

cancer cells (2, 3). Over the last few years, many researchers have clarified the stem-cell 
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phenotype, particularly with regards to the developing tumor microenvironment (4–11). 

While the characterization of cancer stem cells (CSC)/cancer-initiating cells according to 

certain markers remains ambiguous and controversial, we are beginning to understand how 

cancer stem cells may be responsible, in part, for the persistence of tumors even after 

conventional therapies. This is particularly relevant in the case of colorectal cancer, as nearly 

all colorectal cancer patients develop a resistance to 5-Fluoruracil (5-FU), the standard 

chemotherapy for patients in Stages 2–4 of colorectal cancer. 5-FU acts through the 

conversion of uracil to fluoronucleotides and inhibiting thymidylate synthase, thereby 

inducing DNA damage in cells (12). Cells which are rapidly dividing, i.e. cancer cells, do 

not effectively undergo DNA repair, and thereby undergo cell death. In this way, rapidly-

dividing cells are preferentially targeted and normal, slowly-dividing cells will not be as 

affected. However, as cancer stem cells may be slowly-dividing or otherwise differ in their 

metabolic rates from differentiated cancer cells, they may be resistant to chemotherapies 

such as 5-FU, thereby persisting in the tissue and later developing into a recurrent carcinoma 

(13). A better understanding of how cancer stem cells are regulated, targeted, and 

differentiated could therefore prove pivotal to overcoming colon cancer recurrence in 

patients who no longer respond to therapy.

Characteristics of Colorectal Cancer Stem Cells

CD133 was first described as a potential stem cell marker in 2000 (14). Since then, 

researchers have investigated its potential as a marker for cancer-initiating cells through 

dilution and transplantation analyses. Human colorectal CSCs were first characterized as 

CD133+ tumor cells in the heterogeneous CRC population. In a 2007 study, O’Brien et al 

tested whether certain cellular subsets of human colon cancer were more likely to initiate 

tumor growth, as opposed to the stochastic model in which every cancer cell is equally 

capable of forming a tumor (15). Using a NOD/SCID xenotransplant model, the researchers 

transplanted varying dilutions of human colon cancer cells into mice and determined the 

tumor-initiating capacity of the cells. Transplantations of CD133+ human colon carcinoma 

cells initiated tumors at considerably small dilutions (1 × 103 cells/mouse), whereas very 

few mice developed tumors after receiving CD133− transplantations at much higher cell 

densities. The authors therefore concluded that CD133+ human CRC is associated with 

cancer initiation and resembles the original malignancy in vivo (4, 15). Since then, extensive 

efforts have been devoted to identify additional colorectal CSC markers that further 

phenotypically and functionally define colorectal CSCs. Certain proteins associated with the 

epithelial-to-mesenchymal transition (EMT) are most likely linked with the progression of 

cancer, and thus the cancer stem-cell phenotype. Such markers may include Vimentin (16), 

EpCam (17), OLFM4 (18), and CEACAM1 (19). Some genes linked to cell cycle and 

proliferation have also been associated with the stem cell phenotype, such as B7-H1 and p21 

(20). Certain CSC markers that may be more specific to CRC include Lgr5 (21, 22), KRT19 

(23), FABp2 (24), EphB2 (25), EpCam (26), CD166 (26), ALDH (27–29), DCLK1 (30), 

CD24 (31, 32), CD26 (33) and CD44 (26, 34), as well as its variant CD44v6 (35).

CSCs have thus far been particularly difficult to define based on phenotypic and functional 

markers. For example, even though CD133 is widely used as a CSC marker, its suitability as 

a colorectal CSC phenotypic marker is still controversial (17) (4, 36). Also, characterizing 
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CSCs in general and colorectal CSCs in particular based on certain phenotypic markers is 

still ambiguous. However, colorectal CSC markers are often unstable and likely vary 

depending on tumor stages, the types and timing of therapies and the tumor 

microenvironment (10, 37) (38, 39). Therefore, the characterization and use of colorectal 

CSC phenotypic markers should be used as relative and cellular contextual parameters rather 

than as general properties of the tumors (40).

