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1. Introduction 

1.1. Colorectal cancer  

1.1.1. Definition and basics 

Colorectal carcinomas (CRC) are defined as tumors occurring in the colon (colon cancer) and 

rectum (rectal cancer) (1).  These cancers are grouped together based on the similar organ of 

origin (large bowel), similar anatomical structure, as well as comparable histological features 

(2). CRC often results from precancerous polyps either localized growth or accumulations of 

abnormal cells in the inner lining of the colon (1,3). More than 90% of all CRC cases are 

adenocarcinomas emerging from mucous-secreting cells (4). Neuroendocrine tumors, 

lymphomas, sarcomas, and squamous cell carcinomas are the rare types found in the 

colorectum (5).  

 

1.1.2. Epidemiology  

CRC is the third most commonly diagnosed tumor entity in both female and male worldwide 

(6,7). The higher frequency of this type of cancer in developed countries is reflected by a 

sedentary lifestyle (8). Despite advances in screening and therapeutic approaches that have 

contributed to improved overall rates, it still ranks second with regard to cancer-related death 

in Europe (6,9) as well as in the world (8).  

Data from the World Health Organization reported over 1.8 million newly diagnosed cases in 

2018 with 862,000 deaths (10). In Germany, nearly 60,000 new cases are diagnosed every year 

with a death rate by almost 30%. The high average age of onset (72 years in men and 75 years 

in women) characterizes CRC as an age-related illness (11). However, recent epidemiological 

data describe an increase of about 2% in men and women younger than 50 years. According to 

recent forecasts, CRC incidence rate will significantly increase until 2030 in patients aged 

between 20 to 34 years (12).  

Survival correlates with tumor stage at time of diagnosis (9). The average of the 5-year survival 

rate for both sexes is 63% in colon cancer and 67% in rectal cancer (13) which ranges from 

90% in patients with stage I (localized tumors) to 15% in patients with stage IV disease (distant 

tumors) (14).  
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1.1.3. Risk factors  

CRC pathogenesis is influenced by modifiable and nonmodifiable risk factors (3). Some 

elements such as lack of exercise, obesity, smoking, alcohol, high-fat processed food, and red 

meat are modifiable factors (1,12). Changes in lifestyle may decrease the risk of developing 

CRC (3). Other non-modifiable factors include age, gender (53% in men vs. 47% in female) 

(2), race, the presence of chronic inflammatory diseases, such as inflammatory bowel disease, 

and hereditary conditions (1,12). The latter plays a major role in cancer development (4,12). 

Up to 35 % of all CRC cases are due to hereditary mutations. Still, driver mutations are only 

detectable in a small number of patients (around 5 – 10%). Here, germline mutations in tumor 

suppressors, including adenomatous polyposis coli (APC), as well as the DNA mismatch repair 

(MMR) genes (MLH1, MSH2, MSH6, PMS2) are the most common ones (15,16). Germline 

MMR gene mutations are associated with the Lynch syndrome (formerly known as hereditary 

nonpolyposis colorectal cancer (HNPCC). This tumor syndrome accounts for 2-3% of all CRC 

cases and is clinically challenging due to the heterogeneous presentation. Patients suffering 

from Lynch syndrome develop a complex tumor spectrum, including CRC, gastric cancer, 

endometrium cancer, and others (17,18). The average age of CRC onset in Lynch syndrome is 

45 years and thus decades earlier than the average age seen in the general population. The same 

accounts for patients harboring APC germline mutations. Clinically, these patients suffer from 

familial adenomatous polyposis (FAP), detectable in about 1% of CRC cases. A hallmark of 

FAP is the presence of hundreds to thousands of small adenomatous polyps throughout the 

entire length of the colon with almost complete penetrance by the fourth decade (19). 

Still, the large majority of CRC are sporadic with no family history or obvious genetic 

predisposition (20,21) and contain somatic mutational hotspots in tumor suppressor genes, 

including tumor protein p53 (TP53) and Bcl-2-associated X protein (BAX), as well as proto-

oncogenes, such as Kirsten rat sarcoma (KRAS) and BRAF (17,18). Somatic mutations as well 

as epigenetic alterations such as promotor hypermethylation contribute to CRC formation. 

Aberrant methylation of tumor suppressor genes prevents gene transcription and causes 

functional loss of the corresponding gene (3,22).  

 

1.1.4. The adenoma-carcinoma sequence 

Typically, CRC arise from adenomatous (precancerous) polyps which gradually accumulate 

genetic and epigenetic changes as polyps increase in size (23,24). This process from adenoma 
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to carcinoma and finally metastasis can take decades (23,25). Dividing polyp cells can grow 

into the colon and rectal wall and may enter the nearby lymph nodes through blood or lymphatic 

vessels, eventually spreading to distant organs. However, less than 10% of polyps progress to 

invasive cancer (26). Nonetheless, early detection and resection of precancerous polyps are 

vital to intervene the adenoma-carcinoma sequence and stop CRC development. 

 

1.1.4.1. Morphological and molecular changes 

The morphological and molecular changes during tumorigenesis are outlined in Figure 1 (27). 

The polyp size enlarges as the cells begin to proliferate, known as hyperplasia. This hyperplasia 

usually coincides with acquired (somatic) or inherited (germline) DNA mutations and 

epigenetic changes, which then lead to cytological and histological dysplasia (24). With time, 

escalation of DNA damage may cause the severe dysplasia, predicting a high risk of 

progression to invasive cancer (3).  

 

 

According to the 1990 proposal by Fearon and Vogelstein, the acquisition of ordered genetic 

alterations is necessary for the development of cancer. Mutations in the APC gene are the 

driving event in adenoma formation that lead to uncontrolled cell proliferation (23,28). APC 

itself acts as a negative regulator of the Wnt signaling pathway, which stimulates the 

Figure 1. Molecular and histological changes during progression of colorectal cancer. 

Genetic or epigenetic alterations increase with polyp growth. These changes cause the specific genes 
to be on or off. MSI pathway is triggered either by gene mutation or by aberrant methylation. 
Mutations in APC, TP53 or BAX result in loss-of-function, while KRAS and BRAF are activated. The 
question mark indicates unknown genetic or epigenetic changes leading to metastatic progression. 
Green arrows and red blockers denote oncogenic and tumor suppressor factors, respectively (27). 
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degradation of β-catenin and inhibits the Wnt pathway (Figure 1). APC inactivation leads to 

sustained intracellular β-catenin levels and prolonged activity of the Wnt signaling pathway in 

CRC cells (22).  

Transition from early to intermediate and late adenoma is driven by mutations activating the 

proto-oncogene KRAS and additional mutations in TGF-β (transforming growth factor beta), 

PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha), and TP53 

(23,28). P53 is a key regulator involved in apoptosis, cell cycle regulation, senescence, 

angiogenesis, immune response, cell differentiation, motility, and migration. Therefore, loss of 

function of TP53 affects a variety of cell functions that ultimately results in carcinogenesis 

(28). 

 

1.1.5. CRC - a heterogeneous disease  

Over the past decades, advances in understanding of the genetic and epigenetic mechanisms 

have identified different molecular subgroups in CRC. To date, at least three major molecular 

mechanisms have been postulated as promoters of carcinogenesis. These include chromosomal 

instability (CIN; the most frequent one with about 70%), microsatellite instability (MSI; 

accounting for 15%) as well as the CpG island methylator phenotype (CIMP, ~15%) 

(20,29,30). These molecular variations can arise alone or in combination with other alterations. 

In fact, this phenomenon creates a tumor heterogeneity that contributes to different clinical and 

pathological characteristics (31). 

CIN tumors are microsatellite stable (MSS) (32) and development follows the classical 

adenoma-carcinoma sequence (3). It is characterized by numerical or structural chromosomal 

aberrations that arise during cell division because of chromosome mis-segregation (30,33). 

These tumor frequently harbour mutations in specific oncogenes (KRAS and BRAF) and tumor 

suppressor genes (APC or TP53) as previously described (Figure 1) (22,30). Another molecular 

mechanism is MSI caused by disruption of DNA MMR genes, as stated earlier in paragraph 

1.1.3. (32). Defective MMR system leads to insertion or deletion of microsatellites sequences 

and the formation of numerous mutations. In sporadic MSI tumors, promoter hypermethylation 

is the main cause of MMR gene inactivation. While MLH1 is the main target here, MMR loss 

in the hereditary counterpart Lynch syndrome is due to germline MMR gene mutations and a 

somatic second hit in the remaining allele (30). The third pathway, assigned as CIMP, is 

characterized by loss of function of tumor suppressor genes and/or MMR genes through 
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widespread epigenetic modifications. Here, CpG island are hypermethylated in promotor 

regions (4,32). The CIMP pathway is detectable in both MSI and MSS tumors (20).  

 

1.1.6. Prognosis  

The prognosis and therapeutic options for cancer patients depend on the stage at diagnosis. By 

performing extensive surgical resection and/or adjuvant (radio-) chemotherapy, early CRC is 

usually curable (34). However, when diagnosed at an advanced or even metastatic stage, 

affected patients have a poor prognosis and conventional treatment is ineffective in the vast 

majority of patients (35). In stage II and III patients, clinical activity of adjuvant chemotherapy 

varies due to CRC molecular heterogeneity. Thus, identification of prognostic biomarkers will 

help to identify patients likely benefitting from adjuvant chemotherapy and/or predicting risk 

stratification of relapse. This in turn will finally improve prognosis by selecting an optimal 

therapy regimen (20). Several mutations were already found to be associated with poor patient 

outcome and/or treatment failure (36). These include, among others, somatic mutations in 

TP53. Still, this does not serve as a routine prognosis marker for CRC (37). Mutant APC, which 

appears in early development of CRC, is considered another helpful biomarker for identifying 

high-risk individuals (38). Likewise, KRAS and BRAF as well as MSI status are usually tested 

in clinical practice (36,39,40). While KRAS and particularly BRAF mutations are associated 

with a poor prognosis, MSI is a good prognostic biomarker (40). CIMP without MSI is 

independently associated with significantly worse outcome (41). Vice versa, MSI-High (MSI-

H) tumors have the best prognosis (4,41).  

To refine diagnosis and predict outcome, comprehensive molecular testing for early and precise 

diagnosis, such as tumor mutational burden, as well as epigenetic alterations is recommended 

(16). To this end, next generation sequencing is a highly sensitive state of the art system for 

precise molecular characterization of both sporadic and hereditary CRC (15).  

 

1.1.7. Cell of origin in CRC  

The last decade has seen much effort in molecular understanding and contributed to refinement 

of treatment. Still, a large number of patients suffer from tumor relapse and metastasis -

particularly in previously diagnosed advanced stages (42,43). Conventional treatment based on 
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application of cytostatic drugs targets rapidly proliferating cells while sparing certain cell types, 

known as cancer stem cells (CSCs) or cancer initiating cells (44,45).  

Stem cells exist in three forms. These include germline, embryonic, and somatic stem cells 

(ESCs and SSCs). Somatic or adult stem cells are responsible for the normal blood and tissue 

regeneration in organs such as the skin and colon. This regeneration is controlled through the 

asymmetric division that creates differentiated progenitor cells for the organ's lifetime (46). 

There is still an unanswered question in the context of stem cells in cancer biology. The 

question is whether the primary target in carcinogenesis process is either stem cells, progenitor 

cells or dedifferentiated cells acquiring stem cell properties (46,47). In fact, a small 

subpopulation within the bulky tumor mass has the capacity to preserve long-term growth of 

the tumor. Studies on leukemia and solid cancers confirmed the presence of cells with stem 

cell capabilities; but no information was given about the origin of CSCs (46). However, stem 

cells have higher potential to accumulate carcinogenic mutations than differentiated cells. This 

is thought to be due to their longevity and self-renewal abilities. Hence, they can be the key 

target for early events in the process of carcinogenesis (46). There is growing evidence for the 

hierarchical model in carcinogenesis, with CSCs at the apex. According to this model, cancer 

initiation, development, drug resistance, malignant growth, and metastasis are driven by this 

rare subpopulation (48,49). Therefore, recognition, successful targeting, and eradication of 

CSCs may represent a promising therapeutic approach for cancer treatment. 

 

1.2. Cancer stem cells 

1.2.1. CSCs history  

The idea of CSCs dates back to 1855, when Virchow proposed that cancer growth resulted 

from remnants of undifferentiated embryonic cells in adult tissues. It was later formulated by 

Cohnheim in 1875 as an "embryonal rest theory" (48,50). In 1937, leukemia transmission in 

mice was carried out using a single cell (48). In the 1960s, Pierce and colleagues demonstrated 

that the single embryonic cancer cell was multipotent and could cause heterogeneous 

teratocarcinomas in mice (51). Finally, the CSCs concept was explained in 1971 by Park (52). 

Then, the first indication of the presence of stem cells in cancer was reported in 1997 in human 

acute myeloid leukemia (53). This identification was the starting point for further investigations 

in other cancer entities and have contributed to the characterization of stem cells in brain (54), 
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breast (55), lung (56), colon (57–59), ovary (60), pancreas (61), bladder (62), skin (63), liver 

(64), and prostate cancers (65,66). Characterization of this rare fraction in various cancers has 

evoked scientific interest in thinking about the role of these cells in cancer relapse (67).  

 

1.2.2. Cancer stem cell properties   

CSCs share specific properties with normal SSCs and ESCs. They have an increased self-

renewal ability, achieved through the cooperative interaction of symmetrical and asymmetrical 

cell divisions (45,68). With this function, a single CSC can maintain the pool of its stem cells 

and extend its lifespan (68). Another common characteristic among stem cells is their potential 

of multi-lineage differentiation (45,69). In both ESCs and CSCs, pluripotency is maintained by 

several transcription factors, namely octamer-binding transcription factor 4 (OCT4), Nanog 

homeobox (NANOG), and SRY-box 2 (SOX2) (48).  

CSCs can, similar to the other stem cells, switch functional features from stem cell to non-stem 

cell properties (48,70) or in other words, they have a high plasticity (71,72). This includes 

proliferative or quiescent states, transition between epithelial and mesenchymal state (EMT or 

MET), and symmetric/asymmetric cell divisions (70). This plasticity can serve as cause for  

 

incomplete cancer elimination and subsequent cancer recurrence (47,48). To overcome this 

obstacle, escape mechanisms of CSCs leading to therapy resistance must be understood. 

Growing evidence suggests that the combination of conventional chemotherapy with agents 

Figure 2. Summary of key strategies involved in therapy resistance of CSCs (73). 
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that specifically target the CSCs pathways may provide a better efficacy (73). Some of self-

protection strategies in CSCs are shown in Figure 2 and include the increased DNA repair 

capability, EMT and MET, selective quiescent, membrane transporters and drug efflux (48,74), 

diminished expression of pro-apoptotic p53 proteins, and increased expression of anti-

apoptotic proteins such as B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-

xL) (75). 

CSCs possess defense mechanisms similar to normal stem cells, such as multidrug resistance 

(MDR) and pump activity. The existence of a rare fraction, the so-called side population (SP), 

has been proven in various types of cancer (73).  

The SP population was first described by Goodell in 1996 as a rare distinct subset of bone 

marrow cells. They share their phenotype with hematopoietic stem cells and exhibit low 

Hoechst staining (76). Zhou et al. showed that low Hoechst pattern in a SP fraction is the 

consequence of highly concentrated ABC transporters and their activities. This method was 

then introduced as a meaningful strategy for purifying stem cells in normal and cancerous 

tissues (77). This cell population has highly elaborated efflux systems (including MDR1, ATP-

binding cassette transporter G2 (ABCG2), and ATP binding cassette subfamily B member 1 

(ABCB1)) to pump out a variety of genotoxins in an ATP-dependent manner (e.g., ATP-

binding cassette (ABC) transporter). This leads to the MDR phenomenon (in CSCs) and to 

protection from chemical damage. The expression of such efflux pumps is strongly associated 

with tumor relapse and metastasis (78,79). Alisi et al. even suggested overexpression of ABC 

proteins as the most likely important protective mechanism for CSCs in response to 

conventional chemotherapeutic regimens (75). Later on, expression of ABCG2 and its 

involvement in drug resistance were enormously investigated in CRC (80–82) and various 

cancer types (83–85). Principally, increased resistance to commonly used therapy and higher 

expression of ABC transporters were reported in stem cell populations. The CSCs were isolated 

based on SP cells, known surface markers, or spheres and finally compared to the matched 

non-stem cells compartment.  

In 2015, an increase of human endogenous retroviruses (HERVs) subfamily H RNA expression 

was shown in ESCs (86). These HERV-H transcripts possess (potential) binding sites for 

specific transcription factors recruitment such as LBP9 (lipopolysaccharide binding protein 9) 

(87), NANOG (86,87) and OCT4 (86–88). All of them are associated with stem cells and 
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pluripotency. Thus, such endogenous retroviral sequences might play an essential role in 

induction and maintenance of pluripotency in ESCs (86) and potentially also in CSCs. 

 

1.2.3. Identification/characterization of cancer stem cells  

Choosing the most appropriate model to reflect the characteristics of a certain tumor is one of 

the greatest challenges for cancer research (89). CSCs are commonly isolated via in vivo and 

in vitro technologies. To test tumorigenic ability in vivo, candidate cancer cells either form 

human tumors or cancer cell lines are transplanted into immunodeficient mice. Despite its 

limitations, this method is widely used. For instance, remodeling of a similar tumor niche 

containing CSCs-specific cytokines has failed in the animal model (90). In addition, humans 

and mice differ in terms of physiology. This is an obstacle to gain precise insights into the 

operative mechanisms in human carcinogenesis (91). Another variety is the rarity of the loss 

of heterozygosity in mice, often occurring in human, such as the APC gene in CRC (89).  

There are several in vitro methods to enrich CSCs population. One of the traditional tactics is 

to isolate a tumor population that expresses specific surface markers of the corresponding 

normal stem cells (45,73). However, due to limited reproducibility and the variable expression 

level, there is an increasing disagreement in marker-based assays (48). CSCs can be identified 

by colony formation, three-dimensional (3D) cell cultures (73) and isolating SP via sorting 

(92). Growing tumor spheres in 3D culture reflect behavior of the native cancer tissue at best. 

Given that, it serves as a reliable model in therapy studies, as well as investigation of 

proliferation, invasion, cell-cell/matrix interaction, and metabolism (89). Another simple 

method for detecting CSCs is based on Hoechst dye 33342 staining and flow cytometric 

analysis. Here, stem or stem-like cells pump out the dye much faster than their normal cellular 

counterparts – and can be recognized as less-stained “SP “ (75,92). 

 

1.2.4. Cancer stem cells in colorectal cancer 

Initial studies on CSCs in CRC started in 2007 by two different groups. In both studies, CD133 

-a putative stem cell marker- was used to isolate CSCs from patients’ specimen (58,59). 

Isolated CD133+ cells showed outstanding features such as tumor formation in mice, the 

maintenance of an undifferentiated state in serum-free culture, and the aggressiveness over the 

time (59). Furthermore, CD133- cells that comprise the majority of tumor cells, could not 
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initiate tumor growth in mice (58). Based on these studies, the hierarchical organization is a 

consistent model in CRC formation. Undifferentiated tumorigenic CD133+ cells were also 

termed as the stem cell fraction in tumors (58,59). Later in 2007, Todaro et al. reported a large 

population of differentiated cancer cells and a small portion of the undifferentiated cells in 

CRC patients. It was also shown that CD133+ cells protected themselves against apoptosis by 

interleukin 4 (IL-4) secretion. Besides, colonospheres were generated in serum free medium 

supplemented with epidermal growth factor (EGF) and basic fibroblast growth factors (bFGF). 

Interestingly, expression of CD133 protein was sustained in 90% of all colonospheres that were 

introduced as a population containing stem-like cells in vitro (57). Afterwards, efforts were 

made to identify possible new markers and to investigate the role of CR-CSCs in 

carcinogenesis (Table 1).  

 
 
Table 1. List of CSCs studies and related findings in CRC. 

Samples Outcome 

CRC lines  

(E450, CSC1, and Co100) 

Correlation of Wnt activity with:  

- CD133, CD166, and CD29 expression 

- Clonogenicity (93) 

Animal models (94) 

Patient-derived organoid (95) 

- Prevention of primary tumor growth after exhaustion of    

  LGR5+ 1 cells 

- Filling the LGR5+ CSCs pool by LGR5- cells (94,95) 

CRC lines  

(SW480, DLD-1) 

Transduction with OCT3/4, SOX2, and KLF42 increased: 

- Expression of stem cell related genes  

- Sphere formation 

- Chemoresistance 

- Tumorigenicity (96) 

15 independent studies  

(∑ 2300 cases) 

Significant correlation of CD133 overexpression with: 

- Poorer clinical outcome 

- T and N stages  

- Vascular invasion in CRC patients (97) 

 
1 . Leucine-rich repeat-containing G-protein coupled receptor 5 

2. Kruppel-like factor   
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CRC and matched cell lines 

- CD133+ in normal and cancer 

- CD133 = CSCs marker in CRC 

- Differentiated CSCs: different CD133 glycosylation and 

localization (98) 

CRC lines  

(Caco-2, LoVo) 

- Correlation between CD133 and low survival 

- No link between CD133 reduction and invasion,  

  proliferation, or colony formation (99) 

523 formalin-fixed and 

paraffin embedded CRC 

Significant correlation of: 

- CD133 with gender and advanced T stage 

- CD24 with degree of differentiation  

- CD44 with tumor size (100) 

Normal mucosa, normal-

appearing mucosa from FAP, 

adenomas, and carcinomas  

ALDH13- expressing cells; 

- Few at the bottom of normal crypt  

- Increase in number and migration to upper part of the  

  crypt during transformation 

- Marker to identify and enrich colonic CSCs (101) 

60 CRC and matched normal 

tissues 

CD44+ vs. CD133+: 

- Different localization  

- Reduced tumorigenicity after being knockdown 

- Functional role in CR-CSCs and cancer initiation (102) 

CRC lines (LS174T, HCT15, 

SW620), 11 adenocarcinoma 

tissues, one primary tumor 

cell line, and five primary 

xenograft tumors  

CD44hi: 

- Enhanced colony forming efficiency  

- Higher in vivo tumorigenicity at low cell numbers 

- Recapitulation of primary tumors’ heterogeneity  

- Increased tumorigenicity when combined with ALDH  

- Enriched nuclear localization of β-catenin (103) 

 

Results obtained from these studies will help to move forward in understanding of how CR-

CSCs initiate tumor formation, metastasis, and therapy resistance.   