Colorectal CSCs in Chemoresistance and Immune Evasion

Intrinsic and acquired resistance to chemotherapy and resultant tumor recurrence and 

metastasis to distant organs, primarily to the liver, accounts for over 90% of human CRC 

mortality (41). Like other types of human cancer cells, human CRC cells are now considered 

to be highly dynamic heterogeneous populations that are continuously reshaped by 

epigenetic and microenvironmental factors (5, 42, 43). Therefore, a conventional idea is that 

chemotherapeutic agents such as 5-FU kill sensitive tumor cells to selectively enrich the 

resistant subsets of tumor cells. Because 5-FU preferentially targets rapidly dividing tumor 

cells, quiescent colorectal CSCs may be spared by the chemotherapy, resulting in a relative 

increase in the CSCs due to the selective survival of the CSC subset. Indeed, several studies 

have shown that 5-FU therapy selectively enrich subsets of CRC cells with colorectal CSC 

phenotypes, including CD133+, CD44+ and Lgr5+ colorectal CSCs (3, 13, 44, 45). In a 

recent study gastric cancer cell lines were treated with increasing concentrations of 5-FU 

(24). Cells that survived this treatment were assessed for their stem-cell-like properties, 

using CD133, CD326, and CD44 as potential biomarkers. These 5-FU resistant cells were 

shown to have increased self-renewal capabilities as well as increased expression of CD133, 

CD326, and B lymphoma Mo-MLV insertion region 1 (BMI1), which have all been 

associated with the cancer stem cell phenotype. Colorectal CSCs persistence has been not 

only associated with drug resistance, but resistance to radiation as well. A 2012 study by 

Hua et al describes how a particular subset of intestinal stem cells is radioresistant. Using 

Lgr5-lacZ mice as a model for studying crypt base columnar cells, the researchers show that 

this particular subset of intestinal stem cells repair DNA damage more quickly than 

differentiated intestinal cells after mice received radiation with 12 Gy (46).

One key mechanism of the anti-tumor response in vivo is immune surveillance. While the 

idea of tumor immunity was once controversial, the emerging clinical success of PD-1/PD-

L1-based checkpoint blockade immunotherapy in human cancer patients has highlighted the 

critical importance of cancer immune surveillance in protection of the host against cancer 

(47–50) Cancer vaccines and adoptive T cell therapy are just some of the ways researchers 

have been using the immune system to control tumor growth. Like chemotherapy, the 

immune system, while suppressing tumor cells through its cytotoxic effector mechanisms, 

also imposes a selective pressure on the target tumor to enrich immune escape variants (51). 

However, whether these immune escape variants resemble CSCs is not clear. The process of 

immune anti-tumor surveillance can be compromised when immune cells themselves are 

regulated, exhausted, or otherwise functionally impaired. This can occur in several ways: 

tumor cells may down-regulate pro-death cell surface signaling molecules such as Fas to 

avoid triggering cytotoxic T lymphocyte (CTL)-mediated killing (52); tumor cells may also 

produce certain factors that promote activity of regulatory T cells (Tregs) or myeloid-derived 
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suppressor cells (MDSCs) that inhibit CTL activity. Inflammatory cells—including MDSCs

—may even directly affect tumor cell activity and growth through the production of certain 

cytokines (39, 53–55). In one recent study, researchers investigated the direct effects of 

MDSCs on the stem cell phenotype of cancer cells and performed xenograft transplantation 

of human ovarian cancer cells into immunodeficient mice to determine the minimum cell 

number needed to induce tumor growth. However, when these ovarian cancer cells were co-

cultured with MDSCs before transplantation, the number of cells needed for tumor induction 

was significantly decreased. These observations suggest that MDSCs condition and enrich 

the cancer stem-like tumor-initiating cell populations (56). Certain tumor cells can, in turn, 

promote MDSC accumulation through the production of myeloid-stimulating cytokines such 

as GM-CSF (57, 58). Thus, deregulated immune surveillance can promote tumor persistence 

and recurrence through promotion of cancer stem cells. The impact of the immune system 

on colorectal CSCs is still unclear.

Epigenetic Regulation of CSCs

Epigenetic modifications play vital roles in transcriptional regulation of key genes associated 

with cancer and stem cells (59–61). Epigenetic modifications are reversible changes to the 

structure of DNA regions through chemical additions to histones or to the DNA itself. Such 

modifications include DNA methylation, histone acetylation, histone methylation, and 

ubiquitination, among many others. Epigenetic regulation can also include gene-regulating 

RNAs, such as microRNAs. These epigenetic regulating factors can thus determine if certain 

pro-proliferative, anti-apoptotic, or other genes associated with the cancer phenotype are up- 

or down-regulated, particularly in response to certain drugs or other stimuli which promote 

epigenetic enzyme activity, such as DNA methyltransferases (DNMTs) or histone 

deacetylases (HDACs) (61, 62). Epigenetic regulation may also be involved in the 

enrichment of chemoresistant sub-populations of cancer cells, particularly in the colon 

where the process of colonic precursors to fully differentiated colon endothelial cells must 

be tightly regulated (45, 62). Any modifications to the genome that promote transcription of 

pro-proliferative genes could thereby promote colon carcinomas. Therefore, genes 

associated with the cancer stem-like phenotype could be key targets for epigenetic drug 

therapy (62–65).