 
3. Aldehyde dehydrogenase 1  
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1.3. Endogenous retroviruses (ERVs) 

1.3.1. Definition and basic knowledge 

HERVs originate from infectious exogenous retroviruses that were fixed in the germline DNA 

as a result of endogenization processes millions of years ago (104–106). Approximately 1% of 

the human genome consists of ERVs (107), classified into several families, ranging between 

22 (108) to 31 families (109). This classification is based on the similarities in the pol gene 

sequence (110,111) and the homology of their primer binding site to the complementary host 

tRNA (112). These include among others tryptophan (W) for HERV-W, lysine (K) for HERV-

K, arginine (Arg) for HERV-R (108), phenylalanine (Phe) for HERV-F, and histidine for 

HERV-H (113). The genomic structure of HERVs is similar to the exogenous retroviruses that 

consist of four genes including gag (group antigens), pro (protease), pol (polymerase), and env 

(envelope). The genes are flanked by identical long terminal repeat (LTR) at the 5' and 3' ends 

(114,115), functioning as promotor or enhancer. They contain RNA regulatory regions and 

transcription factor binding sites (114). LTR retroelements comprise roughly 8% of the human 

genome and consist of at least 200,000 individual loci (104,109).  

Random genetic drift, natural selection and post-endogenization mechanisms lead to the loss, 

fixation or multiple copies of the retrovirus sequences. In the course of evolution, hundreds of 

various ERVs loci have been accumulated in the human genome, resulting in mutations in the 

primary viral genome (106). Mutations inhibit the viral particles to assemble normally as well 

as preventing mobility of these elements. Thus, they are trapped in the hosts’ genome and lose 

their ability to infect other cells (116). Indeed, the vast majority of HERV elements are 

replication incompetent due to mutations, deletions, and epigenetic mechanisms in open 

reading frames (ORF) of coding genes during endogenization (104,109). In contrast to the 

defective coding sequences, there are a few thousands HERV LTR elements with active ORF 

(111,114). The ORF can regulate transcription of adjacent genes (both viral and host genes) 

(117) with partially conserved viral promoter, enhancer and polyadenylation signals (111,113). 

So far, Syncytin-1 (HERV-W) and Syncytin-2 (HERV-FDR) are the only HERV-derived 

proteins with physiological function expressed during placentation (118). Conversely, aberrant 

HERV reactivations occurs in several pathological situations such as multiple sclerosis and 

cancers (110). Studies on the transcription of HERV family members are listed in the Table 2. 
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Table 2. List of HERV families associated with various tumor entities. 

Cancer type HERV family References 

Melanoma  HERV-K (HML2) (119,120) 

Leukemia and Lymphoma HERV-K (HML2) (121,122) 

Breast cancer HERV-K (HML2) (123) 

Ovary tumors HERV-K (HML2) (124) 

Prostate cancer HERV-E (125,126) 

Seminoma  HERV-W (126) 

Liver and Lung cancers HERV-R (127) 

Colorectal cancer HERV-H (128–131) 

 

 

1.3.2. Functional roles of HERVs in cancer development 

Despite increasing studies on the topic of HERV, functional roles in carcinogenesis are not 

definitely understood. Some of the possible mechanisms are shown in the Figure 3.  

To date, HERVs’ transcripts have been documented as non-coding RNA and/or functional 

peptides that can activate or suppress proto-oncogenes. Besides, activated LTRs’ promotor may 

act as an alternative promotor or enhancer for cancer-related genes, leading to uncontrolled 

proliferation. LTR elements also provide a binding site for transcription or regulatory factors 

involved in oncogene activation. Furthermore, non-allelic homologous recombination between 

HERVs may result in chromosomal rearrangements and genetic mutations (113). The other 

mechanism is inactivation of tumor suppressor genes due to a de novo insertion or translocation 

of these elements (132). Some HERV-envs may be able to activate signaling pathways that 

promote the immunosuppressive response by possessing putative immunosuppressive domains 

or by coding env-derived variants such as Np9 and Rec as potential oncogenes (133).  

Interestingly, it was observed that tumor-derived vesicles contained HERVs transcripts, 

suggesting tumor-derived HERV-RNA may stimulate metastasis by transferring to normal 

cells (113). The best-known physiological role of HERV is cell fusion, which occurs in 

placenta development by env proteins. However, env proteins encoded by HERV-K mediated 

intracellular fusion of cancer cells in melanoma. This phenomenon may contribute to 

malignancy, tumor progression, and therapy resistance (134).  
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1.3.3. HERV-H family 

In the human genome, the HERV-H family has approximately 1000 copies in full length, 

truncated, and solitary, making it the largest HERV family (135,136). The most common 

integrated ERV-H in the human genome is around 5.8 kb and consists of the truncated gag and 

pol genes, while the env coding region has been lost (137,138). These fragments are flanked 

by one of the LTR7 subtypes, namely LTR7, LTR7A, LTR7B, LTR7C, and LTR7Y (139). 

Conversely, almost 50-100 copies of intact HERV-H sequences with a size of 8.7 kb have been 

found in human genome. Although some of them have an ORF for the env gene, no env protein 

with physiological function has been reported (138,139). It is believed that the env protein is 

the most important replicated HERVs in pathological situations with immunosuppressive 

function. So far, replication of intact env proteins was described in three integrated HERV-H 

with open ORF such as env62, env60, and env59 (136). Given the high similarities within the 

H family, it is still problematic to analyze the transcription of HERV-H copies (113). Hence, it 

is largely unknown whether env or other HERV-H genes are expressed either as non-coding 

spliced transcripts or as functional proteins. In the last decade, several studies reported the 

Figure 3. Potential mechanisms of HERV‐mediated oncogenesis (113). 
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accelerated transcription of the HERV-H elements (LTR) in ESCs (88,140). These transcripts 

were mainly long noncoding RNAs (lncRNAs) needed for maintenance of the stem cell identity 

(88). Moreover, a study in 2012 discovered binding of NANOG, OCT4, and SOX2 to LTR 

sequences of transcriptionally active HERV-H (Figure 4). Additionally, HERV-H-RNA 

reduced with stem cell differentiation similar to that observed for OCT4 and NANOG (140). In 

conclusion, all these data strongly support the hypothesis of using HERV-H as a reliable 

indicator of pluripotency in stem cells. 

1.3.4. The presence and functional role of HERV-H in CRC 

HERV-H transcripts have already been identified in normal (placenta, skeletal muscle, spleen, 

and thymus) and cancer cells (teratocarcinoma, bladder carcinomas, testicular tumors, and lung 

tumors) (141). Furthermore, Stauffer et al. revealed the preferential expression of HERV‐H 

loci in CRC and prostate cancers (107). In 2004, Wentzensen et al. identified an upregulated 

env locus in colon adenomas and tumor tissues without notable changes in matched normal 

tissue (128). Later in 2007, overexpression of a HERV-H element on chromosome X was found 

in 47% of colorectal, 40% of gastric, and 17% of pancreas cancer samples (129). Likewise, 

Figure 4. A scheme of the HERV-H functionality in stem cells. 

The model shows that LTR7 of HERV-H functions as a scaffold to recruit pluripotency-associated 
transcription factors and histone modifiers such as p300. This incorporation controls LTR7 
enhancer activity and leads to expression of neighboring genes, mainly involved in pluripotency 
and acquisition of stem cell identity. 

created with BioRender.com 
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Alves et al. reported the selective transcription of a HERV-H locus on chromosome X in CRC 

tissues while it was not detected in normal colon (142). 

As explained above and outlined in Table 2, the HERV-H family is particularly associated with 

the colon (128,129). Some of these sequences were exclusively found in CRC, but not in 

normal mucosa or in other organs (130,131,142). In 2012, it was proposed that CRC-specific 

HERV-encoded sequences might well represent a new class of tumor-specific antigens (143). 

Recently, in a pioneer work, CRC-specific HERV-H expression could be linked to the 

molecular subtype MSI. By integrating expression profiles, molecular patterns, and clinical 

data of a large CRC patients’ cohort, HERV-H expression was strongly correlated with MSI 

status (131). Based on this initial study, the first monoclonal antibodies against a Gag protein 

sequence of the HERV-H family were produced and applied on tumor slides. This finally 

provided a more detailed picture of the subcellular localization of Gag-H proteins (144).  
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2. Aim of the study 

The aim of this study was to investigate the functional relationship of pluripotent 

factors/stemness related genes (LGR5, NANOG) and the so-called Yamanaka factors (OCT4, 

SOX2, KLF4, and c-MYC)) with known CRC-HERV-H loci (131) as well as four new ESC-

HERV-H sequences. The fact that the HERV-H family is somewhat exclusively expressed in 

ESCs and CRC lead us to hypothesize that HERV-H loci represent excellent markers for 

characterization of CRC stem-like cells (CR-CSCs) and might provide targetable structures for 

cancer therapy. To this end, we performed a comprehensive analysis on patient-derived cell 

lines from primary as well as metastatic CRC specimen covering all three molecular subtypes. 

First, the expression level of pluripotent factors and HERV-H loci (CRC and ESCs relevant 

loci) was assessed in 56 primary and metastasis CRC cell lines using quantitative real-time 

PCR.  

Then, stem cell enrichment of the candidate cell lines was accomplished by 3D culture and 

sorting of the SP, based on the hypothesis that CSCs enrichment results in elevated expression 

levels of stemness factors and of HERV-H loci permitting pluripotency.  

Another aim of this study was to compare the mRNA (messenger RNA) expression level of 

genes in two different populations containing CSCs and non-CSCs. Finally, statistical analysis 

was performed from all examined samples with the aim to identify HERV-H pluripotency 

candidate loci. 

 

This thesis handled the following four main tasks:  

• Assessment of the expression level of pluripotent factors and HERV-H loci  

• Enrichment of the stem cells via spheroid culture and sorting SP 

• Comparison of the gene expression pattern in CSCs and non-CSCs populations 

• Identification of the HERV-H pluripotency candidate locus/loci 
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3. Materials and Methods  

3.1. Materials    

3.1.1. Instruments   

Products Manufacturer 

BD FACSAria™ IIIu Becton Dickinson, Heidelberg, Germany 

BD FACS Calibur Becton Dickinson, Heidelberg, Germany 

BD FACS LSRII flow cytometer Becton Dickinson, Heidelberg, Germany 

Biological safety cabinet class II Thermo Fisher Scientific, Waltham, USA 

Centrifuge 5415 D Eppendorf, Hamburg, Germany 

Freezer (-20 °C) and freezer (-80 °C) Bosch and Kryotech, Germany 

Gel documentation system Vilber Lourmat, Germany 

Heater HBT-1-131 Heap Labor Consult, Bovenden, Germany 

Incubator Thermo Fisher Scientific, Waltham, USA 

Light microscope CKX 41 Olympus Deutschland, Hamburg, Germany 

Microspin Labnet International, Edison New Jersey, USA 

Microwave Bosch, Germany 

Mr. FrostyTM freezing container Thermo Scientific, Waltham, USA 

Multicentrifuge 3 S-R Thermo Scientific, Waltham, USA 

Multistepper Eppendorf, Hamburg, Germany 

Nano Drop 1000 Thermo Fisher Scientific, Waltham, USA 

Neubauer-counting chamber Marienfeld, Lauda Königshofen, Germany 

pH-Meter Multi 720 WTW inoLab, Germany 

Pipetboy Integra Bioscience, Fernwald, Germany 

Pipettes Eppendorf and Gilson, Germany 

PowerEase 500 power supply Bio-Rad-Laboratories GmbH, Germany 

Refrigerator Liebherr, Germany 

Scale Kern & Sohn GmbH, Balingen, Germany 

Sigma centrifuge 2K15 Sigma, Osterode am Harz, Germany 

Thermal cycler system MyCyclerTM Bio-Rad, München, Germany 

ViiATM 7 Real-Time PCR System Applied Biosystems®, Carlsbad, USA 
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Vortex Genie 2 Scientific Industries, New York, USA 

 

3.1.2. Disposable material 

Products Manufacturer 

Cell culture flasks 

(25 cm2, 75 cm2, 175 cm2) 
Greiner Bio-One, Kremsmünster, Austria 

Cell culture flask (25 cm2)-cell repellent Greiner Bio-One, Kremsmünster, Austria 

Cell culture plate (6, 48, 96 well) Greiner Bio-One, Kremsmünster, Austria 

Cell strainer (pore size: 40 μm) Becton Dickinson, Franklin Lakes, USA 

CryoPure tube (1.6 ml) Sarstedt, Nümbrecht, Germany 

FACS tubes Sarstedt, Nümbrecht, Germany 

Falcon tube Cellstar® (15 ml, 50 ml) Greiner Bio-One, Kremsmünster, Austria 

Fast PCR-plate half frame skirt Sarstedt, Nümbrecht, Germany 

Gloves Hartmann AG, Heidenheim, Germany 

Micro tube (0.5 ml, 1.5 ml, 2.0 ml) Sarstedt, Nümbrecht, Germany 

Pasteur pipette (130 and 250 cm length) Thermo Fisher Scientific, Waltham, USA 

Pipette tips (10 μl, 100 μl, 200 µl, 1000 μl) Eppendorf and Sarstedt, Germany 

Polystyrene round-bottom tube with cell- 

strainer cap (5 ml) 
Becton Dickinson, Heidelberg, Germany 

Sealing tape Sarstedt, Nümbrecht, Germany 

Serological pipette (5 ml, 10 ml, 25 ml) Greiner bio-one, Kremsmünster, Austria 

 

3.1.3. Chemicals and Reagents 

Products Manufacturer 

Accutase Sigma-Aldrich, Hamburg, Germany 

Acetic acid Roth, Karlsruhe, Germany 

Agarose Sigma-Aldrich, Hamburg, Germany 

Dulbecco's modified Eagle's medium 

(DMEM/Ham’s F12 (1:1)) 
Gibco, USA 

DMEM/Ham’s F12 (1:1) Pan-Biotech, Aidenbach, Germany 

DMEM high glucose Sigma-Aldrich, Hamburg, Germany 
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Dimethyl sulfoxide (DMSO) AppliChem, Darmstadt, Germany 

Disinfectants Bacillol® AF Bode Chemie, Hamburg, Germany 

Di-sodium hydrogen phosphate dihydrate MERCK, Darmstadt, Germany 

50 bp and 1 kb DNA ladder Bioron, Ludwigshafen, Germany 

100 bp DNA-ladder, equimolar Roth, Karlsruhe, Germany 

DNase I Recombinant Roche, Germany 

Deoxynucleotide triphosphate (dNTP)  Bioron, Ludwigshafen, Germany 

Dulbecco’s phosphate buffered saline 

(DPBS) 
Pan-Biotech, Aidenbach, Germany 

Ethylenediaminetetraacetic acid (EDTA) AppliChem, Darmstadt, Germany 

EGF Peprotech, USA 

Ethanol, absolute Walter CMP, Kiel, Germany 

Ethidiumbromid (EtBr) Roth, Karlsruhe, Germany 

Fetal bovine serum (FBS) Pan-Biotech, Aidenbach, Germany 

Formafix 4% Formafix GmbH, Düsseldorf, Germany 

Gelatin 0.1% MERCK, Darmstadt, Germany 

Hanks' Balanced Salt Solution (HBSS)  Gibco, USA 

4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid (HEPES) 
Sigma-Aldrich, Hamburg, Germany 

Hoechst 33342 Cell signaling, USA 

Isopropanol Walter CMP, Kiel, Germany 

KnockoutTM SR Gibco, USA 

L-glutamine Pan-Biotech, Aidenbach, Germany 

Loading Dye (6X) Promega GmbH, Germany 

β-mercaptoethanol (β-ME) Gibco, USA 

Mitomycin C  Biomol GmbH, Hamburg, Germany 

Non-essential amino acids (NEAAs) Pan-Biotech, Aidenbach, Germany 

Oligo (dt) primer Metabion, Planegg, Germany 

PCR buffer (10X) Bioron, Ludwigshafen, Germany 

Potassium chloride MERCK, Darmstadt, Germany 

Potassium di-hydrogen phosphate MERCK, Darmstadt, Germany 

Primer qPCR Metabion, Planegg, Germany 
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Probes qPCR Metabion, Planegg, Germany 

Propidium iodide (PI) AppliChem, Darmstadt, Germany 

Random primer Metabion, Planegg, Germany 

Reverase™ – 200 units Bioron, Ludwigshafen, Germany 

RNase-free water Roth, Karlsruhe, Germany 

ROX Bioron, Ludwigshafen, Germany 

RT buffer complete (5X) Bioron, Ludwigshafen, Germany 

Saponin AppliChem, Darmstadt, Germany 

Sodium chloride Carl Roth GmbH, Karlsruhe, Germany 

SibirRoxHot MasterMix Bioron, Ludwigshafen, Germany 

Tris-Acetate-EDTA (TAE, 50X) AppliChem, Darmstadt, Germany 

TaqMan master mix Bioron, Ludwigshafen, Germany 

Taq DNA Polymerase 5 U/µl Bioron, Ludwigshafen, Germany 

Tris Roth, Karlsruhe, Germany 

TRISureTM Bioline, Luckenwalde, Germany 

Trypan blue (0.02%) Sigma-Aldrich, Hamburg, Germany 

Trypsin/EDTA Pan-Biotech, Aidenbach, Germany 

Verapamil 5 mg Ratiopharm, Germany 

 

3.1.4. Kits 

Products Manufacturer 

Direct-zol MiniPrep Zymo Research Europe GmbH, Germany 

EMD Millipore Human STEMCCA lentivirus 

reprogramming kit 
MERCK, Darmstadt, Germany 

E.Z.N.A.® MicroElute®  Omega Bio-tek, USA 

Fixation/permeabilization solution kit BD Bioscience, Germany 

GeneMATRIX universal RNA purification kit  EURx, Poland 

innuPREP RNA Mini kit Analytik Jena, Germany 

peqGOLD MicroSpin total RNA kit  Peqlab, Germany 

Quick-RNATM MiniPrep kit Zymo Research Europe GmbH, Germany 

Wizard genomic DNA purification kit Promega GmbH, Germany 
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3.1.5. Probe- and Primer sequences for RTq-PCR 

   Table 3. List of the probe and qPCR primers. 

Gene name Primer sequences Reference 

GAPDH probe VIC-ACAGCGACACCCACTCCTCCACC-BHQ-1  

GAPDH 
F: 5′ -GAAGGTGAAGGTCGGAGTC- 3′ 

R: 5′ -GAAGATGGTGATGGGATTTC- 3′ 
(131) 

OCT4 
F: 5′ -TCCCATGCATTCAAACTGAGG- 3′ 

R: 5′ -CCAAAAACCCTGGCACAAACT- 3′ 
(145) 

SOX2 
F: 5′ -CCATCCACACTCACGCAAAA- 3′ 

R: 5′ -TATACAAGGTCCATTCCCCCG- 3′ 
(145) 

NANOG 
F: 5′ -TGGACACTGGCTGAATCCTTC- 3′ 

R: 5′ -CGTTGATTAGGCTCCAACCAT- 3′ 
(145) 

KLF4 
F: 5′ -CTGCGGCAAAACCTACACAA- 3′ 

R: 5′ -GGTCGCATTTTTGGCACTG- 3′ 
(145) 

c-MYC 
F: 5′ -ACACATCAGCACAACTACG- 3′ 

R: 5′ -CGCCTCTTGACATTCTCC- 3′ 
(146) 

LGR5 
F: 5′ -TGCTCTTCACCAACTGCATC- 3′ 

R: 5′ -CTCAGGCTCACCAGATCCTC- 3′ 
(147) 

X00041_h_gag 
F: 5′ -CAGGCGTTGCTGAGTGTGTCTAATC- 3′ 

R: 5′ -TGGAGCCTGAGGAAGAATTGGGACC- 3′ 
(131) 

2000045_h_gag 
F: 5′ -CCCAAGCGGCGCTGAGTCTT- 3′ 

R: 5′ -TGGGATGAAGGGAGGGGAGGC- 3′ 
(131) 

2000045_h_pol 
F: 5′ -TACAGCATGGGCACCTATAAACTCT- 3′ 

R: 5′ -TAAGTGAAGGCAAAGAGAGGCTGGG- 3′ 
(131) 

500502_h_L3U3 
F: 5′ -CCCAGATGGCCTGAAGTAACTGA- 3′ 

R: 5′ -AGCCAGGAGAACAATTCACAGGGTT- 3′ 
(131) 

1300360_h_gag 
F: 5′ -AGTGCAACTCATTCTGAATCTTCCT- 3′ 

R: 5′ -CACAGAACGAAACTGTAAGCCAG- 3′ 
(131) 

1300360_h_env 
F: 5′ -CTGAACCTCCTTAGGCATTCTCT- 3′ 

R: 5′ -GTGACATTGAGGGGGTTGTTAGAAG- 3′ 
(131) 
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1400035_h_gag 
F: 5′ -CCCAAGTGTCGCTGAGTCTTTCT- 3′ 

R: 5′ -GATTACAGGGTGCAGGAGCAGAG- 3′ 
(131) 

hESC_HERV_H _4 
F: 5′ -ACGCTTTACAGCCCTAGACC- 3′ 

R: 5′ -GTCGGGAGCAGATTGGGTAA- 3′ 
 

hESC_HERV_H _6 
F: 5′ -TGGACCTCTCACAACACAAACT- 3′ 

R: 5′ -AGGGGAATTCCAGTGGGTCT- 3′ 
 

hESC_HERV_H _15 
F: 5′ -TGGTGCCAAACCCATATACTC- 3′ 

R: 5′ -AATAGGAAAGAAAGCATGTTTGAGA- 3′ 
 

hESC_HERV_H _19 
F: 5′ -TGGTGCCAAACCCATATACTC- 3′ 

R: 5′ -AATAGGAAAGAAAGCATGTTTGAGA- 3′ 
 

 

Table 4. List of primers used to examine the presence of the hSTEMCCA vector in gDNA. 

Primer sequences 

cMYC F: 5′ -GGAACTCTTGTGCGTAAGTCGATAG- 3′ 
WPRE R: 5′ -GGAGGCGGCCCAAAGGGAGATCCG- 3′ 
hOCT4 5′ NotI:  
5′ -TTTTGCGGCCGCCATGGCGGGACACCTGGCTTCGG- 3′ 
hKLF4 3′ BamHI:  
5′ -TGTTGGATCCTTAAAAATGCCTCTTCATGTGTAAGGCG- 3′ 

hSOX2 5′ NdeI:  
5′ -TTTAGTGCATATGATGTACAACATGATGGAGACGGAGCTG- 3′ 
hcMYC 3′ AccI: 
 5′-TTTAGCAGTGGTACGTCGACTTACGCACAAGAGTTCCGTAGCTGTTC- 3′ 

 

3.1.6. Media, Buffer and Solutions 

Media/ Buffer/ Solutions Component 

Cancer cell culture medium 

445 ml DMEM/Ham’s F12 (1:1)  

50 ml FBS (final: 10%) 

5 ml L-glutamine 200 mM (final concentration: 2 mM) 

Mouse embryonic fibroblast 

(MEF) cell culture medium 

44 ml DMEM high glucose  

5 ml FBS (final: 10%) 

0.5 ml L-glutamine 200 mM (final concentration: 2 mM) 
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Transduced cell culture 

medium 

195 ml DMEM/Ham’s F12 (1:1)  

50 ml KnockoutTM Serum Replacement (final: 20%) 

2.5 ml NEAAs (100X)  

2.5 ml β-ME (100X) 

Freezing medium 
45 ml serum (final 90%) 

5 ml DMSO (final 10%) 

DMEM+ 

48.5 ml DMEM/Ham’s F12 without indicator 

1 ml FBS 

0.5 ml 1 M HEPES (final concentration 10 mM) 

HBSS+ 

48.5 ml HBSS 

1 ml FBS 

0.5 ml 1 M HEPES (final concentration 10 mM) 

10X PBS 

pH 7.2-7.4 

80 g sodium chloride 

2 g potassium chloride 

18.05 g di-sodium hydrogen phosphate dihydrate 

2 g potassium di-hydrogen phosphate  

Ad 1000 ml dH2O 

1M HEPES 
23.83 g HEPES 

100 ml 1x PBS 

50X TAE buffer 

pH 8.3 

242 g of Tris-base (MW = 121.14 g/mol) 

57.1 ml of acetic acid 

100 ml of 0.5 M EDTA (pH 8.0) 

Ad 900 ml dH2O 

1X TAE working solution  
20 ml 50X TAE 

Ad 980 ml dH2O 

100X Buffer P 

0.5 ml FBS (final concentration 1%) 

5 ml 1% Saponin (final concentration 0.1%) 

5 ml 0.1 M HEPES (final concentration 0.01 M) 

39.5 ml 1x PBS 

100 ml of MACS buffer 

0.5% BSA 

400 µl 0.5 M EDTA (final concentration 2 mM) 

1x PBS 
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3.1.7. Cell lines 

Table 5. List of the colorectal carcinoma cell lines used for this cohort study. 

 

Cell lines marked with (*) are the selected cell lines and they were applied in further 

experiments. Abbreviations T, M, and Met stand for transfer, mouse, and metastasis. 

Complementary cell lines’ information is listed in supplementary Table S1.  

HCT116 HROC103Met HROC277Met2 

HROC18 * HROC107 cT0 M2 HROC278 T0 M1 * 

HROC24 * HROC111Met1 T0 M2 HROC278Met T2 M2 * 

HROC24 T1 M1 HROC112Met T0 M2 HROC284Met 

HROC32 HROC113 cT0 M1 HROC285 T0 M2 * 

HROC32 T3 M1 HROC126 HROC296 

HROC39 HROC131 T0 M3 HROC300 T2 M1 * 

HROC39 T0 M2 HROC147Met HROC309 * 

HROC40 * HROC147 T0 M1 * HROC313Met1 T0 M2 * 

HROC43 HROC173 HROC324 * 

HROC46 T0 M1 * HROC183 HROC334 

HROC50 T1 M5 * HROC183 T0 M2 HROC348Met 

HROC57 HROC212 HROC357 

HROC59 T1 M1 HROC222 T1 M2 HROC364 * 

HROC60 HROC239 T0 M1 HROC370 

HROC69 HROC257 HROC374 

HROC69 T0 M2 HROC257 T0 M1 HROC383 * 

HROC80 T1 M1 HROC277 T0 M1 HHC6548 T1 M1 

HROC87 T0 M2 * HROC277Met1 T0 M2 HROBMC01 * 
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3.2. Methods  

3.2.1. Preliminary work and origin of the cell lines  

The Molecular Oncology and Immunotherapy group (headed by PD Dr. Linnebacher) is very 

experienced in establishing patient-individual tumor models for basic and translational 

research. Primary CRC resection specimens from in-house performed oncological resections 

are routinely obtained fresh from surgery, with informed written patient consent and upon 

pathological evaluation by an experienced pathologist (Prof. Dr. Prall, Institute of Pathology). 

Here, material was utilized upon cell line establishment either directly from individual patients’ 

tumors (patient-derived cell line) and/or the corresponding xenografts (patient-derived 

xenograft, PDX). So far, the group has successfully established N>50 patient-derived cell lines 

and N>110 PDX models. These cell lines and PDX are comprehensively characterized in 

comparison to the parental tumor by phenotype, morphology, invasiveness, and molecular 

profile (148). Additionally, response to clinically relevant chemotherapeutics was previously 

examined in vitro and in vivo and correlated with clinical data (149–152). These models very 

closely mirror the clinical behavior and biology of the original tumor – this is reflected by a 

growing number of high-impact publications resulting from national and international 

collaborations (153–155).  

All cell lines are marked with the prefix HROC (Hansestadt Rostock colorectal cancer) and an 

ID number, e.g. HROC18. Besides, in the xenograft-derived cell lines, M and T are additional 

indicators for the mouse number and number of in vivo passages. In this pilot study, a large 

cohort of CRC cell lines (N=56) was used for the preliminary analysis. Finally, 17 cell lines 

were selected for the further experiments listed in Table 5. Moreover, the SNL76/7 4 cell line 

(kindly provided from AG Prof. Robert David) was cultured as feeder cells for the stem cell 

culture in later experiments.  

 

3.2.2. Cell culture 

3.2.2.1. Monolayer or two-dimensional (2D) cultivation  

Cell culture was performed under a sterile laminar flow hood. Cells were cultured in 25 cm2 

(T25) culture flasks and kept in a humidified incubator with 5% CO2 at 37 °C.  Tumor cells 

 
4. Immortalized cell line derived from a MEF STO cell line and transformed with murine LIF and neomycin resistance genes.  
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were maintained in the antibiotic-free DMEM/Ham´s F-12 (1:1) medium supplemented with 

10% FBS and 2 mM L-glutamine. Cell lines were used in passages ≤50 to assure comparability 

with the parental tumor in terms of molecular characteristics and growth kinetics. SNL76/7 

cells were cultured in DMEM high glucose enriched by 10% FBS, 0.1 mM NEAAs and 2 mM 

L-glutamine. 

 

Thawing and expansion of cells  

One vial of cryo-conserved cells was quickly thawed at room temperature (RT) and 

resuspended in 5 ml of pre-warmed DMEM culture media following by a centrifugation step 

for 8 min at 300 x g. The cell pellet was suspended in fresh medium and immediately 

transferred into a T25 culture flask. The medium was exchanged every three or four days. Cells 

were subsequently expanded in a bigger culture flask when they reached nearly 80% 

confluence. Therefore, culture medium was completely aspirated and cells were washed with 

pre-warmed DPBS. Thereafter, enzymatic cell detachment was done by using 0.25% 

Trypsin/EDTA and incubation at 37 °C for 5-10 min.  Cell detachment was checked under a 

light microscope and the reaction was neutralized by adding an appropriate volume of culture 

media. Afterwards, cell single suspension was transferred to the tube and cells were counted as 

described below. At the end, required numbers of viable cells were used for subsequent 

expansion, experiments and cryopreservation. 

 

Determination of cell number and viability  

Total cell number and viability was determined by trypan blue assay and a Neubauer counting 

chamber. Trypan blue is a cell stain that discriminates between vital and dead cells. It can 

penetrate the defective cell membrane and enter the cytoplasm. Hence, only nuclei of dead cells 

absorb trypan blue. For this analysis, 10 µl of cell suspension were diluted with 10 µl of 0.02% 

trypan blue solution (1:2). Then, the chamber was loaded with 10 µl of the diluted cell 

suspension and two opposite squares were counted. The number of cells was calculated with 

the following formulation:  

 

cell number

ml
=  

counted viable cells

number of the counted squares
 × 2 (dilution factor) × 104 (chamber factor) 
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Cryopreservation  

Principle 

Aim of the cryopreservation is to provide a qualified cell backup at early passages for a long-

term study. There are increasing evidences supporting that cell lines’ traits are influenced by 

prolonged cell culture due to the selective pressure and genetic alterations. Consequently, 

obtained results are not reliable and functional features of the cell line are incompatible with 

the data of the original source or identified characteristics at earlier passages (156–158).  

 

Procedure 

For this purpose, confluent monolayer was dispersed and cell number was counted as described 

above. After centrifugation (8 min at 300 x g), 3 × 106 cells were resuspended in 1.5 ml freezing 

medium per aliquots. Thereafter, cryo-tubes were kept in freezing containers and stored at -80 

°C. This container was filled with isopropanol that provided a consistent drop of the 

temperature by 1 °C/min for effective cell storage. 

 

3.2.2.2. Spheroid or three-dimensional cultivation (3D) 

Principle 

Spheroid or so-called 3D culture is one of the approaches to enrich cancer stem-like cells from 

bulk cancer cells in vitro. 3D physical structures stimulate better cell-cell and cell-matrix 

interactions and develop stronger and also different cellular responses (159). In fact, these 

interactions can influence cells morphology, proliferation rates, differentiation, as well as 

molecular alterations such as genes and proteins expression. Therefore, cells environment and 

their behavior are more reflective of actual in vivo state (160). In general, two main points must 

be considered in this culturing system; including culture surface as well as culture medium. 

Low adhesion surface prevents cells’ adherence to the bottom and promotes cell-cell 

attachment; resulting in sphere formation. In spite of the classical monolayer culture, serum 

free medium supplemented with several growth factors is typically applied for culturing 

tumorspheres5 in various cancer entities.  

 

 
5. In this study CRC-tumorspheres have been termed “colonospheres or spheroids”.   
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Procedure 

In this experiment, almost 8 × 105 cells were washed with 1x PBS, pelleted by centrifugation 

(10 min, at 300 x g). After that, the pellet was suspended in an in-house organoid medium6 

(161) and cells were plated in repellent cell culture flasks (25 cm2). Cells were checked daily 

by a light microscopy and cell clumps were broken by pipetting up and down in order to refuse 

cell aggregations. The medium was replenished every three days and spheres were snap frozen 

after being cultured for 6 days. They were kept at -80 °C for further analysis. 

 

3.2.3. Flow cytometry 

Principle 

Flow cytometry is a technology utilized to individually measure the particle’s properties within 

a cell population. This process provides information by using fluorescence and light scattering. 

Therefore, it allows cell quantification and discriminates subpopulations based on their size 

(forward scatter), intracellular components (side scatter, measured at a 90-degree angle), 

nucleic acid content, surface and intracellular receptors, and cells’ functionalities. Principally, 

labelled cells flow in a single stream of particles produced by hydrodynamic focusing. 

Thereafter, each particle is presented to a laser beam. Consequently, fluorochromes are excited 

and emitted signals passes through the various lenses. Filters then block certain wavelengths 

while passing the others to detectors. At the end, collected lights are converted into electrical 

or voltage pulses by photomultiplier tubes. These analogue signals are digitized and recorded 

as an event to desired plots (162) (Figure 5).   

In this study, flow cytometry was applied to sort SP fraction and to investigate HERV-H and 

NANOG expression by intracellular staining in the adherent and spheroid models. Basically, 

2-5 × 105 cells were intracellularly stained with respective antibodies or isotypes. For 

acquisition, 10.000 events at low speed were recorded in the gated area. Results of three 

independent experiments were analyzed for each experiment. 

 
6. This medium is pretty much according to the protocol originally described by the Dutch group of Hans Clevers and the patent is in progress. 
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3.2.3.1. Evaluation of HERV-H expression in 2D and 3D cultures 

A total of 2 × 106 cells were distributed equally in 5 wells of a 96-well plate and centrifuged 

10 min at 300 x g. Cell pellets were fixed in 100 µl of 2% Formafix followed by 15 min 

incubation at RT. After centrifugation (300 x g, 10 min) cells were washed with 200 µl 1x PBS 

and centrifuged again. Next, pellets were incubated 10 min at RT in the diluted buffer P with 

1x PBS (1:100). During incubation time, anti-Gag-H antibodies (14H11G1, 1B3H7, and 

1D7D11, concentration: 1 µg) and the irrelevant antibody (2G2B3, concentration: 1 µg) were 

separately mixed with diluted buffer P under sterile conditions. Plate was centrifuged again 

and cell pellets were resuspended in 200 µl of appropriate antibodies solutions. Incubation was 

done at RT for 30 min. Then, 100 µl buffer P was added to each well and the plate was spun 

down at 300 x g for 10 min. After removing supernatant, cells were incubated for 30 min in the 

dark with 50 µl RPE- goat anti-mouse antibody as a secondary antibody (dilution: 1:40 in buffer 

P). The cells were washed again in 100 µl buffer P and finally resuspended in 2% Formafix for 

analysis by a FACS Calibur flow cytometer. 

 

Figure 5. Flow cytometry components and function.  

The three fundamental components are fluidics, optics, and electronics. The fluidic system contains 
the flowing cells provided by sheath fluid and consequent hydrodynamic focusing effects. The optics 
system consists of an excitation light source ranging from ultraviolet to far red, lenses for lights 
collection, various mirrors, filters to detect a particular wavelength, and detectors to measure the 
emitted fluorescence signal intensity. The electronic device digitizes and converts the light currents to 
data that will be visualized and interpreted by software (162). 

created with BioRender.com 
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3.2.3.2. Evaluation of NANOG expression in 2D and 3D cultures 

Samples were washed with 1x PBS and suspended in a final volume of 200 μl MACS buffer. 

Plate was spun down at 300 x g for 5 min in 4 °C and supernatant was aspirated carefully. Next, 

maximum of 100 µl Fixation/Permeabilization solution was added to each well to 

simultaneously fix and permeabilize the cells. Plate was incubated 20 min at RT and 1X 

Perm/Wash buffer was added up to 250 µl final volume and centrifuged. After discarding 

supernatant, pellets were mixed with PE-NANOG and isotype antibodies diluted in 50 µl and 

160 µl of 1X Perm/Wash, respectively. Following one-hour incubation at 4 °C, 200 µl 1X 

Perm/Wash buffer was added and centrifuged again. Lastly, cells were resuspended in 250 µl 

1x PBS and transferred to the 5 ml FACS tubes for measurement using a BD FACS LSRII flow 

cytometer (kindly provided from AG Prof. Robert David). Mean fluorescence was analyzed 

with BD FACSDiva Software 6.1.2 (BD Biosciences, Germany).  

 

3.2.3.3. Sorting of SP by flow cytometry  

Principle 

The SP has become a hallmark for stem cell characterization (163) and the SP discrimination 

has emerged as a promising method for primary purification and isolating stem/progenitor cells 

in different tissues and cancer entities. This assay relies on flow cytometry and is based on the 

cells’ potential to efflux the Hoechst dye via the ABC family of transporter proteins (164).  

 

Procedure  

Cells in the exponential growth phase (approximately 80% density) were harvested as 

described before. After counting, at least 15 × 106 cells were washed with calcium and 

magnesium free HBSS. Cells were resuspended in 3 ml pre-warmed DMEM+ (DMEM + 2% 

FBS + 10 mM HEPES) and FACS tubes were prepared for each cell line: unstained (5 × 105 

cells), control (5 × 105 cells), and test (remaining cells). Subsequently, 5 µg/ml Hoechst 33342 

was added to the test tube. In the control tube, before adding Hoechst 33342, verapamil (50 

µM) was added to block the dye efflux by membrane bound pumps. All samples were incubated 

at 37 °C for 90 min in the dark and cells were shaken occasionally. After 5 min centrifugation 

at 500 x g, cells were resuspended in ice-cold HBSS supplemented with 2% FBS and 10 mM 

HEPES. Finally, PI (1 μg/ml) was added shortly before measurement to discriminate living 
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from dead cells. Moreover, the purity of sorted samples was re-analyzed. Sorted populations 

were washed with 1x PBS and frozen in liquid nitrogen for subsequent analysis. Importantly, 

the experiment was repeated for each cell line when re-analysis of sorted populations revealed 

low purity by not reaching a distinct separation in both gates (Hoechstlow vs. Hoechsthigh). This 

test was performed in all selected cell lines and samples were stored at -80 °C. 

 

3.2.4. Purification of nucleic acid (DNA and RNA) 

3.2.4.1. Genomic DNA (gDNA) extraction 

Cell pellets of either fresh or snap frozen cells (up to 3 × 106 cells) were used for gDNA 

isolation. This was done by using the Wizard Genomic DNA Purification kit according to the 

manufacturer’s instructions. The three main steps in this process were lysis, precipitation, and 

purification. First, Nuclei Lysis and RNase solutions were added to the samples followed by 

incubation at 37 °C for 15-30 min. In the next step, protein precipitation solution and 

isopropanol were added to precipitate DNA. Therefore, DNA was separated from the aqueous 

phase. In the final step, the DNA was purified by washing the DNA pellet with ethanol and re-

dissolved DNA Rehydration solution. Concentration and purity of the DNA was measured with 

NanoDrop 1000. The value of ~ 1.8 for A260/280 ratio was interpreted as “pure”. The samples 

were kept at -20 °C for longterm storage. 

 

3.2.4.2. RNA extraction 

Principle 

RNA molecule has a short lifetime and it is particularly unstable due to the pervasive existence 

of endogenous and exogenous RNases. Some denaturants used in RNA purification inhibit 

RNases activity. However, handling of samples prior, during, and after RNA extractions can 

also minimize the exposure of samples to the exogenous RNases. Precautions must be made to 

obtain high quality and pure RNA, the first and the most critical step in performing molecular 

techniques. 

 

Procedure of RNA isolation of large number of cells 

Total RNA from cell culture pellets (3 × 106 cells) and spheres pellets were isolated using 

EURx GeneMATRIX universal RNA purification kit according to the manufacturer’s 
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instructions. Briefly, cell pellets were lysed with 400 μl of RL buffer containing ß-ME and 

were mixed thoroughly by vigorous vortexing. The lysates were transferred to the 

homogenization spin-column and were centrifuged at maximum speed for 2 min. The flow-

through was mixed with 350 µl 70% ethanol by pipetting and mixture, including any 

precipitate, was transferred to the RNA binding spin-column. After centrifugation for 1 min at 

11,000 x g, columns were washed with 400 µl Wash DN1 buffer and centrifuged again. The 

spin-columns were removed and the fluid was discarded. Next, 50 µl DNase I solution (1 U of 

DNase I solved in the mixture of 45 µl DEPC water and 5 µl of DNR buffer) was directly added 

onto the membrane and place on the benchtop at RT for 10 min. The columns were then washed 

with 400 μl Wash RB1 buffer and subsequently two times with RBW buffer. The spin-columns 

were placed into the new RNase-free tubes (1.5-2 ml) and maximum 40 µl RNase-free water 

was applied directly to the membrane to elute the RNA. RNA was immediately placed on ice 

and quantity and quality were measured. Finally, high-quality samples were aliquoted in order 

to prevent freeze-thaw damage and stored at -80 °C for further analysis. 

 

Procedure of RNA isolation from small number of the sorted samples 

RNA from sorted samples was extracted with the peqGOLD MicroSpin kit. Briefly, frozen 

sorted cells were lysed with 300 μl of RNA Lysis Buffer T. Lysates were applied to a DNA 

removing column and centrifuged for 1 min at 10.000 x g. The DNA columns were discarded 

and 200 μl 70% ethanol was added to filtrates. The whole mixture was placed onto the 

PerfectBind RNA columns. After centrifugation, flow-throughs were discarded and the RNA 

columns were washed with 500 μl RNA Wash Buffer I followed by two more washing steps 

with 500 μl RNA Wash Buffer II. RNA Columns were then centrifuged for 2 min at 10.000 x 

g to completely dry the PerfectBind matrix. Finally, RNA samples were eluted with 15-30 μl 

of RNase-free water and placed on ice for quality control. 

 

Assessment of RNA quality 

Firstly, the concentration and purity of RNA were photometrically determined with the 

NanoDrop 1000 via absorbance at 230 nm, 260 nm and 280 nm and corresponding ratios of 



Material and Methods 
 

  

 

34 
 

A260/230 and A260/2807 (165). In the second approach, quality tests were completed by using 

the highly sensitive TaqMan® system described in 3.2.7.1. 