DNA methylation in particular is an epigenetic modification that has been highly associated 

with almost all types of human cancers. DNA methylation in humans occurs through the 

action of DNMTs, including DNMT1, DNMT3a, and DNMT3b (66). These enzymes would 

therefore be considered ideal molecular targets for preventing DNA hypermethylation, 

which can prevent transcription of key anti-cancer genes. Decitabine is a DNMT inhibitor 

currently approved by the FDA for certain blood disorders, and has been shown to promote 

apoptosis of cancer cells, including human colon carcinoma cells (66, 67). DNA 

hypermethylation can also affect cell cycle genes, whereby the developing cancer cells can 

escape checkpoint blockade and senescence (68). As such, DNA hypermethylation plays a 

key role in the development of stemness of colon cancer cells (69).

In a recent study, DNMT1 was shown to be associated with cancer stem cell enrichment in 
vivo. Researchers tested DNA methylation and expression of DNMT1 in cancer stem cells in 
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vivo and observed that sphere-forming tumor cells express higher levels of DNMT1(70). 

Using a DNMT1 deletion model, studies showed that DNMT1Δ/Δ mice expressed fewer 

stem cell markers such as CD49+CD24− cells in the mammary tissues. DNMT1Δ/Δ tumor 

cell transplantation in mice also had a much lower percentage of tumor incidence, 

suggesting inhibition or ablation of cancer-initiation stem cells in these populations (70). 

Another recent study has also identified DNA methylation patterns in cancer stem cells in a 

mouse tumor model. Glioblastoma-derived stem cells were cultured in stem cell-specific 

medium; tumorispheres were then isolated and used for high throughput screening and DNA 

methylation changes were analyzed. Cell lines derived from the glioblastoma stem cells had 

much higher patterns of DNA methylation at key tumor suppressor genes including PENK, 

GATA6, and TES compared to the parent glioblastoma cell lines (71).

The link between DNA methylation and CSCs has also been investigated specifically in 

colon cancer stem cells. One study investigated the expression of tumor suppressor gene 

spinophilin on cancer stem cell markers such as CD133, as well as the ability of human 

colon cancer cells to form spheres in stem cell-conditioned medium and of these stem cells 

to resist treatment with 5-FU (72). After treatment with Decitabine, tumor cells were 

sensitized to 5-FU therapy and less likely to form stem cell-like spheres in culture through 

increased expression of the tumor suppressor gene. Similarly, in another study (73), 

knockout of DNMT1 in human colon carcinoma cells showed decreases in CD44+CD24+ 

cell numbers as well as impaired tumor-initiating capabilities compared to the parental 

tumor cells. These researchers also utilized transient DNMT1 knockdown using siRNA, and 

saw that short-term inhibition of DNMT1 activity was sufficient to disrupt the cancer-

initiating potential of the stem cell-like subset of human colon carcinoma cells (73). 

Furthermore, DNMT3a expression was shown to be higher in colon adenomas than in 

normal mucosal tissue, and the highest DNMT3a level was detected in Lgr5+ colon cancer 

stem cell-like cells (74). These observations thus suggest that DNMT3a is also upregulated 

in Lgr5+ progenitor cancer cells. Consequently, conditional deletion of DNMT3a inhibited 

the capacity of these cells to form tumors in the colons of immunodeficient mice (74). 

Overall, these studies demonstrated a key role of DNMTs in CSC development.

Histone modification is another example of an epigenetic mechanism that regulates 

transcription of genes associated with cancer progression, differentiation and stemness(75–

77). Histone lysine deacetylases (HDAC) and histone acetyltransferases (HAT) modify the 

lysine side chain of chromatin histones to modulate gene expression through contradictory 

mechanisms (78, 79). HDACs are highly expressed in cancer cells that are often associated 

with decreased acetylation of chromatin histones, transcriptionally inactive chromatin 

conformation, and loss of gene expression (80, 81). Several HDAC inhibitors, such as 