 

3.2.5. Synthesis of complementary DNA (cDNA)  

Highly pure RNA (1 μg) samples were utilized for first-strand cDNA synthesis by reverse 

transcriptase. They were diluted in RNase free water to a volume of 13 μl in PCR tubes. 

Afterwards, 1 μl of oligo (dt) primer (100 μM) and random primer (50 μM) mixture was added 

to each tube. The samples were then incubated for 10 min at 70 °C in the Thermal Cycler 

(BioRad) and placed on ice. Then, a master mix was added as listed in the Table below. 

 

Table 6. Compositions of cDNA master mix. 

Component Volume/Reaction (µl) 

5X RT buffer complete 4.0 

dNTP mix (10 mM of each dNTP) 1.0 

Reverase™ – 200 units 1.0 

 

Cyclin conditions were as follows: 120 min at 45 °C and 10 min at 70 °C. The cDNA samples 

were immediately put on ice and diluted in the nuclease free water (1:4) to achieve an 

approximate concentration of 12.5 ng/µl. Synthesized cDNA was aliquoted and kept at -20 °C.  

 

3.2.6. Polymerase chain reaction (PCR)  

Principle 

PCR is a simple method in molecular biology that enables the amplification of desired DNA 

segments (amplicons). This method principally rests on three main cyclic reactions including 

template denaturation, primer annealing, and elongation (Figure 6). Therefore, amplicons are 

multiplied by using a heat-stable DNA polymerase, primer pairs matched with the 3´ ends of 

the sense and anti-sense strands of the DNA target sequences, dNTPs (dATP, dTTP, dGTP, 

 
7. Protein and phenol contaminations are determined by the A260/A280 ratio, whereas the A260/A230 ratio indicates presence of 

carbohydrates, lipid, phenol, EDTA or salts contaminants.   
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dCTP) and buffer system. Theoretically, the amount of the DNA template is doubled in each 

cycle and then size, sequence, and quantity of the amplified product can be analyzed.  

 

 

Procedure 

A mixture of PCR components (listed in the Table 7) was prepared and 23 µl was pipet in each 

tube. As a template, 2 µl of cDNA or gDNA (12.5 ng/µl) was added to each tube. A negative 

control (non-template control, NTC) for each primer was always included in the PCR 

experiments to indicate contamination of the reagents as well as primer-dimer formation that 

could produce false positive results. PCR reaction was done using the program given below. 

 

Table 7. Compositions of PCR master mix. 

Component Volume/Reaction (µl) 

10X buffer complete 2.5 

dNTP mix (10 mM of each dNTP) 0.5 

Figure 6. Three key steps in PCR -denaturation, annealing, extension- to amplify DNA target. 

created with BioRender.com 
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Forward primer (10 pMol/µl) 0.5 

Reverse primer (10 pMol/µl) 0.5 

Taq DNA Pol (500 units) 0.2 

Nuclease free water 18.8 

Final volume ∑ 23 

 

Table 8. Thermal cycler condition in PCR. 

Step Temperature Time Number of Cycles 

Initial denaturation 95 °C 5 min 1 

Amplification: 

I. Denaturation 

II. Annealing 

III. Extension 

 

95 °C 

The determined temperature 

72 °C 

 

15-30 sec 

15-60 sec 

30 sec 

 

40 

Elongation 72 °C 10 min 1 

 

 

3.2.7. Quantitative reverse transcription PCR (RT-qPCR) 

Principle 

This method helps to investigate relative gene expression using RNA as the starting material. 

In a first step, RNA is converted into cDNA via reverse transcriptase as described before. Then, 

cDNA is applied as a DNA template in qPCR. This technique is principally similar to 

conventional endpoint PCR. However, in qPCR, fluorescent dyes enable the quantitative 

measurement of the amplified products. The data collection is done at each cycle before the 

plateau phase by monitoring reactions during the exponential phase (166). In this process, the 

fluorescent signal intensity rises proportional to the quantity of the replicated DNA. Hence, 

information about the expression level of a target is given by a threshold cycle (Ct) value for 

each sample, meaning the cycle number at which the amount of the collected signals intersects 

the background fluorescence. It is defined as a real signal of the target gene allowing 

comparison of Ct values to provide quantitative data of a relative mRNA expression level. 

Regardless of the methods used for qPCR in the current project, qPCR reactions were prepared 

as duplicates in a 96-well plate. The composition of qPCR master mixes can be taken from 
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Tables 9 and 10. First, 10.5 µl of the master mix was aliquoted in each well and 2 µl of cDNA 

(25 ng), gDNA (25 ng) or RNA (8.1 ng) was added to the wells. Exposure to the direct light 

was minimized and all reagents were kept on ice during preparation. The plate was closed with 

optically clear sealing tape and centrifuged to remove any air bubbles before running the plate. 

QPCR was accomplished in the ViiATM 7 Real-Time PCR System according to the set-up 

program.  

 

Table 9. Compositions of master mix for TaqMan® PCR. 

Component Volume/Reaction (µl) 

2X TaqMan MasterMix 6.25 

Mix of primer + probe (20X)8 0.625 

ROX solution, 25 μM (1:10) 0.15 

Nuclease free water 3.475 

Final volume ∑ 10.5 

 

Table 10. Compositions of master mix for SYBR Green® PCR. 

Component Volume/Reaction (µl) 

SibirRoxHot MasterMix 6.25 

Forward primer (10 pMol/µl) 0.625 

Reverse primer (10 pMol/µl) 0.625 

Nuclease free water 3 

Final volume ∑ 10.5 

 

3.2.7.1 Probe-based qPCR (TaqMan®) 

Principle 

In this approach, two single stranded oligonucleotides including primers and a probe 

complementary to a specific DNA fragment are used. Primers are naturally hybridized with the 

ssDNA template and initiate the target replication. Conversely, probes are hybridized with 

 
8. Concentrated probe-primer system consists of 2 μl probe (final 20 μM), 10 μl of forward and reverse primer (final 100 μM) soluble in 78 

μl nuclease free water.  
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dsDNA for the detection of a particular DNA sequences in a sample. These probes are labeled 

by a fluorescent reporter dye and a quencher dye at the 5' and 3' ends (Figure 7B).  

 

The level of the fluorescent output in an intact probe is reduced due to the energy-absorbing 

effects of the quencher. After the elongation step, the reporter fluorophore is cleaved by the 5'-

3'-exonuclease activity of the Taq-polymerase. This fluorophore liberation and consequent 

further distance between quencher and fluorophores lead to an increasing fluorescent level in 

each cycle which is recorded by an instrument. 

 

Procedure 

Probe-based qPCR was done to assess the quality of the RNA and subsequent cDNA samples 

via an in-house GAPDH primer-probe and using the following program.  

• Hold stage (initial denaturation): 95 °C for 10 min 

• PCR stage (amplification, 40 cycles): 

I. Denaturation at 95 °C for 15 sec 

II. Annealing at the determined temperature for 1 min 

Figure 7. Comparison of the dye-based qPCR and probe-based qPCR (166). 
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For RNA quality evaluation, 8.1 ng of RNA samples was purely used and GAPDH expression 

was compared with a positive control (gDNA) to ensure absence of the DNA contamination in 

an isolated RNA sample. This is a mandatory technical issue when  analyzing HERVs 

expression because of the absence of introns in the HERVs sequences (129) and lack of RNA 

processing. RNA with Ct ≥ 32 and cDNA with Ct ≤ 25 were considered qualified (Figure 8).  

 

3.2.7.2 Dye-based qPCR 

Principle  

This method uses a fluorescent DNA-binding dye, such as SYBR Green. The fluorescence 

emission of the unbound dye is less than intercalated dye within the dsDNA. Some changes 

occur in SYBR structure due to intercalation that leads to more fluorescence (Figure 7A). 

 

Procedure 

SYBR Green® RT-qPCR was performed using high-quality cDNA samples (Ct ≤ 25) and 

specific primers listed in Table 4. Briefly, expression of the stemness related genes, ESC-

HERV-H loci, and CRC-HERV-H loci was examined from 2D and 3D selected groups of all 

cell lines. PCR was conducted according to the program below with slight changes in annealing 

temperature, cyclic numbers and duration for each primer. 

• Hold stage (Initial denaturation): 95° C for 5-10 min 

Figure 8. The schematic procedure of quality control. 
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• PCR stage (Amplification, 40/45 cycles): 

I. Denaturation at 95 °C for 15 sec 

II. Annealing at the determined temperature for 30-60 sec  

III. Elongation at 72 °C for 10 sec (applied in HERV-H primers) 

• Melt curve stage: with the default setting of the instrument 

 

GAPDH was used an internal normalizer. Relative expression values were then calculated 

using 2−ΔCt and 2−ΔΔCt formulas as follows: 

ΔCt = Ct (target gene) – Ct (reference gene) 

ΔΔCt = ΔCt (treated sample) – ΔCt (untreated control) 

2-ΔCt method reflects a gene expression level in relation to a reference gene. However, data 

given by 2-ΔΔCt method is relative to a normalized calibrator and relies on the comparison 

between a sample and a reference control.  

 

Validation of amplicon homogeneity 

The qPCR primers and consequent synthesized products were assessed with melting curve 

analysis and gel electrophoresis to ensure reaction specificity, eliminates false positive signals 

and validate specific product length. Melting temperature alters by two factors including 

sequence and size of the product. Therefore, nonspecific products and primer dimers generate 

various peaks with unexpected melting temperature. This assay cannot be combined with 

TaqMan® technology and it is only applicable in dye-based qPCR. 

 

Agarose gel electrophoresis 

Agarose powder was dissolved in boiling 1x Tris-Acetate-EDTA (TAE) buffer to make a 1% 

agarose (w/v) gel. EtBr was added to the mild solution and cooled down to approximately 55 

°C. Upon solidification, a suitable marker (50 bp, 100 bp or 1 kb DNA Ladder) was loaded in 

the first pocket (Figure 9). Samples were mixed with loading dye (1:5 dilution) and 10-15 µl 
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of the mixture was pipetted to the other wells. Electrical current was started and lastly the gel 

was exposed to UV light to record signal and picture DNA fragments. 

 

3.2.8. Lentiviral reprogramming  

Principle 

This technique is normally used to generate induced pluripotent stem cells (iPSCs) as starting 

point for tissue engineering. It has, however, also been used to generate CSCs-enriched 

population (167,168). Paradoxically, human primary cancer cells have proven resistance 

towards reprogramming. In spite of the significant interest in the iPSCs generation from cancer 

cells, there have been few studies indicating successful reprogramming of malignant human 

cells (168). 

 

Preliminary steps for iPSCs establishment  

Two steps had to be optimized before starting this line of experiments, including the plating 

density of target cells and inactivation of the MEF cells (SNL76/7). This cell line is used as a 

feeder layer to support stem cell growth. 

For finding the optimal density, cell numbers ranging from 1 × 104 to 1 × 105 cells were seeded 

per well of a 6-well plate in 3 ml culture medium. The optimal plating density is the number of 

cells plated at day 0, reaching 90-95% confluency by day 6. It varies depending on the cell size, 

Figure 9. Variety of the DNA ladders used for analysis of the DNA fragments' size. 
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morphology, and proliferation rate. The optimal number was 4 × 104 cells for HROC278Met 

T2 M2, HROC309, HROC24, and HROBMC01 cells, determined in preliminary analysis.  

Feeder cells must be mitotically inactivated to prevent MEF over-growth. Inactivation can be 

realized by either gamma irradiation or mitomycin-C treatment (169). While the former induces 

DNA strand breaks, mitomycin-C inhibits nuclear division by DNA cross-linking (170). 

Applying mitomycin-C seems to be an affordable, convenient, and routine protocol to prepare 

feeder cells (169). Cells were incubated with 10 µg/ml mitomycin-C for two hours at 37 °C 

and washed with 1x PBS. After splitting, cells were exposed to gamma irradiation for half an 

hour (0.68 Gy/min) to ensure complete inactivation.  

 

iPSCs establishment by using EMD Millipore’s Human STEMCCA lentivirus 

reprogramming kit 

The kit contains Polybrene® transfection reagent and a polycistronic lentivirus vector (Figure 

10) engineered for multicistronic gene expression of the human transcription factors OCT4, 

KLF4, SOX2, and c-MYC. Theoretically, this single polycistronic cassette can improve the 

efficiency and produces homogeneous reprogrammed population. 

 

 

Figure 10. Schematic overview on the EF1α-hSTEMCCA lentiviral vector.  
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Procedure 

Based on the calculated plating density, 4 × 104 HROC24 cells were seeded in 3 wells of a 6 

well-plate containing 3 ml of DMEM culture medium. Before transduction, number of 

cells/well were counted in order to calculate the volume of virus required to achieve a MOI of 

20-50 according to the below given formula. Polybrene transfection reagent was diluted 1:10 

in dH2O (final concentration 5 μg/ml) and added to each well, followed by addition of EF1α – 

hSTEMCCA Lentivirus.  

 

Virus Volume (μL) =
Number of cells seeded (from step 1)

Virus titer
×

Desired MOI

1 ml 
× 1000μL 

 

Infection was repeated on 2nd day following by medium change until the 5th day. Alongside, 

inactivated MEF cells (SNL76/7) were prepared. For this step, each well of a fresh 6-well plate 

was coated with 2 ml of 0.1% gelatin coating solution followed by 30 minutes incubation at 37 

°C. Gelatin solution was aspirated from each well exactly before seeding the 1.5 × 105 

inactivated MEF cells. Normal MEF medium was used to culture the cells and plates were 

incubated overnight in a 37 °C, 5% CO2 incubator. The day after, the wells containing virus-

infected cells were harvested and a portion of cells was collected for gDNA isolation to check 

whether integration into the genome was successful. The remaining infected cells were counted 

and 2 × 104  cells re-cultured on prepared inactivated MEF cells. Infected cells were diluted in 

ESCs medium containing DMEM/F12, 20% KnockoutTM Serum Replacement, NEAAs, β-

ME, and 10 ng/ml bFGF per well and seeded in coated wells with feeder cells. Cell morphology 

was monitored daily for almost two weeks, medium was also changed every other day and 

fresh inactivated MEF cells were added every week to replenish older MEF during the 

reprogramming. Finally, on day 25, desired colonies with sharp boarders and packed cells were 

picked and each colony was seeded into a well of a 48 well-plate. Colony growth was controlled 

every day and after 7-10 days, cells were expanded. Cells were regularly harvested and stocks 

were frozen viable as backup and native for molecular analysis.    

To screen the integration of hSTEMCCA vector in the gDNA of the transduced cells and in its 

subsequent colonies, gDNA was isolated and processed as explained in 3.2.4.1. Next, 25 ng of 

gDNA was applied in PCR using the following primers and conditions (171):    

cMYC F5′-GGAACTCTTGTGCGTAAGTCGATAG-3′ 
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WPRE R5′-GGAGGCGGCCCAAAGGGAGATCCG-3′ 

Size of the PCR products were controlled by gel electrophoresis and 1 kb ladder used as a DNA 

marker.  

 

Table 11. Thermal cycler condition. 

Step Temperature Time Number of Cycles 

Initial denaturation 95 °C 3 min 1 

Amplification: 

I. Denaturation 

II. Annealing 

III. Extension 

 

94 °C 

60 °C  

72 °C 

 

30 sec 

30 sec 

1 min 

 

33 

Elongation 72 °C 5 min 1 

 

 

3.2.9. Statistical analysis 

The statistical significance of differences between groups was assessed by unpaired two-tailed 

t test using GraphPad Prism 5 software. All values are reported as mean ± standard error of the 

mean (SEM). A p-value of < 0.05 was considered significant. 

Spearman r correlation was done using R package version 0.9-7 (2008). Two following 

packages were used to draw plots; PreformanceAnalytics for chart correlation (172) and 

ggcorrplot for correlogram [https://github.com/kassambara/ggcorrplot]. Each significance 

level is associated with a symbol as follows: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols 

(“***”, “**”, “*”, “.”, " “) [http://www.sthda.com/english/wiki/correlation-matrix-a-quick-

start-guide-to-analyze-format-and-visualize-a-correlation-matrix-using-r-software]
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4. Results 

In this thesis, the association of HERV-H sequences and pluripotency genes was examined. 

This was conducted by applying multiple cell biology and molecular techniques including 

monolayer and spheroid culture, RNA and DNA extraction, qPCR analysis, and sorting. The 

results are outlined below. 

 

4.1. Analysis of stemness factors and HERV-H loci expression in primary 

CRC cell lines 

A large cohort of low-passage CRC cell lines (n=56) was included in the pilot experiment. 

Here, the expression of stemness related genes (LGR5, NANOG, OCT4, SOX2, KLF4, and c-

MYC), seven HERV-H loci (131), and four ESCs/pluripotency-relevant loci was examined by 

RT-qPCR. This experiment gave an overview on the loci's expression in CRC cell lines.  

Figure 11. Agarose gel electrophoresis of qPCR products.  

These pictures provide information about the size of the PCR products in, A) NANOG (a stemness 
gene), B) an ESC-HERV-H locus, and C) a CRC-HERV-H locus in exemplary HROC cell lines.  
A 50 bp DNA ladder was used to determine product size. All samples were run in duplicates. 
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The melting curve analysis and the agarose gel electrophoresis showed the primers’ 

specificities and confirmed the size of the products. Representative results are displayed in 

Figure 11. 

According to the data obtained, CRC cell lines expressed stemness related genes at low level 

(Figure 12). Among them, c-MYC had the highest expression level that ranged from 3 × 10-2 to 

60.5 × 10-1 and NANOG showed the lowest relative expression, which ranged from 5 × 10-5 to 

1.9 × 10-2. With regard to the melt curve analysis and gel electrophoresis of LGR5 products, a 

few cell lines produced two melt curves and two products (data not shown here). To find out 

whether a new LGR5 transcript was particularly expressed in CRC cells, PCR products were 

extracted from the gel and sequenced. Sequencing data revealed an unspecific product for 

LGR5 primer. Consequently, this gene was not addressed further. 

 

SOX2 expression was confined to four cell lines (HROC46 T0 M1, HROC131 T0 M3, 

HROC173, and HROC257), while it was not detectable in the remaining 52 cases (Figure 12B). 

To validate qPCR results, all samples were controlled on the gel to exclude distortion by primer 

dimer. This analysis confirmed the low or missing SOX2 expression in most cell lines. Thus, 

this gene was excluded from further experiments. 

Figure 12. Relative expression level of stemness related genes in 56 cell lines. 

The scatter dot plots represent the first screening qPCR results of A) stemness genes including OCT4, 
NANOG, KLF4, c-MYC and LGR5, and B) SOX2 in CRC cell lines. Expression levels were 
normalized to GAPDH and the expression rates are presented as 2-ΔCt values. Each spot indicates the 
result of one cell line analyzed. Mean value of the data is shown by a line for each gene. 
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Analysis of all examined HERV-H loci revealed that CRC-HERV-H loci (Figure 13A) and 

ESC-HERV-H loci (Figure 13B) were detected in almost all examined samples. However, 

CRC specific loci had higher mRNA level than ESC loci (Figure 13). Generally, 

500502_h_L3U3 and X00041_h_gag were the most highly expressed CRC-HERV-H loci 

followed by loci on chromosome 13 (1300360_h), chromosome 20 (2000045_h), and 

1400035_h_gag. Expression level of two genes (gag/env on chromosome 13 and gag/pol on 

chromosome 20) from the same locus was nearly similar in each cell line (Figure 13A). In 

ESC-HERV-H loci, a locus on chromosome 19 indicated highest expression with the maximum 

level of 28 × 10-2, while expression of the other ESC loci was in the range of 8 × 10-2 to 1 × 

10-5 (Figure 13B). 

 

4.1.1. Correlation between stemness related genes and HERV-H loci   

Preliminary statistical analysis of correlation coefficient was done in R program without 

assessing normal distribution. Here, correlation was computed by Spearman r to examine any 

possible associations between HERV-H loci and stemness genes. In the first approach, all 

samples were applied to the test regardless of molecular subtypes, TNM, and grading 

Figure 13. Relative expression level of HERV-H loci in 56 cell lines. 

The scatter dot plots represent the first screening qPCR results of A) CRC-HERV-H loci, and B) 
ESC-HERV-H loci in CRC cell lines. Expression levels were normalized to GAPDH and the 
expression rates are presented as 2-ΔCt values. Each spot indicates the result of one cell line analyzed. 
Mean value of the data is shown by a line for each gene. 
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parameters. Moreover, correlation of hESC_HERV_H_19 was determined separately because 

expression of this locus was lost in 14 cell lines. 

The r value indicated either a moderate (0.4 < r < 0.7) or a strong (r ≥ 0.7) positive correlation 

among CRC-HERV-H loci (Figure 14). Additionally, there was a moderate positive 

relationship between two loci of ESC-HERV-H located on chromosomes 6 and 10 with almost 

all of CRC-HERV-H loci. However, stemness indices weakly correlated with some HERV-H 

loci. Associations were observed between OCT4 and 1400035_h_gag (r = 0.36, p = 0.003) and 

hESC_HERV_H_10 (r = 0.44, p = 0.0003). The Spearman r values in NANOG expression 

revealed weak positive correlations with all ESC-HERV-H loci. NANOG also correlated with 

1400035_h_gag (r = 0.32, p = 0.008). Interestingly, 1400035_h_gag and c-MYC had a weak to 

moderate positive and significant correlations (p < 0.05) with all of the examined loci (Figure 

14).  

Figure 14. Chart correlation and correlogram of gene expression data in CRC cell lines. 