Vorinostat, have been approved for patient treatment by the FDA and are also commonly 

used in cancer research. Other HDAC inhibitors such as MGCD0103 are currently 

undergoing clinical trials. Cancer cells use the coordinated DNA hypermethylation and 

histone de-acetylation to silence the expression of tumor suppressor genes, thereby 

controlling cross-talk networks between the two epigenetic mechanisms in regulation of 

gene expression to their advantage (67, 82). This phenomenon is best demonstrated by the 

epigenetic silencing of the cell death receptor Fas. Fas is a death receptor in tumor cells. The 

host immune system uses FasL of the cytotoxic T lymphocytes (CTLs) to engage Fas to 
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induce tumor cell death as a key mechanism of its cancer immune surveillance (83). Fas is 

highly expressed in normal human colon epithelial cells but is diminished in colon 

carcinoma cells, whereas complete silencing of Fas is often see in the metastatic human 

colon carcinoma cells in vivo (84, 85). Thus human colon carcinoma may use silencing of 

Fas to evade the host cancer immune surveillance to advance the disease (52). Treatment of 

the metastatic human colon carcinoma cells with Decitabine and Vorinostat cooperatively 

increased Fas expression and sensitized the tumor cells to FasL-induced apoptosis in vitro 
and CTL-mediated tumor suppression in vivo (67). HADCs have been shown to regulate 

intestinal stem cell homeostasis, and inhibition of histone de-acetylation by HDAC inhibitors 

inhibits the ability of cancer-initiating cells to form spheres in stem cell conditioned media 

(76). However, the role of histone acetylation in regulation of colorectal CSC stemness 

remains an area to be explored.

Histone methylation can also affect whether or not certain genes are transcribed, though its 

classification as a transcriptionally active or repressive state may be dependent on the cell 

type, as well as the particular lysine residue that is affected. Histone methyltransferases 

(HMTases) have been shown to be upregulated in certain types of cancers (86). The 

Enhancer of Zeste homolog 2 (EZH2) enzyme is a HMTase known to be involved in 

different signaling pathways and gene regulatory pathways associated with colon cancer. 

This regulation may have direct and/or indirect effects on tumor progression. For instance, 

the epidermal growth factor (EGF) and its receptor (EGFR) are involved in pro-proliferative 

signaling pathways in multiple cancer types, including colon cancer. Research has recently 

shown that inhibition of this pathway can be enhanced by concomitant inhibition of EZH2 

using a specific HMTase inhibitor, UNC1999 (87). Interestingly, HMTases seem to act in 

concert with histone acetylation and DNA methylation to regulate tumor suppressor genes 

such as Fas in human colon cancer cells (52),suggesting multifaceted epigenetic regulation 

of tumor suppressor genes in human colon cancer (52, 67). HMTase regulation can also 

affect pathways associated with stem cell-like phenotypes. EZH2 has been shown to be 

highly upregulated in poorly differentiated breast cancer stem cells through increased 

H3K27 methylation (88). Further research has shown that, not only repressive histone 

methylation against tumor-suppressive pathways, but also active histone methylation marks 

at stem cell genes can affect cancer progression. H3K4me3 is associated with transcriptional 

activation, and has been shown to be enriched at promoter regions of certain stem cell genes, 

including NANOG, OCT4, and MYC (89). The implications of histone methylation 

regulation of colon cancer stem cells have yet to be determined.

Regulation of CSCs by Tumor Microenrionmental Factors

Emerging evidence indicates that CSCs are continuously shaped by the tumor 

microenvironmental factors (39, 42, 43, 90). These factors may include cytokines IL17A, 

IL22 and TGFβ, tumor stromal factors BMP antagonists, MM proteases, hepatocyte growth 

factor (HGF), osteopontin (OPN) and Jagged 1 (38, 43, 56). Immune cells, including T cells 

and MDSCs, comprise some of the major populations of cells in the tumor 

microenvironment (91). In addition, immune modulatory molecules such as IL17A, IL22 

and IL10 are often present in the tumor microenvironment (20, 38, 39, 56). Epigenetic 

mechanisms are therefore expected to interfere with interactions between CSCs and immune 