A) The chart indicates scatter plots, distributions, and Spearman r correlation coefficients among 
variables sorted as follows; 5_L3U3 (500502_h_L3U3), 13_gag (1300360_h_gag), 13_env 
(1300360_h_env), 14_gag (1400035_h_gag), 20_gag (2000045_h_gag), 20_pol (2000045_h_pol), 
X_gag (X000041_h_gag), hESC_6 (hESC_HERV_H_6), hESC_10 (hESC_HERV_H_10), hESC_15 
(hESC_HERV_H_15), OCT4, NANOG, KLF4, c-MYC and LGR5. Font size of R value and stars are 
comparative to the correlation’ strength.  (* p < 0.05; ** p < 0.01; *** p < 0.001). B) This diagonal 
panel shade visualizes the significant correlation among genes of interest. Insignificant r values are 
not shown here. The magnitude of the correlation is determined by the depth of the shading and size of 
the circles. 
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Furthermore, Spearman analysis in locus 19 revealed a moderate to strong correlation with the 

other HERV-H loci (plot not shown here). Nevertheless, no significant correlations were seen 

with OCT4 and NANOG.  

To find out whether gene expression pattern correlates with specific clinico-pathological 

characteristics, analysis was refined by including the following parameters: molecular subtypes 

(MSI, MSS, and CIMP), T (T2/T3 and T4), N (N0 and N1/N2), M (M0, M1), and grading (G2 

and G3) (Figure 15).  

Generally, the heterogeneity in expression pattern was preserved in the molecular subtypes, 

without a clear trend. The same was seen for TNM and grading.  

Figure 15. Correlation confidence in classified CRC lines. 

Spearman r correlation was used to compare correlations between level of HERV-H expression and 
stemness related genes in CRC cell lines based on the molecular and clinical features. Insignificant r 
values are not shown in the panel. The magnitude of the correlation is determined by the depth of the 
shading and size of the circles. 
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In MSS cell lines, ESC_HERV_H_10 and 1400035_h_gag correlated significantly positive 

with all stemness genes. Remarkably, correlation of ESC_HERV_H_10 was completely 

vanished in MSI cell lines. Likewise, there was no correlation of 1400035_h_gag with OCT4 

and NANOG in MSI samples. Comparison of nodal involvement (N0 and N1/2) revealed 

correlation between HERV-H loci and stemness gene expression. Accordingly, correlations of 

500502_L3U3 and both genes of locus 13 -found in N1 or N2 samples- with NANOG, KLF4, 

and c-MYC were not detected in N0 tumors. The correlations of stemness genes (in particular 

OCT4 and NANOG) with HERV-H loci observed in M1, T4, and G3 tumors were missed or 

reversed in the corresponding lower stages (M0, T2/3, and G2). To support these findings, 

metastasis-derived cell lines were compared with the matched primary-derived cell line (Figure 

15). Here, no correlation between HERV-H and stemness loci was seen. Still, correlations of 

1400035 locus against OCT4 and NANOG were more significant in the advanced tumors 

compared to the lower grade tumors (Figure 15). 

Correlation of hESC_HERV_H_19 with the other HERV-H loci and stemness genes was 

separately performed (Figure 16). Spearman r values in tumors with different molecular types 

showed no significant correlation of this locus with OCT4 and NANOG. Comparison based on 

the lymph node involvement (N0 vs. N1/N2) revealed no significant relationship of 

HERV_H_19 expression level with OCT4 and NANOG. Still, significant associations of locus 

19 were observed with KLF4 (r = 0.66, p < 0.01) and c-MYC (r = 0.57, p < 0.05) in CRC cell 

lines with higher N stage. Comparable associations were seen for metastasized tumors. The 

clinic-pathological M1 status revealed a strong positive correlation between locus 19 and 

NANOG (r = 0.84, p < 0.01). Spearman r values of HERV_H_19 and other stemness genes 

increased clearly (0.63 ≤ r ≤ 0.67) in M1 tumors compared to M0 tumors with small r values (r 

< 0.3). Similar to the M0 samples, no correlation of the locus 19 with the pluripotent factors 

was found in secondary tumors. Contrary to the M status, correlation with OCT4 was 

significantly higher in tumors with lower T stage (r = 0.46, p < 0.05). Vice versa, HERV_H_19 

correlation with KLF4 (r = 0.7, p < 0.05) in T4 tumors was not present in T2/3 tumors. 

Nonetheless, the correlation with c-MYC in T4 (r = 0.64, p < 0.05) and T2/3 (r = 0.54, p < 0.05) 

CRC was almost the same. Finally, stemness expression (OCT4 and NANOG) did not correlate 

with grading (Figure 16).  
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4.1.2. Cell lines selection   

Based on the expression levels of CRC-HERV-H loci, selected cell lines were classified as 

being HERV-H high, intermediate or low. Accordingly, each group consisted of eight cell lines 

(Figure 17A). Thereafter, qPCR of CRC-HERV-H expression was repeated in these pre-

selected cell lines (Figure 17B) in order to confirm the accuracy in samples’ selection. 

Comparison of qPCR data in both datasets indicated deviations in amount of the RNA 

expression within a same cell line in two different samples. However, the general trend almost 

remained in each category. Finally, five cell lines per group were chosen for further analysis 

(Figure 17C).  

Figure 16. Correlation confidence of HERV_H_19 in classified colorectal cancer lines. 

The quadrants and colors represent the Spearman r correlation of the HERV-H loci with pluripotency 
factors in categorized CRC tumors considering molecular types, TNM stage, and tumor grading (G). 
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Figure 17. Selected CRC cell lines based on the gene expression analysis. 

A) The table shows a summary of CRC cell lines and the corresponding molecular subtype in 
each group. B) Relative expression levels of CRC-HERV-H sequences in pre-selected cell lines 
depicted in boxplots. Median value is shown by a line in each box ± standard deviation; outliers 
are identified as dots. C) The table indicates the final selection of five CRC cell lines categorized 
into one of the three groups: high, intermediate, or low.  



Results 
 

  

 

53 
 

Moreover, two new cell lines were added to the panel (HROC300 T2 M1 and HROC383) due 

to the interesting features. HROC300 T2 M1 expressed high level of most HERV-H loci and 

stemness genes, whereas HROC383 grew spontaneously in suspension which made it attractive 

for subsequent sphere culture experiments. 

 

4.2. CSCs enrichment  

In order to enrich CSCs, two methods were used: i) the formation of cellular spheres and ii) 

sorting SP after staining with Hoechst 33342 using the FACS Aria II cell sorter.  

 

4.2.1. Spheroid culture 

To establish this method, cell culture flasks (25 cm2) were coated with 1% agar to provide the 

non-adherent condition for 3D cell growth. HROC cell lines (HROC24 T1 M1 and HROC50 

T1 M5) were then seeded at a density of 5 × 105 cells into the pre-coated flasks using serum-

free medium supplemented with 20 ng/ml EGF. EGF was added and replaced every other day 

to promote cellular dedifferentiation. A few small floating cell clusters or aggregates were 

observed after three days which did not grow in size over the next days. Shrinkage of the cell 

and condensed nucleus or pyknosis were visible by light microscopy. Despite that, spheres 

were collected and RNA isolation failed to produce satisfactory RNA quality.  

In the next step, the medium was exchanged with cancer stem cell medium (PromoCell) to 

provide optimal conditions for growing spheres [http://www.promocell.com/products/cell-

culture-media/]. Besides, cell culture flasks were replaced with repellent cell culture flasks. 

Accordingly, HROC cell lines showed an increased ability to form viable 3D shapes and results 

of the RNA extraction were promising. Nevertheless, this medium was rather expensive and 

was not the best choice for all cell lines. For example, the spheres of few cell lines such as 

HROC24 and HROC383 were mainly cell clusters and not actual spheres. Therefore, RNA 

extraction was not successful and yielded a very low quantity and quality.  

Sphere formation results confirmed the cells’ ability to generate 3D structures, but with distinct 

morphologies (Figure 18). These spheroids were classified as grape-like clusters (Figure 18A), 

solid spheres (Figure 18B), and hollow or organoids-like spheres (Figure 18C). Grape-like 

spheres were irregular in shape and similar in cell mass with loose connections. Solid spheres 

were characterized by a round and a regular colony shape, tightly packed with small cells, and 
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a smooth rim. The latest group was recognized by combination of solid colonies and hollow 

regions. 

Considering spheroids’ morphology, it was hard to discriminate types of the spheres in cell 

lines including HROC18, HROC50 T1 M5, HROC300 T2 M1, and HROC313Met1 T0 M2. 

As shown in Figure 18, the sphere of HROC18 looked different compared to other cell lines 

placed in this group. Moreover, in a few cell lines, a mixture of various spheroids was observed. 

For example, solid colonies alongside with hollow shapes were detected in HROC46 T0 M1 

and HROC313Met1 T0 M2. In HROC46 T0 M1, solid shapes were in majority, but in the other 

line organoid-like structures were mainly formed. Additionally, solid and grape like clusters 

were shaped in HROC50 T1 M5. Another exception was recognized in HROC300 T2 M1. This 

Figure 18. Light microscopy images of distinct spheres’ types in 17 CRC lines cultivated in 
suspension condition. 

A) Grape-like colonies appear with irregular shapes and dense central cells surrounded by visible 
cells. B) Solid spheres were formed in half of the cell lines, were mainly big and difficult to dissociate. 
C) Organoid-like spheres were formed in a few cell lines and were similar to vacant cavities around 
other colonies. Original magnification x100; scale bars represent 100μm. 
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cell line grew slowly and had big cells (Figure 18C). In 3D culture, growth rate was almost 

similar to 2D and colonospheres growth rate was also slow. As a result, in the day of collection 

they were definitely smaller than other spheres formed in the examined cell lines.  

To investigate the influence of the 3D culture on gene expression, RNA was extracted from all 

2D and 3D samples. After controlling RNA quality by the GAPDH probe system, RNA was 

reversely transcribed to cDNA and expression of stemness related genes and CRC_HERV_H 

loci in spheroids were compared to adherent 2D-cultured maternal cells.  

 

4.2.1.1. Gene expression analysis in colonospheres 

Stemness gene  

Figures below depict mRNA expression levels of OCT4, NANOG, KLF4, and c-MYC in 

colonospheres that have been normalized to their related 2D groups (Figure 19). According to 

the data, no consistent pattern was found in OCT4 (Figure 19A) or c-MYC expression (Figure 

19E). Some of the alterations observed in spheroids were significant (p < 0.05). Furthermore, 

no noteworthy correlations of OCT4 and c-MYC were found between molecular subtypes and 

up or down regulation of these genes. In spite of the former genes, KLF4 expression dropped 

in all spheroids, although this did not reach statistical significance. Moreover, significations 

were not correlated to the molecular subtypes. Among analyzed stemness genes, NANOG was 

strongly overexpressed in 15 cell lines grown in 3D condition with minimum enhancement in 

HROC24 (1.99-fold) and maximum growth (11.42-fold) in HROC87 T0 M2. A similar rising 

trend was also observed in spheroids of HROC147 T0 M1 (p = 0.058) and HROC300 T2 M1 

(p = 0.054) without meaningful differences compared to the maternal cells. 
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Figure 19. Comparison of relative stemness genes expression in colonospheres and the corresponding adherent cells.   

The graphs show the qPCR results of the stemness genes in 3D culture of the selected cancer cell lines. A) OCT4, B) NANOG, C) 
KLF4, and D) c-MYC. Expression levels were firstly normalized to GAPDH and the expression rates were calculated by 2-ΔΔCt..  
The values were transformed to log 2 and 2D culture set as zero. The data are presented as the mean values ± SEM. (*P < 0.05; 
**P < 0.005; ***P < 0.0001) 
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CRC-HERV-H loci 

At a first glance, expression of HERV-H loci in most of the spheres seemed higher than 

corresponding adherent cells (Figure 20). However, the upregulations were not consistent. A 

diverse pattern of the 500502_h_L3U3 expression appeared in all groups (Figure 20A) 

regardless of any categories such as molecular subtypes, spheroids’ morphology, and TNM 

grading. On the other hand, remarkable overexpression (p < 0.05) of 1400035_h_gag was 

detected in 12 spheroids groups (70% of samples). Among them, expression level of the gag 

locus on chromosome 14 in HROBMC01 spheres was 4.7-fold more than the matched adherent 

cells (Figure 20B).  

Number of the spheroid groups with the significant upregulation of X00041_h_gag dropped to 

8 (47%). Conversely, relative expression of this locus was lower in four spheres groups 

including HROC87 T0 M2, HROC147 T0 M1, HROC285 T0 M2, and HROC313Met1 T0 M2 

(Figure 20C). Moreover, this downregulation was significant in HROC147 T0 M1 and 

HROC285 T0 M2 (p < 0.05).  

Interestingly, the expression of two genes (gag and env) from the same locus on the 

chromosome 13 presented a strong discrepancy (Figure 20D). Although in spheroids, the 

increased expression level of env gene was the most obvious trend, gag expression level was 

significantly lower (p < 0.05) in five and tended to decrease in four spheroid groups. 

Furthermore, gag expression entirely vanished in spheroids of HROC278Met T2 M2 and 

HROC383. In total, 11 colonospheres had an overall decrease in gag expression 

(13000360_h_gag) compared to their adherent parental cell lines. Besides, coincident 

overexpression of both genes was significant (p < 0.05) in the spheroids of HROC46 T0 M1, 

HROC285 T0 M2, HROC324, HROC364, and HROBMC01.  

In spite of the observed pattern in genes on chromosome 13, the expression level of gag and 

pol genes on chromosome 20 increased in all spheres, but reached statistical significance in 11 

samples (65%). Additionally, 10 colonospheres showed remarkable expression of both loci 

(Figure 20E).  
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Figure 20. Comparison of relative HERV-H RNA expression in colonospheres and the corresponding adherent cells. 

The graphs represent the qPCR results of the CRC-HERV-H loci in 3D culture of selected cancer cell lines. A) 500502_h_L3U3, B) 
1400035_h_gag, C) X00041_h_gag, D) gag and env genes form locus 1300360, and E) gag and pol genes form locus 2000045. Expression 
levels were firstly normalized to GAPDH and the expression rates were calculated by 2-ΔΔCt. The values were transformed to log 2 and 2D culture 
set as zero. The data are presented as the mean values ± SEM. (*P < 0.05; **P < 0.005; ***P < 0.0005) 
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4.2.1.2. Investigation of Spearman r correlations in spheroids 

To see correlation between expression level of stemness factors and CRC-HERV-H loci, 

Spearman r was first computed in all colonospheres followed by the second calculation based 

on parameters M and grading. This analysis revealed a negative significant link (p < 0.05) 

between c-MYC expression level and gag gene on chromosome 5 and 13. This negative trend 

was additionally observed in colonospheres generated from N1/2, M0, and G3 tumors. Besides, 

KLF4 positively correlated with 2000045_h_gag (M0) or X00041_h_gag (M0 and G2).  

However, no relationship was found between OCT4 and NANOG with HERV-H loci (data not 

shown). 

 

Table 12. List of the remarkable correlations observed between pluripotent related genes and 
CRC-HERV-H in 17 colonospheres. 

Correlated loci 
Number of 

XY pairs 
Spearman r 

P value  

(two-tailed) 
Category 

c-MYC and 500502_h_L3U3 17 -0.5221 0.0316 - 

c-MYC and 1300360_h_gag 17 -0.7186 0.0012 - 

c-MYC and 500502_h_L3U3 7 -0.8929 0.0123 N1/2 

c-MYC and 1300360_h_gag 7 -0.8929 0.0123 N1/2 

KLF4 and 2000045_h_gag 9 0.6946 0.0433 M0 

KLF4 and X00041_h_gag 9 0.8000 0.0138 M0 

c-MYC and 1300360_h_gag 9 -0.7333 0.0311 M0 

KLF4 and X00041_h_gag 7 0.8571 0.0238 G2 

c-MYC and 500502_h_L3U3 7 -0.7857 0.0480 G3 

c-MYC and 1300360_h_gag 7 -0.8214 0.0341 G3 

 

4.2.1.3. Spheroid selection for assessment of HERV-H Gag (Gag-H) and NANOG protein 

expression 

According to the mRNA expression level of NANOG and all examined HERV-H loci in 

spheroids, five cell lines with high expression were chosen for evaluating Gag-H and NANOG 

proteins. Expression of these proteins was measured in the adherent 2D cultures and the 

matched spheroids of HROC46 T0 M1, HROC50 T1 M5, HROC364, HROC383, and 
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HROBMC01. In these selected cell lines, at least five HERV-H loci were upregulated in the 

corresponding spheres.  

 

4.2.1.4. Screening of Gag-H protein in the selected colonospheres 

Expression of Gag protein was done by flow cytometry using three monoclonal mouse anti-

Gag-H antibodies against the clones 14H11G1, 1B3H7, and 1D7D11 in comparison to the 

irrelevant antibody 2G2B3 (an anti-His antibody). Controls included cells stained with 

secondary antibody and cells stained with anti-2G2B3 antibody. The Gag-H antibodies are 

originally generated with two tags surrounding Gag-H amino acid sequences. These tags are 

GST at the N-terminus and His at the C-terminus which produces tag-specific signals. 

According to the study on 2016, His tag signal was above the background and consequently it 

must be tested while checking Gag-H expression (144).  

Fold-change in mean fluorescence intensity (MFI) was calculated in the examined 2D and 3D 

samples (Figure 21) with the following formula: 

Fold-change in MFI = MFI (sample)/MFI (control) 

Figure 21. Gag-H and NANOG protein expression in CRC cell lines cultured in 2D and 3D. 

Bar charts exhibit and compare the fold-change in MFI of anti-Gag-H in the adherent and the 
corresponding spheroids in; A) HROC46 T0 M1, B) HROC50 T1 M5, C) HROC364, D) HROC383, 
and E) HROBMC01, F) NANOG protein expression. Results represent the mean of three-five 
independent flow cytometry experiments ± SEM. (*P < 0.05; **P < 0.005) 
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In general, all five cell lines and the matched 3D spheres showed positive staining with 

irrelevant and Gag-H antibodies. There was a trend towards higher abundance of anti-Gag-H 

antigens in 2D-culture samples of HROC46 T0 M1 (Figure 21A) and HROC50 T1 M5 cells 

(Figure 21B). Among them, overexpression of clone 14H11G1 in HROC46 T0 M1 (p = 0.001) 

and clone 1D7D11 in HROC50 T1 M5 (p = 0.044) were significant. This overexpression of 

anti-Gag clones was detectable in the colonospheres of HROC364 (Figure 21C), HROC383 

(Figure 21D), and HROBMC01 (Figure 21E), particularly with a remarkable increase of 

14H11G1 in HROBMC01 spheroids (p = 0.037). 

 

4.2.1.5. Screening of NANOG protein in the selected colonospheres 

To further confirm the overexpression of NANOG detected in qPCR, a validation step was done 

to check whether or not the increased RNA expression of NANOG paralleled the respective 

protein abundance. For this purpose, intracellular staining was done using PE-anti-NANOG 

and isotype control antibodies on the five colonospheres. Except for HROC383 (p = 0.005), no 

significant difference was seen in the other four colonospheres (Figure 21F). Colonospheres of 

HROC364 and HROBMC01 tended to upregulate NANOG, which was not seen in HROC46 

T0 M1 and HROC50 T1 M5. This finding nicely matches with flow cytometry results showing 

high abundance of the anti-Gag-H clone 14H11G1 in the same colonospheres. 

 

4.2.2. Cell sorting 

In the second approach to enrich cancer stem-like cells, sorting SP and non-SP fractions was 

done after staining with Hoechst 33342. The SP cells are able to pump the Hoechst dye out of 

their cytoplasm and are therefore not stained in the control tube. These cells were identified as 

a Hoechstlow (SP) cell fraction (g1) that displayed sensitivity to verapamil. Cells in g2 gate 

(Hoechsthigh) were considered as very likely to be non-SP cells (Figure 22). 

Cell numbers obtained from the first sorting experiments were very low, resulting in a dramatic 

drop in purity of the sorted fractions. Approximately, in 65% of sortings, number of events 

were below 1.5 × 105 (data not shown) and the experiment had to be repeated for each cell line. 

Thus, although the method was already established in the lab, it had to be optimized to isolate 

higher cell numbers and improve purity. 
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4.2.2.1. Improvement of cell sorting 

To improve sorting purity the following things had to be changed: (I) as many cells as possible 

were used for sorting, because the SP constitutes a rare portion within a tumor (cell line) and 

cell loss occurs during each step of preparation as well. (II) Accurate cell sorting requires highly 

pure single living cells. To achieve this goal, dead cells or debris and cell aggregation need to 

be minimized. Thus, viability of each cell line was tested before and after staining and the 

sorting was performed only when viability was at least 60%. (III) Cell suspensions were passed 

through a 40 μm nylon mesh filter just prior to analysis to remove cell clumps. (IV) Cell 

concentration (2 × 106 – 6 × 106 per ml) had to be set up for some cell lines due to the coincident 

events9 that could influence the sorting yield. For these cell lines, the volume used to dilute the 

cells for the sorting procedure had to be optimized. (V) The gating strategy was refined without 

actually losing cells of interest. Hence, population gates were chosen which just separated the 

two distinct populations of SP and non-SP cells without losing more events for sorting (Figure 

23).  

 
9. Coincident event is a situation when two cells were passing by the intercept so fast that the pulse could not be separated.  

Figure 22. Gating strategy in sorting SP from HROC364 cells. 

A) This diagram is an exemplary of a control tube which contains verapamil as a blocker of ABC 
transporter proteins. Due to the pump blockage, amount of the trapped dye increases that leads to the 
enhancement of signal intensity and disappearing of the SP in a control measurement. B) The density 
plot shows the gated area in the stained sample. g1 indicates SP and events in g2 are non-SP. 