Paschall and Liu Page 6

Curr Colorectal Cancer Rep. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in the tumor microenvironment (38, 92). Epigenetic regulation of MDSCs has not been 

well-studied. However, histone acetylation has recently been implicated in the differentiation 

and suppressive phenotype of MDSCs in vivo (93). Specifically, when HDAC11 is knocked 

out in mice and these animals are challenged with tumor cells, MDSCs from the spleens of 

these mice are shown to have a more inhibitory effect on IFNγ production in T cells, which 

correlates with the production of immune suppressive cytokine IL10 (93). The co-

localization of MDSCs and CSCs in the tumor microenvironment and the resultant cancer 

persistence and progression suggest a close relationship between MDSCs and CSCs. In 

colon cancer, epigenetic and immune regulation of cancer can work both ways: immune 

cells can induce epigenetic changes that promote colon cancer stemness (39, 92). Indeed, a 

recent study showed that MDSCs triggered miRNA-101 (miR101) expression in cancer 

cells. miR-101 subsequently represses the co-repressor CtBP2. CtBP2 directly targeted stem 

cell core genes, resulting in increased cancer cell stemness and increasing metastatic and 

tumorigenic potential (56). Therefore, the MDSCs-miR101-CtBP2-stem cell core genes axis 

extrinsically controls cancer stemness to impact patient outcome.

In addition to miR101, several other miRNAs, including miR215, miR218 and miR328, 

have been shown to promote colorectal CSCs (94–97). The transcription factor CDX1 is a 

key regulator of differentiation in the normal colon, as well as in CRC. CDX1 activates 

transcription of enterocyte genes (97). Jones et al recently determined that miR-215 acts as a 

direct transcriptional target of CDX1 in CRC cells. miR-215 expression is depleted in 

FACS-enriched cancer stem cells. Furthermore, miR-215 mediates the repression of cell 

cycle and stemness genes downstream of CDX1, including gene BMI, to promote stemness 

and self-renewal of colon CSCs (94). However, whether these miRNAs can be regulated by 

tumor-infiltrating immune cells such as MDSCs in the tumor microenvironment is unknown.

IL-22+ immune cells have been shown to protect developing colon tumors. Co-culture of 

IL22+ T cells with colon cancer cells in stem cell-specific media showed increased sphere 

formation. IL22+ cells were also shown to activate the STAT3 transcription pathway and 

upregulate expression of an HMTase, disruptor of telomeric silencing 1-like (DOT1L) (92). 

DOT1L methylates H3K79, and was shown to be associated with the transcription of several 

stem cell-associated genes, including NANOG and SOX2. The interplay of immune 

modulators and epigenetic regulators is thus an important consideration in the understanding 

of colon cancer stem cells and resistance to therapy.

Conclusion

Recent studies have firmly linked colorectal CSCs to self-renewal, tumor initiation, 

chemoresistance and radioresistance, providing a strong rationale to develop targeted 

therapy to suppress colorectal CSCs in cancer therapy. However, emerging experimental data 

from both colorectal cancer patients and genetic and cancer mouse models indicate that 

colorectal CSCs are highly heterogeneous and exhibit dynamic plasticity. This 

heterogeneousity and plasticity are apparently not only mediated by genetic and epigenetic 

factors, but as we know now also continuously reshaped by microenvironmental factors such 

as tumor-infiltrating MDSCs and T cells (Fig. 1). Various colorectal CSC-defining 

phenotypic and functional markers have been identified. However, these markers are 
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unstable and potentially tumor stage and cellular context-dependent. More recently, immune 

checkpoint blockade immunotherapy has renewed hope for controlling human cancer by 

showing durable efficacy in many types of human cancers in the last few years. However, 

outside MSI-H CRC, which accounts for only about 4% of advanced CSC patients, CSC 

stands out as one of the few cancers types where PD-1, PD-L1, and CTLA-4 inhibition 

immunotherapy has been unsuccessful. What distinguishes CRC from other tumor types 

immunologically is unclear. Considering the functions of immune cells in shaping colorectal 

CSC stemness and the key role of colorectal CSCs in chemoresistance and immune evasion, 

colorectal CSCs may be a significant contributing factor of the failure of immune checkpoint 

immunotherapy in human CRC patients. Therefore, further elucidation the genetic, 

epigenetic and immunological mechanisms underlying colorectal CSC homeostasis will 

provide the foundation for development of targeted therapy not only for overcoming CSC 

chemo- and radioresiatance, but also for enhancing the efficacy of immune checkpoint 

blockade immunotherapy for human CSC patients.
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Figure 1. Model of Colorectal CSCs.
Colorectal CSCs are subsets of tumor cells that are heterogeneous and exhibits high 

plasticity in the tumor microenviroment. The CSC phenotypes are unstable and are 

continuously reshaped by genetic, epigenetic and microenvironmental factors in the tumor 

microenvironment. Colorectal CSCs possess self-renewal and tumor initiation potential. 

Chemotherapy and immunotherapy may apply a selection pressure to eliminate sensitive 

cells to selectively enrich a subset of the slowly dividing or quiescent CSCs.
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