Results 
 

  

 

63 
 

(VI) The gating was confirmed by density plot analysis to provide precise localization and 

distribution of the desired cells (Figure 22). (VII) Working solutions for Hoechst 33342 and 

verapamil were always fresh prepared before staining.  

 

Improvement of sorting resulted in higher purity and higher amounts of cells (representative 

data shown in Figure 23 and supplementary Table S2). Sorting of 17 cell lines with at least 

three repetitions identified a clear-cut difference among cell lines so that populations shifted in 

the absence or presence of verapamil just in some cell lines, including HROC18, HROC40, 

HROC46 T0 M1, HROC300 T2 M1, HROC313Met1 T0 M2, HROC364, and HROBMC01. 

Interestingly, virtually all of these cell lines were classified as MSS.  HROC300 T2 M1 is the 

Figure 23. Representative dot plots showing improved sorting data from HROC18.  

The dot plots represent; A) a control measurement, B) a stained sample with defined gated areas. 
G1 indicates SP and events in g2 are non-SP. C) Re-analysis of SP after sorting shows a purity 
of 98.5% with an approximate 4 × 105 isolated events. D) Re-analysis of 7 × 105 non-SP events 
after sorting indicates a purity of 99.8%.   
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only exception (MSI). In the remaining cell lines, fluctuation was observed and obtaining pure 

sorted samples was tricky, especially when this shift not occurred.  

 

4.2.2.2. Improving RNA isolation from sorted samples 

The overall number of sorted events was low and not enough for RNA purification using the 

standard procedure explained earlier. Consequently, isolating RNA from small cell numbers 

became a major problem and initially resulted in poor quality and low concentrated RNA 

(Figure 24B), which was not sufficient for cDNA synthesis. Hence, this method needed to be 

optimized in order to have adequate and qualified RNA for subsequent analysis. 

 

Several kits (Figure 24A) were utilized to solve this technical issue. The results of the kits’ 

evaluation revealed peqGOLD MicroSpin kit was efficient to provide purified RNA (Figure 

24C) that can be used for the downstream applications.  

Figure 24. Summary of different kits used for improving RNA isolation from low cell numbers. 

A) Several kits were utilized to purify RNA of low cell numbers. Exemplary RNA graphs indicating; 
B) unqualified RNA isolated with innuPREP RNA Mini kit, and C) qualified RNA extracted using 
peqGOLD MicroSpin kit. 
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Almost 80 sorting experiments were performed to provide qualified samples of sorted cells. 

Afterwards, RNA isolation of sorted populations and the matched maternal cells (n = 102 

samples) was conducted using the kit. Similar to the procedure mentioned earlier, controlling 

RNA quality and consequent steps were done. Then, high quality cDNA was stored at -20 ˚C 

for subsequent qPCR analysis. 

 

4.2.2.3 Gene expression analysis in SP and non-SP populations 

In concordance with mRNA expression data obtained in colonospheres, a few loci were chosen 

for further analysis in sorted populations to investigate whether expression of loci was altered 

in two purified populations of a tumor samples (so-called SP and non-SP). The candidates 

consisted of NANOG and gag locus on chromosome 20 (2000045_h_gag) due to their general 

upregulation in 3D samples as well as gag and env genes on chromosome 13 because of the 

interesting opposite expression pattern.  

Although NANOG was consistently overexpressed in colon spheroids, a decreasing dominant 

trend was observed in isolated SP cells. NANOG expression in the non-SP was significantly 

higher (p < 0.05) in most tumor cell lines as shown in Figure 25A. In the SP fractions of 

HROC278Met T2 M2, HROC300 T2 M1, HROC324 (p = 0.04), HROC364, and HROC383 

(p = 0.01) NANOG was also upregulated. Expression patterns of gag and env genes on 

chromosome 13 as well as gag gene on chromosome 20 were nearly similar among sorted 

populations. Based on that, up or down regulation was observed in all HERV-H loci for SP or 

non-SP fractions. Some of these changes were remarkable in selected samples (Figure 25B- 

D). As displayed in Figure 25, expression of these loci was lower in isolated SP fraction. By 

contrast, isolated SP of HROC324 and HROC383 demonstrated a significant higher value of 

all examined loci in comparison to the matched non-SP. Likewise, this trend was seen in SP 

fraction of HROC278Met T2 M2, HROC309, HROC313Met2 T0 M2, and HROC364.  

Analysis of Spearman r correlation between NANOG and HERV-H loci revealed a different 

association in SP and non-SP fractions of CRC cell lines. Correlation was seen among all loci 

and much stronger in the non-SP. In the SP cells, NANOG was positively linked with 

1300360_h_env (r = 0.72, p = 0.002) and 2000045_h_gag (r = 0.63, p = 0.009), but no
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Figure 25. Relative RNA expression of NANOG and selected HERV-H loci in sorted population.  

The bar graphs represent the qPCR results of NANOG and three CRC-HERV-H loci in SP (Hoechstlow) and non-SP (Hoechsthigh) of the selected 
cancer cell lines. A) NANOG, B) gag gene form locus 1300360, C) env gene form locus 1300360, and D) gag gene form locus 2000045. 
Expression levels were firstly normalized to GAPDH and the expression rates were calculated by 2-ΔΔCt. The values were transformed to log 2 
and unsorted cells set as zero. The data are presented as the mean values ± SEM. (*P < 0.05; **P < 0.005; ***P < 0.0005) 
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correlation was found between NANOG and 1300360_h_gag. In non-SP, NANOG was 

additionally correlated with 1300360_h_gag (r = 0.81, p = 0.0001). Another dissimilar 

correlation between SP and non-SP was related to gag genes on chromosomes 13 and 20. These 

loci were not correlated in SP (r =0.37, p = 0.15) but strong positive association (r = 0.85, p < 

0.0001) was apparent in non-SP. 

 

4.3. Lentiviral reprogramming 

To investigate the influence of pluripotent factors on the identified HERV-H loci, HROC24 

with low expression of nominated HERV-H loci and stemness factors was subjected to 

lentiviral-based reprogramming. The experimental approach aimed at strong upregulation of 

known stemness factors. This was done by applying EMD Millipore’s Human STEMCCA 

lentivirus reprogramming kit according to the manufacturer’s instructions (Figure 26A).   

 

 

Briefly, two step transfections were performed and stem cell medium was refreshed every other 

day. Colony growth was monitored daily by light microscopy. Nearly three weeks after the 

Figure 26. iPSCs generation using a single lentiviral stem cell cassette. 

A) The scheme of reprogramming procedure in somatic cells which was applied in transduction of 
HROC24. Optical microscopy images of B) HROC24 and MEF cells (indicated by a red arrow) in 
culture, C) a possible iPS colony 25 days after reprogramming. 
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first transduction, 40 tightly packed colonies were picked up manually and each one transferred 

into a well of a 48 well-plate. 29 out of 40 colonies gave rise to grow and were consequently 

seeded in a bigger culture environment. Then, cells from each colony were frozen for DNA 

and RNA isolation.  

First, gDNA extraction from the frozen transfected HROC24 cells (one day after transfection) 

was successfully performed. PCR of the gDNA revealed the vector incorporation into the 

genome (Figure 27A). The size of the PCR product was smaller than 750 bp and harmonized 

with the expected yield (Figure 27B). Thereby, gDNA extraction of 29 colonies and subsequent 

PCR with the same primer and program was accomplished. Despite the positive signal of the 

previous experiment, no band was observed in either colony (data not shown). Hence, in 

colonies, no sign of vector integration was achieved. 

 

Several PCR programs were then applied (Table 13) and two additional primer pairs used. 

These include the following: 1st pair including OCT4 5′ NotI (5′TTT TGC GGC CGC CAT 

GGC GGG ACA CCT GGC TTC GG-3′), KLF4 3′ BamHI (5′TGT TGG ATC CTT AAA AAT 

GCC TCT TCA TGT GTA AGG CG-3′); and 2nd pair including SOX2 5′ NdeI (5′-TTT AGT 

GCA TAT GAT GTA CAA CAT GAT GGA GAC GG AGC TG-3′); cMYC 3′ AccI (5′-TTT 

AGC AGT GGT ACG TCG ACT TAC GCA CAA GAG TTC CGT AGC TGT TC-3′). The 

aim of these PCR reactions was to specifically amplify the vector sequences encoding the 

transcription factors OCT4, KLF4, SOX2, and c-MYC. Pfu polymerase was also utilized to 

Figure 27. PCR result of infected cells with a single lentiviral stem cell cassette.  

A) The PCR of gDNA demonstrates the viral integration into the genomes of HROC24 cells. B) 
Length of the primer and WPRE fragment (Woodchuck hepatitis virus post-transcriptional 
regulatory element) is a confirmation for the accuracy of the product. 
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improve PCR efficiency. Unlike Taq polymerase, Pfu has slower polymerization speed, and it 

possesses 3'-5' exonuclease proofreading activity that recognizes and removes the 

incorporation errors. Still, none of the experiments delivered valuable data. Although an 

unspecific band was detected in some PCR reactions, the result was not improved by changing 

conditions and desired products could not be amplified. 

 

Table 13. Variety of PCR conditions used to amplify vector sequences. 

95 °C, 5 min 94 °C, 2 min 94 °C, 2 min 94 °C, 2 min 94 °C, 2 min 

40 cycles: 

95 °C, 20 sec 

58 °C, 30 sec 

72 °C, 2.5 min 

5 cycles: 

94 °C, 45 sec 

58 °C, 45 sec 

72 °C, 2 min 

5 cycles: 

94 °C, 10 sec 

58 °C, 20 sec 

72 °C, 5 min 

5 cycles: 

94 °C, 45 sec 

58 °C, 45 sec 

72 °C, 5 min 

5 cycles: 

94 °C, 45 sec 

58 °C, 45 sec 

72 °C, 5 min 

72 °C, 10 min 

30 cycles: 

94 °C, 45 sec 

62 °C, 45 sec 

72 °C, 2 min 

30 cycles: 

94 °C, 10 sec 

60 °C, 20 sec 

72 °C, 5 min 

20 cycles: 

94 °C, 45 sec 

60 °C, 45 sec 

72 °C, 5 min 

20 cycles: 

94 °C, 45 sec 

62 °C, 45 sec 

72 °C, 5 min 

Taq Taq Pfu Pfu Pfu 
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5. Discussion and conclusion 

CSCs constitute a rare subpopulation within tumors that act as a putative therapeutic target. 

The importance of CSCs in tumor growth, development, metastasis, and drug resistance has 

been documented enormously in several cancer entities. Nevertheless, the proper identification 

and isolation of this cell fraction from tumor tissues remains controversial. Previously 

established methods mainly rely on cell surface markers. However, growing understanding 

showed that most flow cytometry approaches were not ideal to purify CSCs. Some of the 

markers are expressed in both normal and cancer precursor cells, and none of them are 

completely specific for CSCs. Seemingly, new biomarkers are still needed to specifically 

differentiate and purify stem cells in cancers (173). 

The aim of this study was to find a HERV-H locus involved in pluripotency as an innovative 

biomarker for stem cell recognition in CRC. For this purpose, expression of desired stemness 

genes and HERV-H loci was analyzed in a large number of patient-derived CRC models, 

corresponding spheroids, and sorted populations.  

 

5.1. HERV-H loci correlation with pluripotency in primary CRC cell lines 

5.1.1. HERV-H involvement in CRC development 

The unique expression of the HERV-H family in CRC specimens and cell lines was repeatedly 

determined in several studies (128,129,142,174). In 2012, Perot et al. analyzed the microarray 

data obtained from a collection of 10,035 different HERV elements containing 6 HERV 

families (i.e., family H) in cancerous and corresponding normal RNA samples of breast, colon, 

lung, ovary, prostate, testis, and uterus. This analysis revealed that patterns of HERVs 

expression were extremely influenced by tissue origin and the status of the differentiation. The 

result repeatedly confirmed previous findings and suggested the H family to be the dominant 

expressed HERVs element in CRC. A total of 166 HERV-H loci were detected in colon tissue, 

while 21 HERV-H elements were specifically expressed in CRC (130). A further analysis of 

the nominated loci in the previous study led to the characterization of the five individual loci 

(seven regions) that were only reactivated in CRC tissues (131). In metastatic samples, HERV-

H mRNA level was lower than primary tumors. Moreover, expression profiles of tumors and 

matched metastases from the same patient revealed no differences (131). 
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In the current study, the expression of these seven HERV-H sequences was tested in 56 CRC 

cell lines. The HERV-H expression patterns were correlated with pluripotency-related genes, 

clinico-pathological parameters (TNM classification, grading), and the molecular subtype. 

Virtually, all cell lines had different expression patterns of these sequences. Sequences on 

chromosomes 5 (500502_h) and X (X00041_h) had the highest expression level in CRC cell 

lines, while 1400035_h had a lowest level. Co-expression of two genes from the same locus on 

chromosome 13 (gag and env, r = 0.78) and 20 (gag and pol, r = 0.83) indicated a significant 

positive correlation (p < 0.001) analyzed in all samples. With respect to metastasis-derived 

samples, only one cell line, namely HROC278Met T2 M2 had no expression of the gag and 

env genes of chromosome 13. By contrast, in the matched primary cell line (HROC278 T0 M1) 

both genes were expressed at low level. In 2015, Perot et al. reported exclusive expression of 

gag gene on chromosome 13 in 69% of metastasizing CRC specimen, while env was hardly 

detectable and only in one metastasis case (131). Additional comparisons are warranted. 

However, this could not be done here because of lack of more matched primary and metastatic 

cell lines.  

Perot et al. (2015) also identified a correlation of HERV-H expression with the molecular 

subtype and lymph node infiltration in primary and matched metastasis tumor material (131). 

For the former, HERV-H expression was much higher in MSI tumors compared to the other 

molecular subtypes. With regard to the latter, lymph node infiltration was significantly 

associated with HERV-H reactivation. By contrast, no correlation was seen with tumor grading, 

localization, age, and mutations in classical CRC drivers, including APC, TP53, KRAS, and 

BRAF (131). The data obtained in our study were in contrast to Perot et al. findings. With 

regard to the molecular subtype, correlations were mainly seen among HERV-H loci with the 

MSS, but not the MSI subtype (Figure 15). Specifically, observed correlations of gag and env 

genes of locus 13 with gag and pol genes of locus 20 and gag on chromosome X was not 

detectable in MSI cell lines. These data suggest that HERV-H loci on chromosomes 13, 20, 

and X may contribute to progression of MSS in CRC.  

Furthermore, Roschke et al. found enhanced expression of genes involved in migration, 

invasion, metastasis, and adhesion in CIN cancer (175). Besides, the identification of HERV-

RNAs in tumor-derived vesicles suggests a role in stimulating metastasis (113). Thus, based 

on the previous findings and overexpression of HERV-H loci in CIN cell lines in this work, we 

conclude that HERV-H transcripts may be implicated as regulatory RNA in EMT.  
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Most of the chromosomal alterations are not clonal (nonclonal chromosomal alterations, 

NCCAs), are ignored in the analysis, and therefore not reported (176). By causing deletions, 

translocations, gene amplifications, inversions, and duplications, chromosomal aberrations 

play a causal role in cancer development, progression, and contribute to a poor prognosis in 

several cancer types (176,177). Given the possible role of HERVs in chromosomal 

rearrangement, the idea arises of assigning these sequences in NCCAs. In chromosomal 

abnormalities in CIN tumors, copy number of a gene of interest can be higher in cancerous 

cells due to variable number and/or structure of chromosomes. In addition, HERVs’ elements 

are retrotransposon elements that allow them to integrate into new genomic locations, 

providing a better and more opportunity for HERVs gene expression. Consequently, they can 

be highly expressed in cancer cells and in this case especially in CIN tumors. These cumulative 

data let us to hypothesize that HERVs expression is highly correlated with CIN tumors. By 

going one step further, one may even conclude that HERV-H transcripts can be an indicator of 

this subtype in CRC. However, this issue must be examined in detail by comparison of normal 

and tumor cells – or ideally fresh tumor and normal tissue.  

 

5.1.2. HERV-H implications in pluripotency 

The recent decade has seen a surge of interest in investigating whether transposable elements 

such as ERVs can serve as a novel binding site for transcription factors (178–180) or regulatory 

sequences (181). In this regard, Kunarso and colleagues found that binding sites of pluripotent 

transcription factors including OCT4 and NANOG with transposable elements are species-

specific. It was also illustrated that ERV1 (including HERV-H) was the major key in human 

stem cells (182). RNA seq-data from Santoni et al. confirmed that HERV-H was the most 

expressed repetitive element in ESCs/iPSCs. Its transcripts correlated with OCT4 and NANOG 

and decreased with differentiation. Vice versa, SOX2 was stable and exhibited no link to 

HERV-H. Notably, the degree of active histone mark H3K4me3 was substantially associated 

with the status of differentiation. Another point of this study was evaluation of possible 

implications between HERV-H genomic location and binding site of the pluripotency 

transcription factors. In here, association was strong with NANOG, weak with OCT4, and no 

relationship was evident for SOX2 and KLF4 (140). Contrary to this study, Ohnuki et al. found 

KLF4 to be particularly important for HERV-H reactivation and re-suppression, while 

NANOG had a weaker role. During reprogramming, simultaneous overexpression of KLF4 and 
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transient active LTR7 was detected (183). A previous study also described a link between 

HERV-H and lncRNAs (140), emphasizing HERV-H as an enhancer for lncRNAs and nearby 

genes (88). Besides, the LTR7 subfamily had the highest representatives at NANOG and OCT4 

binding sites (140). This indicates that expression of HERV-H LTR was triggered by OCT4, 

so that OCT4 depletion led to a reduced activity of these LTR enhancers (88).  

These observations imply that HERV-H transcripts play a remarkable role in human 

pluripotency by acting as lncRNAs to supply a platform for pluripotency transcription factors 

or histone modifiers (184). Thus, in this thesis, HERV-H expression was correlated with 

stemness factors to find a new biomarker for CR-CSCs identification. Obtained data from all 

cell lines (n = 56) revealed significant correlations of 1400035_h_gag with all stemness genes. 

This trend was likewise between c-MYC and all HERV-H sequences. Notably, complementary 

analysis indicated subtype-specific differences (summarized in Figure 28), with the strongest 

connection of stemness markers KLF4 and OCT4 in the MSI subtype, but virtually no 

correlation in the CIMP subtype. Moreover, we identified stronger correlations between 

HERV-H loci and pluripotency genes (mainly NANOG, KLF4, and c-MYC) in advanced nodal 

involvement (N1/2), metastasis (M1) at time of resection, and tumor stages (T4). Interestingly, 

observed correlations were completely lost in the metastases cell lines.  

 

Few studies found that expression of HERV-H was enormously monopolized in human stem 

cells (140,178,185). Lu et al. showed that HERV-H activation was controlled by OCT3/4 and 

p300 (88). HERV-H was indispensable for generation and maintenance of self-renewal ability 

in iPSCs (87,88,183), as loss of pluripotency was a direct result of HERV-H knockdown in 

SCs (87,183). Given a role for ERVs family H in pluripotency and the exclusive expression of 

the same family in CRC, some new loci were selected based on a study in 2014 (87). Wang et 

Figure 28. Summary of the significant correlations of HERV-H loci with stemness related genes 
in CRC cell lines based on the molecular subtype, TNM, and grading. 
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al. revealed that HERV-H had the highest expression in stem cell samples using RNA seq-data 

of human fibroblasts, ESCs, and iPSCs. Uniquely aligned reads of the 1,225 full-length HERV-

H genomic region in 43 normal somatic tissues, 8 cancer cell lines, 55 ESCs, and 26 iPSC 

samples indicated 117 highly activated LTR7 in human stem cells. Comparison of HERV-H 

transcription level between iPSCs at early passages and ESCs showed a higher value in iPSCs, 

suggesting that HERVH expression is induced after reprogramming. ChIP-seq (chromatin 

immunoprecipitation-sequencing) data also confirmed that active HERV-H were marked with 

active histone modifications. Additionally, active LTR7 was hypomethylated in stem cells. 

These findings highlight the role of HERV-H-LTR as promotor or enhancer. Further 

investigation showed that HERV-H transcription in stem cells is driven by transcription factors 

such as OCT4, NANOG, KLF4, and LBP9 (87). Accordingly, four new loci on chromosomes 

6, 10, 15, and 19 were selected from 117 full-length and highly activated HERV-H LTR. The  

RNA-seq analysis data in a single pluripotent cell showed that the candidate sites showed less 

activity after 10 passages (87). 

The expression level of these selected ESC-HERV-H sequences was almost similar to CRC-

HERV-H, showing low transcription in most cell lines. However, the locus 19 transcript was 

undetectable in 25% of samples (14 out of 56 cell lines). Spearman r correlation indicated a 

strong link between hESC_HERV_H_10 and the pluripotency factors at the transcription level. 

Interestingly, there was barely a correlation with the CRC-HERV-H loci detectable. Unlike, 

loci 6 and 15 were strongly associated with all the CRC-HERV-H, but weakly with NANOG, 

KLF4, and c-MYC. This suggests implication of locus 10 in pluripotency, while loci 6 and 15 

contribute to CRC tumorigenesis. Besides, the correlation in the classified groups resulted in a 

subtype-specific pattern. Overall, the loci 10 and 15 had the most frequent connections with 

pluripotency factors such as OCT4 and NANOG. 

Summarizing these findings, we here confirmed that overexpression of putative HERV-H 

transcript controls expression of pluripotency factors. This includes, among others, that the gag 

gene of chromosome 14 and LTR of chromosome 10 are implicated in stemness state (Figure 

28).  

5.2. HERV-H expression in enriched populations of cancer stem-like cells 

To examine this further, the qPCR and correlation analysis were accomplished on stem cell 

enriched populations. CSCs-enrichment was based on functional properties. The lack of 



Discussion and conclusion 
 

  

 

75 
 

generally accepted surface markers for CR-CSCs led us to focus on their ability to efflux 

Hoechst dye (referred as SP) and to form spheroids.  

 

5.2.1. Cancer stem cells enrichment in CRC  

By applying flow cytometry, our cell lines did not contain significant amounts of SP cells. 

Therefore, SP low and high were sorted to enrich these rare populations. However, getting a 

high purity of the sorted fraction was a challenge since there were no two distinct cell subsets. 

Still, SP cells and non-SP sorting were successful from all 17 cell lines.  

Another point worth mentioning is the fact that SP percentage was not stable in the cell lines 

and changed during culture. Moreover, it was observed that the percentage of SP cells was cell 

line/tumor dependent. These cells could not be discriminated in all cell lines (186) and some 

cancers did not even contain SP cells (164). The SP cells may be functionally characterized as 

CSCs, although expression of ABC transporters is not an exclusive phenotype of all stem cells 

(164). Despite this limitation, sorting SP has become a valuable and established strategy to 

enrich stem cells from different solid tissues (187) and numerous cancers (188,189). Several 

studies also showed that only SP cells have self-renewal capacity, the ability to develop 

colonies from single cells, and express stemness genes. Finally, the high tumorigenic potential 

in vivo following serial transplantation of low cell numbers or even single cells functionally 

confirms their cancer-initiating potential (83,85,190). However, investigations on ABCG2 

expression in CRC patients were discordant. Several studies reported that ABCG2 mRNA level 

was lower in tumor tissues than in normal tissues (191–193), which did not match with the 

hypothesis of increased expression of ABC transporters in cancers. Moreover, abundancy of 

ABCG2 protein was positively linked with lymph node metastasis (194), shortened patient 

survival (195), and worse prognosis in CRC patients (196). On the contrary, in a recent study, 

high expression of this protein significantly correlated with the better survival rate (197). Given 

the large discrepancies in clinical studies and those seen in CRC cell lines, sorting SP or 

evaluation of ABCG2 expression may not be a valuable approach to isolate CR-CSCs.  

Parallel to the sorting, candidate cell lines were cultivated in 3D using a non-adherent 

environment in serum free medium. The rationale for this is based on the stem cells’ ability to 

adapt to a new niche, survive, and proliferate, whereas differentiated cells are forced to die by 

apoptosis (198). Since cell surface markers have a dynamic expression that may be present in 

multiple cell types, they are inappropriate for isolating the population of interest (199). By 
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contrast, spheroid culture might be an optimal model with even better reflecting in vivo tumor 

growth, progression, and drug delivery (200). In fact, morphology and physiology of cells 

differ in the 3D culture environment resulting from new arrangement of cell surface receptors 

and physical restraints. These aspects modify signaling pathways, gene expression, and cellular 

activities (160). Nowadays, there are increasing evidences to acknowledge that spheroid 

forming culture is the ideal method for screening stem-like features in normal or cancer cells 

(173). Spheroid culture has been used extensively to enrich CSCs or tumor-initiating cells in 

various cancers (201–205). This technique has already been utilized in CRC to address whether 

tumorigenicity, therapy resistance, DNA methylation pattern, expression of pluripotency 

markers, and stem characteristics resembled the original tumor in the spheroid culture (206–

210). Altogether, there was an agreement that 3D cellular structures closely match with the 

patients’ tumors in vivo. Hence, this technique is a promising model in stem cell research.  

In this work and in agreement with former studies, spheres were successfully generated from 

17 cell lines, confirming the presence of a rare population within our patient-derived cell lines 

that maintained growth in an environment that mimicked the stem cell state. Of note, 

morphological heterogeneity was observed among cell lines during sphere formation which is 

a new finding in CRC-spheroids. These 3D structures were so-called named as grape-like 

clusters (Figure 18A), solid spheres (Figure 18B), and hollow spheres (Figure 18C). These 

variations in 3D structure bring up the question of whether different progenitors or stem cells 

are responsible for tumor maintenance in CRC, or whether tumorigenicity, expression of 

stemness markers, and the capacity to grow in long-term culture are influenced by 

morphological differences. Similar to our observations, spheroids of sensory epithelium cells 

produced solid and hollow spheres (211). It was noticed that hollow spheres resulted from solid 

spheres transition as they enlarged. This was followed by sphere cell maturation and 

overexpression of E-cadherin. Interestingly, hollow spheres did not retain the sustained growth 

(211). In this study, spheres’ reproducibility was not investigated since this was not an ultimate 

goal. Nonetheless, we indeed observed differences in growth kinetics, with hollow spheres 

growing continuously, accompanied by enlargement in number and size. On day 7, they were 

structurally similar to organoids and alive.  
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5.2.2. Stemness gene expression in enriched population 

In line with pluripotency of colonospheres, many studies revealed that certain self-renewal 

genes such as OCT4, NANOG, SOX2, and KLF4 were upregulated in spheroid models 

compared to 2D-cultured monolayers (212–215). Herein, OCT4 showed no considerable 

changes in expression, although it was upregulated in a few colonospheres. Additionally, no 

pattern or correlation could be detected regarding the molecular subtype, TNM, and grading. 

Another surprising finding was downregulation of KLF4 in all spheroids. This transcription 

factor is recognized as one the foremost regulators involved in normal and cancerous SCs 

compartment in intestine (216).   

 

KLF4 in CRC 

KLF4 is well-known as one of the Yamanaka factors for reprogramming of somatic cells (217). 

It regulates transcription and functions as a tumor suppressor or as an oncogene in various types 

of cancer (218). Recent studies have repeatedly recognized the regulatory role of KLF4 in 

CSCs (219–221), although conflicting results have been obtained in CRC and its stem cells 

compartment (222,223) as well as other tumor entities (194,195). In CRC, KLF4 is frequently 

acknowledged as a tumor suppressor (226,227) and inhibits cellular proliferation, colony 

formation, migration, invasion, and tumor formation in animal models (223,228,229). 

Additionally, downregulation of KLF4 led to the increased DNA synthesis, hyperproliferation, 

and less differentiated phenotype (230). Moreover, KLF4 expression in CRC tissues or cell 

lines is induced or lost (231,232). Xu et al. reported that KLF4-positive patients had better 

survival rates compared to the KLF4-negative counterpart (231). By contrast, Lee et al. found 

that elevated KLF4 to be associated with worse prognosis and shorter survival (232). In another 

study, lower KLF4 was correlated with poor prognosis (227). These divergent findings hamper 

any conclusion on the role of KLF4 on patients’ outcome. 

In another study by Leng et al., colon spheroids had higher KLF4 level in comparison to the 

matched parental cells and KLF4 knockdown significantly reduced in vitro and in vivo 

stemness phenotype of spheroids, confirming that KLF4 acts as an oncogene in CRC 

development (219,222). Recently, Stankevicius et al. observed that KLF4 expression in 

colonospheres was downregulated on day two and elevated on day 6 (233). Another 

investigation on nasopharyngeal carcinoma also indicated that KLF4 overexpression 
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negatively regulated cell proliferation and stemness features such as sphere efficiency, 

migration, invasion, and expression of related stem cells markers (224).  

The conflicting observations in CRC may be due to the complex involvement of KLF4 in 

numerous signalling pathways. These can be further affected by sample types, different 

methods applied for analysis, and therefore finally bias results. Another point worth mentioning 

is that most studies focus on, long-term cultured commercial cell lines. Though such cell lines 

are widely used in cancer research, they may carry additional mutations caused by serial 

passaging and the rather artificial in vitro culture. Hence, obtained results must always be 

interpreted with caution and – in worst case – do not adequately resemble the cell of the origin 

(157). However, in this work, low passage patient-derived and PDX models were used. These 

cancer sources provide better and valuable results with higher relevance for the clinic.  

As explained earlier, cell cultivation in non-adherent and serum-free environment exerts 

apoptosis to differentiated cells, while rare cancer stem-like cells adjust to the condition and 

keep their activities. Based on the literature and in line with KLF4 enrolment in cell growth 

arrest in CRC, KLF4 may be prohibited in 3D structures for a limited time so that more cells 

proliferate and become spheres. Collectively, downregulation of KLF4 is suggested to be 

involved in hyperproliferation and malignant transformation of CRC. In this line, Hu et al. 

discovered a differentiation dependent expression pattern for KLF4 in CRC. Data revealed that 

transcriptional and translational level of KLF4 was positively associated with differentiation 

grade of tumor cells (234). Therefore, a possible explanation for the reduced KLF4 mRNA 

levels observed in the current study may be dedifferentiation of the mature cancer cells or more 

possibly activation of the dormant CSCs due to the non-adherent culture. However, this issue 

needs to be investigated in detail prospectively. 

 

c-MYC in CRC 

Another pluripotency gene measured in 3D structures was c-MYC. The obtained qPCR data 

indicated that 70% of colonospheres had lower c-MYC transcripts compared to the matched 

monolayers. It was assumed that c-MYC would be overexpressed in the non-adherent niche 

since it plays a key role in maintenance of self-renewal and survival of SCs in CRC (235). 

Nevertheless, expression of c-MYC has not been studied well in tumorspheres, while its 

implication has been demonstrated in a wide range of cellular activities in most cancer types, 

including tumor initiation and proliferation (236), angiogenesis (237,238), migration and 
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metastasis (239,240), immune evasion (241), resistance to therapy (235,242), cell 

reprogramming, and stemness (235,243,244). The latter proposes a link between malignancy 

and stemness (235).  

Activity of c-MYC in CRC is regulated via Wnt/β-catenin signaling pathway. Nuclear 

accumulation of β-catenin trigger c-MYC and Cyclin D1 transcription that prompt cell 

proliferation and tumor development (242). Furthermore, overexpression of c-MYC in CRC 

mediated organoid formation and SC/progenitor expansion through reactivating self-renewing 

cells and relevant signaling (245). Recently, c-MYC expression and its contribution in sphere 

formation, mobility, in vivo tumorigenicity, and chemosensitivity in the stem cell-enriched 

population (CD133 positive) from HT29 have been explained. As compared to CD133- cells, 

c-MYC transcripts were higher in CD133+ cells. Moreover, stemness features were attenuated 

in the CD133+ fraction when c-MYC was downregulated (235). Contrarily, Stankevicius et al. 

detected no remarkable changes in c-MYC expression in DLD1 and HT29 cells grown in 3D 

models (233). 

There are also studies demonstrating c-MYC activation in a dose-dependent manner (246,247). 

Low level c-MYC expression enhanced  proliferation without increasing cell death, size of the 

SP population, expression of pluripotency transcription factors, and sphere forming efficiency 

in hepatic cancer cells (244).  Besides, c-MYC protein was degraded in oxygen, glucose, and 

glutamine deprivation. This downregulation was positively correlated with increased cell 

survival in CRC (248). ATP depletion in deprived condition induced senescence and cell death 

through necrosis, apoptosis, or autophagy by c-MYC activation (248–250). Similarly, Wong 

et al. examined mechanisms of c-MYC inhibition under hypoxia in human CRC. It was 

demonstrated that c-MYC protein level, activity, stability, and transcription of its target genes 

were reduced in HCT116 cells (251). 

Taken all together, spheroids create a microenvironment in which external cells receive 

sufficient oxygen and nutrients from the medium, while distant cells are in shortage. Energy 

consumption in the hypoxic regions and consequently DNA replication, metabolism, and cell 

proliferation decreases by preventing c-MYC (251). Given the role of c-MYC in promoting cell 

death and its involvement in maintenance of CSCs, c-MYC expression pattern in CR-CSCs is 

possibly dependent on the availability of supplies in the tumor niche or/and c-MYC abundance 

in the target cell. These characteristics lead to the several fluctuations to keep the basal c-MYC 

level stable. Thus, transient c-MYC downregulation can serve as a survival adaptive strategy 
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for CSCs or tumor initiating cells in nutrients/ATP deprivation. As a result, c-MYC protein 

must be broken down and most likely c-MYC transcription also diminishes in colonospheres.  

 

NANOG in CRC 

In this study, NANOG was the only pluripotency gene that was upregulated in all examined 

spheroids. This is in agreement with data emphasizing that NANOG is a key modulator in CR-

CSCs. NANOG affects tumorigenicity, spheroid formation efficiency of individual cells, and 

size of the SP (213). It was also reported that CRC patients with elevated NANOG protein had 

poorer prognosis and more advanced lymph node status. Furthermore, NANOG was introduced 

as an EMT- inducer promoting proliferation, invasion, and mobility of cancer cells during CRC 

progression (252). Consistent with this report, independent loss of function studies reinforced 

the idea that NANOG is the most important factor in controlling CSCs population in CRC. 

Knockdown or genetic ablation of NANOG in CRC cell lines reduced colonospheres (213), 

impeded cell proliferation, and inhibited in vivo tumorigenicity (213,253). Likewise, it has 

recently been shown that the CSCs phenotype in CRC diminished in knockdown NANOG cells. 

These cells had lower levels of NANOG, OCT4, and c-MYC protein. The size of the tumor 

xenografts in nude mice and the size and frequency of the spheroids were also reduced (254). 

Strikingly, Tamura et al. demonstrated for the first time the presence of two functionally 

distinct subpopulations in clinical CRC samples based on the E-cadherin expression. Of note, 

NANOG transcripts and protein were remarkably upregulated in positive sorted cells, which 

coincided with higher proliferation rate. Actually, NANOG was introduced as a main regulator 

of proliferation in potential CR-CSCs (255). In another study, it was found that therapy with 

doxorubicin, irinotecan, or 5-fluorouracil led to the increased SP fraction and elevated NANOG 

and E-cadherin in CRC lines (256). On the other hand, compulsory overexpression of NANOG 

enhanced clonogenicity, EMT-related properties, and tumorigenic potential in vivo (257). 

Finally, NANOG expressing CRC cells indicated more capability to evade the immune system, 

supporting tumor growth (258,259). All these data confirm that NANOG plays a crucial role 

in stemness traits and maintenance of pluripotency in CRC.  

To further examine NANOG expression behavior in a stem cell population, measurement was 

performed in SP and non-SP sorted fractions. Unexpectedly, NANOG transcription was higher 

in non-SP cells (Hoechst high), apart from a significant upregulation in SP cells isolated form 
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HROC324 and HROC383. Similarly, NANOG was overexpressed in HROC278Met T2 M2 

and HROC300 T2 M1 but the difference was not statistically significant.  

Oligo microarray analysis indicated different genes expressed in SP and non-SP of a liver 

cancer cell line (Huh7). Mainly, genes related to stemness signaling and drug resistance were 

upregulated in SP (260). In CRC cell lines, inhibition of NANOG reduced the size of the SP 

cells compared to the parental population (213). Immunofluorescent analysis of sorted SP cells 

from fresh primary ovary specimen specified the coexpression of NANOG and ABCG2 (261). 

In addition, induction of NANOG in prostate (LNCaP) and breast (MCF7) cancer cells caused 

upregulation in ABCG2 expression (262). Reciprocally, it was observed that MCF7 SP cells 

were enriched with NANOG mRNA (263). Similarly, pancreatic cancer SP cells had a higher 

NANOG transcript and protein level compared to the non-SP (264). Very recently, Kawai et al. 

showed that the rate of SP decreased with the inhibition of ABCG2, while the ability to form 

spheres did not change in pancreatic cancer cell lines. It was concluded that ABCG2 inhibition 

has no effect on cancer stemness, although high ABCG2 cells are enriched with CSCs (265). 

Considering these findings, synchronous spheroid culture and sorting SP may incredibly 

improve enrichment of the CR-CSCs. Perhaps there is a subfraction of NANOG cells that 

express high level of ABCG2. Thus, if sphere formation can enrich NANOG positive cells, it 

may additionally contribute to increased SP size. However, this must be studied in detailed.  

Next, expression of NANOG and Gag-H proteins were tested in the spheroids from 5 cell lines 

including HROC46 T0 M1, HROC50 T1 M5, HROC364, HROC383, and HROBMC01. Using 

flow cytometry analysis, marginal differences were found between 2D and matching 3D 

samples. Thus, protein expression was not consistent with increased expression of NANOG and 

gag transcripts. One possible explanation is that these transcripts may function as a regulatory 

RNA as proposed by Salmena et al. (266). The other explanation is the nucleus and cytoplasmic 

localization of NANOG, suggesting a migratory behavior similar to that of OCT4, KLF4, c-

MYC, and SOX2 in various cancers (267). Concordant with these results, Meng et al. found 

that only a small fraction of CRC cells accumulated NANOG in their nucleus (252). Therefore, 

NANOG protein can be washed away through the staining procedure when it is located in the 

cytoplasm. Another and the most important argument could be the size of the spheroids. This 

can lead to the incomplete fixation, permeabilization, and/or antibody penetration especially at 

depth, which then distorts the data. Quality of staining in deep regions of 3D structures will 

decrease if any of these steps are performed imperfectly (268). Therefore, it is recommended 
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to re-establish the staining procedures for 3D models, irrespective of widespread protocols used 

in 2D samples.   

 

5.2.3. Evaluation of HERV-H loci in enriched population 

HERV-H expression has never been studied in 3D spheroids or SP cells of CRC. One recent 

analysis by Giovinazzo et al. reported a significant positive correlation of HERV-K and 

HERV-H with stemness related genes. It was seen that enhanced HERV-K transcription was 

accompanied by overexpression of OCT4 and NANOG in melanoma spheres. Similarly, 

concurrent upregulations of HERV-K and HERV-H with OCT4 and NANOG was observed in 

spheroids of liver cancer. Additionally, HERV-H and SOX2 had a significantly increased 

expression rate in the spheroids of lung cancer (269). Our gene expression data are almost in 

accordance with the previous findings showing higher expression of HERV-H elements in 

colonospheres examined. However, this was not confirmed on protein level in examined 

spheroid system. The levels of CRC-HERV-H transcripts in spheroids were higher compared 

to their corresponding monolayers in most cases. Furthermore, all spheroids overexpressed 

both genes of gag and pol on chromosome 20 and this pattern was followed by upregulated 

gag on loci 14 and X in 82% of colonospheres (14 out of 17). In contrast, transcription of the 

gag gene on chromosome 13 diminished in 9 colonospheres and was undetectable in 

HROC383, while env gene of the same locus was overexpressed in 64% of the spheroids. The 

disparities in expression pattern between two genes of the same locus (1300360_h_gag) have 

already been observed in few CRC samples (131). However, in the current work, more than 

half of the colonospheres had the lower 1300360_gag transcript, which was the dominant trend. 

Perot et al. declared that alternative splicing or genomic loss of the env gene could be the 

possible mechanisms during the metastatic progression, leading to the solitary expression of 

only one gene (131). Probably, the env gene is also involved in pluripotency of CR-CSCs. 

Analysis of gag and env genes of locus 13 in SP and non-SP did not revealed any variation and 

both loci were expressed in the isolated fractions. Besides, there was no consistent up or down 

regulation of 1300360_h_gag in sorted SP and non-SP. However, the env gene was mainly 

higher in non-SP than SP. This was also seen in gag gene of locus 20. Lower NANOG and 

HERV-H transcription levels in SP cells disagree with the notion that SP cells are enriched 

with CSCs. There are numerous variations in SP size in a single cell line, in the presence or 

absence of SP in CRC lines, and in the gene expression pattern obtained from 17 patient cell 



Discussion and conclusion 
 

  

 

83 
 

lines. As a result, sorting SP cells does not appear to be a method of choice for CSCs isolation 

in CRC. Contrariwise, the literature indicates that spheroid culture is a practical way to 

propagate and expand cancer-initiating cells which can be used to study cancer development, 

metastases, and drug delivery (201–205).  

Spearman r analysis identified new correlations in colonospheres. First, gag genes of loci 20 

and X were positively linked to KLF4, suggesting the importance of these loci in stem-like cell 

growth. Secondly, there were significant negative correlations of c-MYC with 1300360_gag (r 

= -0.72, p = 0.001) and with 500502_L3U3 (r = -0.52, p = 0.03). However, these loci were 

positively linked in the 2D parental cells. These contradictory correlations in two different 

cultivating systems may be just a coincidence. It can also be proposed that c-MYC plays dual 

conflicting roles in two different environments (2D vs. 3D) by applying the same molecular 

network. Therefore, in a deprived niche that promotes CSCs activation, its temporary 

downregulation does not lead to the same pattern in the HERV-H loci 13 and 5, if they are 

essential to retain the expression of stemness genes in spheroids. Since association between c-

MYC and HERV-H has never been reported, further studies will be required to define the 

reciprocal expression pattern of c-MYC and HERV-H in stem cells. 

Finally, Spearman correlation was performed in SP and non-SP to find out whether level of 

NANOG mRNA was associated with 1300360_gag/env and 2000045_gag. Surprisingly, 

NANOG was positively correlated with 1300360_env and 2000045_gag in SP, whereas in non-

SP it was additionally linked to 1300360_gag, as well. This data provided more clues that locus 

13 and most probably the env gene plays an important role in CR-CSCs.  

 

5.3. Reprogramming of HROC24  

The reprogramming of human cancer cells to pluripotency is becoming an important tool in 

cancer research. Resected samples and matching derived cell lines mainly represent late-stage 

markers and phenotype. However, the iPSCs approach potentiates recapitulation of the earliest 

tumor stage that possibly provides new insights into the cancer progression and identification 

of early diagnostic biomarkers (270). The rarity of success described in literature underlines 

the difficulties in de-differentiating cancer cells into pluripotent precursors. It is thought that 

particular cancer related mutations, aberrant epigenetic modifications (270,271), accumulated 

DNA damage,  and induced cellular senescence are the biological barriers (270). So far, most 
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of the iPSCs generated were limited to leukemia (272–275) and pancreatic cancers (276). 

Reprogramed cells were usually derived using vectors expressing Yamanaka factors. Carette 

et al. demonstrated that all Yamanaka factors are necessary for successful reprogramming in 

CML (KBM7) (272). In a few studies, NANOG and LIN28 genes were additionally used in 

various combinations with Yamanaka factors (274,277). In a study in 2010, the transfection of 

pancreatic, liver, and CRC cells was mediated by using Yamanaka factors combined with 

NANOG, LIN28, BCL2, KRAS, and shRNA for tumor suppressors genes (278). Regardless of 

the methods used for reprogramming, obtained induced cancer cells enhanced expression of 

ESCs markers such as OCT3/4  (279,280), stage specific embryonic antigen-3  (SSEA-3), 

SSEA-4, SOX2 (279), NANOG (278–280), SSEA-1, TRA-1–60, and TRA-1–81 (278). The 

induced cancer cells could differentiate into different cell lineages (272,273,275,278). Besides, 

they became insensitive to the known chemo-drug in an opposite behavior to the parental cells 

(272,273,281). Furthermore, reduced or loss of malignancy such as invasion (278), migration, 

division rate (279), and tumorigenicity were observed in some iPSCs (277,278). Nonetheless, 

findings of different independent studies indicate that reprogramming of cancer cells is not 

adequately efficient. Most of the cancer cells are resistant to reprogramming (282–284), in 

some cancers full pluripotency was not gained (285,286), and in some cell lines reprogramming 

had to be optimized individually (278). Our PCR data revealed differences between infected 

samples at day one after transfection and after three passages. This brings a theory that 

integration of the vector to the cancer cell genome was temporary or transient, because no 

bands could be detected in PCR of stem-like colonies. Most likely, the vector was excised from 

the genomic region and integration was not constitutive although we aimed at permanent 

integration into the genome to enable stable CRC-iPSCs.  

To sum up these findings, reprogramming cannot be performed by commonly used factors in 

all types of cancers and using new factors may improve iPSCs generation in tumor models.  
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6. Summary  

The mortality rate in colorectal cancer (CRC) patients is still high. One of the main 

consequences for treatment failure is tumor relapse, which occurs at advanced stages. It is 

presumed that cancer stem cells (CSCs) population is the cause of tumor relapse and metastasis 

due to its cellular plasticity. This rare population is also chemo-resistant, arising from highly 

concentrated drug efflux pumps that weaken drug response and induce survival pathways. The 

combination of these properties with the capability to evade the immune system and endure 

nutritional shortage results in CSCs survival after treatment and restoring tumor growth after 

cancer cell elimination. Thus, successful targeting and eradication of CSCs can improve cancer 

treatment. Still, before developing novel approaches, precise characterization of the CSCs is 

mandatory. 

Several studies already reported the upregulation of human endogenous retroviruses family H 

(HERV-H) in embryonic and induced pluripotent stem cells as well as CRC tumor samples and 

cell lines, which was not found in normal tissues and other cancer types. Considering these 

findings, this study aimed to investigate the correlation between previously identified CRC-

HERV-H loci and stemness genes in CRC cell lines and to find the potential HERV-H 

pluripotency locus as a biomarker in colorectal CSCs. Initial experiments in 56 CRC cell lines 

revealed positive significant correlations between OCT4, NANOG, and c-MYC with the 

specific HERV locus 1400035_h_gag. Correlation analysis with clinic-pathological 

characteristics including molecular subtype, TNM, and grading parameters indicated different 

correlation patterns in each subtype. The strongest correlation was between OCT4 and KLF4 

in microsatellite instable (MSI) cell lines, while no correlation was seen in the other subtypes. 

Furthermore, correlations between HERV-H loci and NANOG, KLF4, and c-MYC were 

stronger in cell lines with advanced tumor stage. However, in the metastases-derived cell lines, 

no correlations were detectable indicating that HERV-H loci expression drives malignancy but 

plays a minor role in metastasis.  

A comparison of the gene expression data between 3D-cultured colonospheres and the 

matching 2D-monolayers revealed a higher expression of CRC-HERV-H loci in the 

aforementioned. Nevertheless, the expression of the examined CRC-HERV-H loci showed an 

inverse pattern and was lower in side population (SP) than in non-SP, classified as non-CSCs. 

The same was seen for NANOG. Here, colonospheres overexpressed NANOG, but KLF4 and 
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c-MYC were downregulated, which is in sharp contrast to the literature. Still, spheroid culture 

provides enough clues to be a practical method to enrich colorectal CSCs. 

Summarizing these findings, we found that HERV-H expression in CR-CSCs was mainly 

influenced by NANOG. Although we could not specify a locus endowing pluripotency, the gag 

gene on chromosome 14 and the env gene on chromosome 13 were the most important 

candidate loci that warrant further investigations.  
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7. Zusammenfassung 

Die Sterblichkeitsrate bei Patienten mit kolorektalem Karzinom (engl. colorectal cancer, CRC) 

ist noch immer hoch. Die Gründe für das Versagen entsprechender Therapien sind vielfältig 

und führen häufig zum Rezidiv. Es wird vermutet, dass eine spezifische Subpopulation, die 

sogenannten Krebsstammzellen (engl. cancer stem cells, CSCs) eine der Hautursachen für ein 

Rezidiv und eine Metastasierung darstellt. Diese seltene Population weist spezifische 

Charakteristika, wie zelluläre Plastizität und Chemoresistenz, auf. Letztere resultiert aus der 

Anwesenheit hochkonzentrierter Arzneimittel-Efflux-Pumpen, die die Wirksamkeit von 

Therapeutika abschwächen und zelluläre Überlebenswege induzieren. Die Kombination dieser 

Eigenschaften, sowie die Fähigkeit, auch Nährstoffmangel zu tolerieren und der 

immunologischen Kontrolle zu entgehen, führt zum Überleben von CSCs nach der Behandlung 

und letztlich zum Rezidiv. Ein erfolgreiches Targeting und die spezifische Elimination von 

CSCs stellt einen vielversprechenden therapeutischen Ansatz dar, die Prognose von CRC 

Patienten langfristig zu verbessern. Vor der Entwicklung neuer Ansätze ist jedoch eine genaue 

Charakterisierung der CSCs entscheidend. Dies war Gegenstand der vorliegenden Dissertation 

mit dem Schwerpunkt, eine Assoziation zwischen humanen endogenen Retroviren (HERV) 

und der Pluripotenz von CSCs zu erfassen. 

Mehrere Studien berichteten bereits über eine Hochregulation der HERV Familie H (HERV-

H) in embryonalen und induzierten pluripotenten Stammzellen sowie in CRC-Tumorproben 

und abgeleiteten Zelllinien. Interessanterweise wurde HERV-H nicht in normalen Geweben 

und anderen Krebsarten gefunden, was auf ein CRC-spezifisches Expressionsprofil hindeutet. 

Vor diesem Hintergrund war das primäre Ziel der Arbeit, eine Korrelation zwischen zuvor 

identifizierten CRC-HERV-H-Loci und Stammzellgenen in CRC-Zelllinien zu untersuchen, 

um in einem zweiten Schritt den potenziellen HERV-H-Pluripotenz-Locus als Biomarker in 

CR-CSCs zu identifizieren. Erste Experimente in 56 CRC-Zelllinien ergaben positive 

Korrelationen zwischen OCT4, NANOG und c-MYC mit dem spezifischen HERV-Locus 

1400035_h_gag. Die Korrelationsanalyse mit klinisch-pathologischen Merkmalen, 

einschließlich dem molekularem Subtyp, TNM, und Tumor Grading zeigte unterschiedliche 

Korrelationsmuster in jedem Subtyp. Die stärkste Korrelation bestand zwischen OCT4 und 

KLF4 in Mikrosatelliten-instabilen (MSI) Zelllinien, bei den anderen Subtypen wurde keine 

Korrelation beobachtet. Darüber hinaus waren die Korrelationen zwischen HERV-H-Loci und 

NANOG, KLF4 sowie c-MYC in Zelllinien, die aus fortgeschrittenen Tumoren etabliert 
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wurden, stärker. In den von Metastasen abgeleiteten Zelllinien waren jedoch keine 

Korrelationen nachweisbar, was darauf hinweist, dass die HERV-H-Loci-Expression die 

Malignität fördert, jedoch eine untergeordnete Rolle bei der eigentlichen Metastasierung spielt. 

Ein Vergleich der Genexpressionsdaten zwischen 3D-kultivierten Kolonosphären und den 

dazugehörigen 2D-Monolayern ergab eine höhere Expression von CRC-HERV-H-Loci in den 

Ersteren. Hinsichtlich der Expressionsstärke der untersuchten CRC-HERV-H-Loci zeigte sich 

hingegen ein inverses Bild mit geringer Expression in der Seitenpopulation (SP), welche 

typischerweise als CSCs bezeichnet werden. Interessanterweise war die NANOG-Expression 

in SP-Zellen ebenfalls niedrig, während Kolonosphären NANOG überexprimierten. Im 

Gegensatz dazu waren KLF4 und c-MYC in den meisten Kolonosphären herunterreguliert, was 

im Gegensatz zur Literatur steht. Dementsprechend ist die 3D-Sphäroidkultur eine praktische 

Methode zur Anreicherung von CSCs. 

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die HERV-H-Expression in 

CR-CSCs hauptsächlich durch NANOG beeinflusst wurde. Obgleich kein exakter Locus für die 

Pluripotenz gefunden wurde, konnten das gag-Gen auf Chromosom 14 und das env-Gen auf 

Chromosom 13 als wichtigste Kandidaten identifiziert werden, die in weiteren Untersuchungen 

näher charakterisiert werden sollten. 
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9. Appendix 

9.1. Abbreviations 

Abbreviation Meaning 

ABC ATP-binding cassette 

ABCB1 ATP binding cassette subfamily B member 1 

ABCG2 ATP-binding cassette transporter G2 

ALDH1 Aldehyde dehydrogenase 1 

APC Adenomatous polyposis coli 

BAX Bcl-2-associated X protein 

Bcl-2 B-cell lymphoma 2 

Bcl-xL B-cell lymphoma-extra large 

bFGF Basic fibroblast growth factors 

bp Base pair 

cDNA Complementary DNA 

CIMP CpG island methylator phenotype 

CIN Chromosomal instability 

CO2 Carbon dioxide  

CRC Colorectal carcinomas 

CSCs Cancer stem cells 

Ct Threshold cycle 

DMEM Dulbecco's modified Eagle's medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleotide triphosphate 

DPBS Dulbecco’s phosphate buffered saline  

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

EGF Epidermal growth factor 

EMT Epithelial-mesenchymal transition 

env Envelope  

ERVs Endogenous retroviruses 

ESCs Embryonic stem cells 



Appendix 
 

  

 

112 
 

EtBr Ethidiumbromid 

FAP Familial adenomatous polyposis  

FBS Fetal bovine serum  

g Gravity  

gag Group antigens 

GAPDH Glyceraldehyde 3 phosphate dehydrogenase 

gDNA Genomic DNA  

kb Kilo-base pair 

HBSS Hanks' Balanced Salt Solution 

HEPES 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid  

HERVs Human endogenous retroviruses 

HNPCC Hereditary nonpolyposis colorectal cancer 

HROC Hansestadt Rostock colorectal cancer 

IL-4 Interleukin 4  

iPSCs Induced pluripotent stem cells 

KLF4 Kruppel-like factor   

KRAS Kirsten rat sarcoma 

LBP9 Lipopolysaccharide binding protein 9 

LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5 

lncRNAs Long noncoding RNAs 

LTR Long terminal repeat 

MDR Multidrug resistance 

MEF Mouse embryonic fibroblast  

MET Mesenchymal-epithelial transition 

MFI Mean fluorescence intensity 

min Minute 

mM millimolar 

MMR Mismatch repair 

mRNA Messenger RNA 

MSI Microsatellite instability 

MSI-H MSI-High 

MSS Microsatellite stable 

NANOG Nanog homeobox 
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NCCAs Nonclonal chromosomal alterations 

NEAAs Non-essential amino acids 

ng nanogram 

nm nanometre 

NTC Non-template control 

OCT4 Octamer-binding transcription factor 4 

ORF Open reading frame 

PCR polymerase chain reaction 

PDX Patient-derived xenograft 

PI Propidium iodide 

PIK3CA 
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
alpha 

pMol picomole 

Pol Polymerase  

Pro Protease  

RNA Ribonucleic acid 

RT Room temperature 

RT-qPCR Reverse transcription quantitative PCR 

sec Second 

SEM Standard error of the mean 

SOX2 SRY-box 2 

SP Side population 

SSCs Somatic stem cells 

SSEA-3 Stage specific embryonic antigen-3   

TAE Tris-Acetate-EDTA 

TGF-β Transforming growth factor beta 

TP53 Tumor protein 53 

WPRE Woodchuck hepatitis virus post-transcriptional regulatory element 

°C Centigrade 

2D Two-dimensional 

3D Three-dimensional 

β-ME β-mercaptoethanol 

μg Microgram 

μM Micromolar 
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9.4. Supplementary information 

 

Supplementary Table S1- List of CRC cell lines with information about molecular subtype, 
tumor site, primary or metastasis tumor type, TNM, and grading parameters.   

Cell line name Molecular type Localization T N M G 

HCT116 MSI  ---- ---- ---- ---- ---
- 

HROC18 MSS-spSTD  Cecum T2 N0 M0 G2 

HROC24  
spMSI-H Ascending colon T2 N0 M0 G2 

HROC24 T1 M1 
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HROC32 
MSS, spSTD Ascending colon T4 N2 M1 G2 

HROC32 T3 M1 

HROC39 
MSS, spSTD Ascending colon T4 N0 M0 G3 

HROC39 T0 M2 

HROC40 MSS, CIMP-H Descending colon T3 N1 M0 G3 

HROC43 MSS, CIMP-H Ascending colon T3 N2 M0 G3 

HROC46 T0 M1 MSS, spSTD Ascending colon T3 N0 M1 G3 

HROC50 T1 M5 spMSI-H Ascending colon T4 N0 M0 G2 

HROC57 MSS Ascending colon T3 N2 M1 G3 

HROC59 T1 M1 MSS, spSTD Ascending colon T3 N1 M1 G2 

HROC60 MSS, CIMP-H Ascending colon T2 N0 M0 G2 

HROC69 
MSS, spSTD Ascending colon T3 N0 ---- G3 

HROC69 T0 M2 

HROC80 T1 M1 MSS, spSTD Cecum T3 N2 M0 G2 

HROC87 T0 M2 spMSI-H Ascending colon T3 N0 M0 G3 

HROC103Met MSS, spSTD Liver metastasis     

HROC107 cT0 M2 MSS, spSTD Sigmoid T3 N2 M1 G2 

HROC111Met1 T0 M2 MSS, spSTD Brain metastasis  
(Prim. Recto-sigmoid) ---- ---- ---- ---

- 

HROC112Met T0 M2 MSS, CIMP-H Liver metastasis 
(Prim. Cecum) ---- ---- ---- ---

- 
HROC113 cT0 M1 MSI (Lynch) Ascending colon T4 N2 ---- G3 

HROC126 MSS, spSTD Rectum T3 N1 M0 G2 

HROC131 T0 M3 spMSI-H Ascending colon T3 N1 M0 G3 

HROC147Met 
MSI-L, CIMP-L 

Liver metastasis ---- ---- ---- ---
- 

HROC147 T0 M1 Recto-colon sigmoid T3 N2 M1 G3 

HROC173 MSS, spSTD Ascending colon T4 N2 M1 G3 

HROC183 
MSS, CIMP-H Ascending colon T3 N2 M0 G3 

HROC183 T0 M2 

HROC212 spMSI-H Cecum T4 N2 M1 G3 

HROC222 T1 M2 MSS, spSTD Transverse colon T3 N0 M0 G2 

HROC239 T0 M1 MSS Rectum T4b N2b M0 G2 

HROC257 
spMSI-H Ascending colon T4 N2 M0 G3 

HROC257 T0 M1 
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HROC277 T0 M1 

MSS, spSTD 

Cecum T4 N0 M1 G2 

HROC277Met1 T0 M2 Liver metastasis ---- ---- ---- ---
- 

HROC277Met2 Liver metastasis  ---- ---- ---- ---
- 

HROC278 T0 M1 
MSI-L, CIMP-H 

Ascending colon T4 N2 M1 G3 

HROC278Met T2 M2 Peritoneal metastasis ---- ---- ---- ---
- 

HROC284Met MSS Liver metastasis  
(Prim. Rectum) ---- ---- ---- ---

- 
HROC285 T0 M2 MSI-H (Lynch) Descending colon T4 N2 M1 G2 

HROC296 ---- Ascending colon T3 N0 M0 G2 

HROC300 T2 M1 spMSI-H Rectum  T4 N1 M1 G2 

HROC309 ---- Descending colon T3 N0 M0 G2 

HROC313Met1 T0 M2 MSS ---- ---- ---- ---- ---
- 

HROC324 MSI-H (Lynch) Cecum T3 N2 M0 G3 

HROC334 MSS Cecum T3 N0 M0 G2 

HROC348Met ---- Liver metastasis ---- ---- ---- ---
- 

HROC357 MSS Transverse colon T2 N0 M0 G3 

HROC364 ---- Hepatic flexure T3 N0 M0 G2 

HROC370 spMSI-H  ---- T2 N0 M0 G2 

HROC374 ----  ---- T3 N2b M0 G3 

HROC383 ---- Transverse colon T3 N0 M0 G3 

HHC6548 T1 M1 MSI-H (Lynch) Ascending colon T3 N2  G3 

HROBMC01 MSS, spSTD Brain metastasis  
(Prim. Colon) ---- ---- ---- ---

- 
 

 

Supplementary Table S2- Summary of successful sorting results including number and purity 
of the SP and non-SP fractions in 17 HROC cell lines. 

          Cell lines 
SP non-SP 

Events 
number 

Purity 
% 

Events 
number 

Purity 
% 

HROC18  
 2 × 105 99 3.6 × 105 99 
 5.5 × 105 97.1 3.2 × 105 98.5 
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 9.6 × 105 98.5 5.4 × 105 99.8 
 4.3 × 105 97.8 7.7 × 105 99.5 
HROC24  
 3.4 × 105 80 1.2 × 106 92 
 2.6 × 105 91.1 2.6 × 106 98,5 
 2.2 × 105 86 5.4 × 105 99.5 
 4.1 × 105 96 9.1 × 105 95.1 
HROC40  
 2.4 × 105 90 3.4 × 105 93.5 
 3.4 × 105 88.4 8.6 × 105 94.7 
 6.9 × 105 97.5 4.8 × 105 98 
 9.1 × 105 93 1.1 × 106 99.8 
HROC46 T0 M1  
 3.9 × 105 85 3.9 × 105 99 
 3.6 × 105 96.5 3.4 × 105 95.5 
 6 × 105 96.7 2.7 × 105 92.1 
 4.9 × 105 99.6 2.1 × 105 95.2 
HROC50 T1 M5  
 1.1 × 105 88 2.5 × 105 99 
 1.6 × 105 97.3 2.2 × 105 95.8 
 1.7 × 105 88.3 3.2 × 105 96 
 1.4 × 105 90.5 4.1 × 105 98.4 
HROC87 T0 M2  
 1.6 × 105 98 3.9 × 105 92.1 
 1 × 105 92.5 3.8 × 105 95.5 
 2.8 × 105 98.7 1.4 × 106 93.9 
 3 × 105 93.2 8.1 × 105 92.7 
 3.1 × 105 88.8 7.3 × 105 95.8 
HROC147 T0 M1  
 1.2 × 105 97 4.2 × 105 84.3 
 2.1 × 105 88.5 5.8 × 105 95.2 
 5.6 × 105 93 1.1 × 106 93.2 
HROC278 T0 M1  
 5.5 × 105 91.2 7.5 × 105 98.4 
 3.6 × 105 88.1 4.8 × 105 99.8 
 3.8 × 105 95.5 7.1 × 105 97.7 
HROC278Met T2 M2  
 4.7 × 105  91 1.1 × 106 93.3 
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 1.9 × 105 92.1 9.3 × 105 92.5 
 8.5 × 105 93.7 1.5 × 106 95.6 
HROC285 T0 M2  
 1.4 × 105 93.5 2.7 × 105 92.3 
 3.1 × 105 94.9 4.1 × 105 85.9 
 2.4 × 105 93.4 2.6 × 105 84.2 
 2.4 × 105 91.4 7.2 × 105 89.8 
HROC300 T2 M1  
 1.9 × 105 97.3 2.2 × 105 97.9 
 4.7 × 105 94.5 3.5 × 105 99.3 
 6.6 × 105 95.0 2.2 × 105 98.3 
HROC309  
 3.8 × 105 96.5 5.3 × 105 97.8 
 5.1 × 105 92.4 1.9 × 106 99.5 
 5.1 × 105 94.6 7.2 × 105 98.8 
HROC313Met1 T0 M2  
 2.5 × 105 88 7.7 × 105 90 
 5.2 × 105 95.3 6.2 × 105 98.4 
 1.5 × 106 97.2 1.3 × 106 95.1 
 3 × 105 96.6 3.1 × 105 98.7 
HROC324  
 2.4 × 105 85 1.1 × 106 97.9 
 2.7 × 105 88 9.6 × 105 99.5 
 3.7 × 105 89.8 1.4 × 106 94.4 
HROC364  
 3.7 × 105 92.8 1.9 × 105 90.4 
 6.4 × 105 98.2 5.5 × 105 93.5 
 7.6 × 105 97.5 8.7 × 105 97.9 

HROC383  
 3.3 × 105 92.1 4.6 × 105 100 
 5.9 × 105 92.9 8.6 × 105 96.9 
 2.5 × 105 95.7 3.5 × 105 94.3 
HROBMC01  
 3.7 × 105 87.7 7 × 105 90 
 1 × 105 90 2.9 × 105 94.4 
 7 × 105 84.3 1.1 × 106 94.6 
 4.4 × 105 84.8 1.5 × 106 98 
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