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Cierto que casi siempre se encuentra algo, si se mira, pero 
no siempre es lo que uno busca.  

J. R. R. Tolkien  
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“La ciencia no es solo una disciplina de razón, sino también 
de romance y pasión” 
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The accumulation of mutations, genetic predisposition of some factors, exposure to environmental agents, and 
lifestyle all play important roles in the carcinogenic process. Recent studies have revealed that obesity complicates 
the clinical course of  cancer1–3. Obesity is defined as body mass index (BMI) over 30 kg/m2 and is characterized 
by excessive accumulation of adipose tissue in the body. Interestingly, the International Agency for Research on 
Cancer (IARC) reported that body fatness increases cancer risk in 13 cancer types denominated obesity-related 
cancers (ORC), among them, cervical cancer (CC)4,5. Further supporting this association, Calle et al. studied 
approximately 90,000 women and reported that excess BMI is associated with an increased risk of invasive 
 cancer6, with cervical cancer being one of the most affected by obesity, thus increasing the relative risk of death 
3.2 times more in patients with BMI > 356–8. The relationship between obesity and cancer may be explained by 
many factors, including altered hormonal signaling, chronic inflammation, fatty acid metabolism, abnormal 
regulation of insulin and other diet compounds involved in adipose tissue  metabolism9–11.

Adipose tissue contains multipotent stem cells that are able to self-renew and differentiate into multiple 
cell  lineages12. This cell population, referred to as ADSCs (adipose tissue-derived stem cells), has a crucial role 
in  cancer13–15. ADSCs can be chemoattracted to solid tumors and secrete cytokines, including IL6 and vas-
cular endothelial growth factor (VEGF), which promote the inflammatory microenvironment and influence 
 tumorigenesis16–20. ADSCs could transform the behavior of tumor cells to make them more  aggressive21,22, able 
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to survive,  proliferate23,24, migrate and seed new tumors. Recently, it has been proposed that the angiogenic and 
growth factors secreted by ADSCs greatly contribute to facilitating the access of nutrients and oxygen, allow-
ing rapid tumor  growth18. The molecular mechanism of the interaction between tumor cells and ADSCs is still 
unknown, so increased efforts are needed to understand how ADSCs contribute to tumor malignancy.

NF-kappa B is a family of transcription factors that regulate multiple genes involved in immune response, cell 
survival, proliferation, angiogenesis, and  metastasis25–27. NF-kappa B signaling can be activated by the canonical 
pathway mainly characterized by the translocation of p50: p65 dimer or by the noncanonical pathway charac-
terized by the translocation of p52: RelB  dimer28,29. Notably, the NF-kappa B pathway is altered in  obesity30,31 
and cancer  pathologies26,27,32–35. In this study, we analyzed the biological impact and molecular mechanisms of 
ADSCs in CC cells that are still unknown. We cocultured HeLa cells with ADSCs, evaluated their transcriptome 
and performed in vitro and in vivo assays to reveal the influence of ADSCs and the molecular mechanisms that 
alter the phenotype of CC cells.

Our results showed that ADSCs promote cell movement, angiogenesis, migration, and the epithelial–mes-
enchymal transition (EMT) and increase the malignant properties of CC cells through the positive regulation 
of NF-kappa B signaling, a pathway involved in initiation, progression and resistance to treatment in various 
types of cancer.

HeLa, SiHa, CaSki, HaCaT and ADSC were obtained from ATCC (Manassas, VA, USA) and 
cultured in DMEM medium supplied with 5% fetal bovine serum (FBS) (ATCC, 30-2020) at 37 °C/5%  CO2. To 
grow and expand ADSCs we used a commercially available medium (Mesenchymal Stem Cell Basal Medium, 
ATCC PCS 500030) containing essential and non-essential amino acids, vitamins, other organic compounds, 
trace minerals, and inorganic salts. This medium was supplemented with a specific growth kit for ADSC (ATCC 
No. PCS 500 040) containing the following growth supplements: (low serum (2% FBS), FGF basic, EGF and 
l alanyl l glutamine).

Adipose tissue samples were obtained from 3 
female cancer-free patients undergoing gastric bypass, with BMI > 40. The samples were collected from Specialty 
Hospital, XXI Century National Medical Center of the Mexican Social Security Institute (IMSS). This study was 
conducted according to institutional guidelines under an approved protocol by the ethics committee of Comite 
Local de Investigación del Hospital de Especialidades “Dr. Bernardo Sepúlveda Gutiérrez” del Centro Médico 
Nacional Siglo XXI del Instituto Mexicano del Seguro Social. All donors provided written informed consent.

The enriched ADSC population was isolated from excised human adipose tissue as previously  published36,37. 
Briefly, freshly tissues were washed with PBS and minced into small pieces and samples were incubated with colla-
genase I at 0.075% (SCR103, Millipore USA MA) for 40 min at 37 °C with gently shaker. After centrifugation, the 
stromal fraction containing the ADSC was collected and seeded with DMEM medium supplemented with strep-
tomycin/penicillin 1X (30-2300 ATCC, Virginia, USA) and 5% FBS. ADSCs were expanded in DMEM-5% FBS.

The identity of the ADSCs, the expression of stromal markers (CD44 (MACS Miltenyi Biotec 130-095-195, 
CA, USA), (CD90 Millipore FCMAB211F, MA, USA) were analyzed by Flow Cytometry. Also, we analyzed 
the absence of hematopoietic marker (CD31, CBL468F Millipore, MA, USA), and endothelial marker (CD45 
FCMAB118F Millipore, MA, USA). The mouse IgG1-PE (103.092-212 MACS Miltenyi Biotec) and Mouse IgG-
FIT (130-092-213 MACS Miltenyi Biotec) were used how isotype control antibodies.

Indirect coculture assays were used in order to guaranty the isolation of 
the two cell lines through a permeable membrane, but also to kept them in the same microenvironment. HeLa 
cells (950,000) were seeded in the upper compartment of a Transwell system (#3420 Corning Costar, NY, USA) 
with a pore size of 3.0 μm. Subsequently, 450,000 ADSCs obtained from patients or from the ATCC were seeded 
onto the lower compartment. The coculture remained for 24 h in serum-free DMEM.

Coculture conditioned medium (Coculture-CM). Serum-free 
DMEM was harvested from the 24 h HeLa-ADSC coculture. ADSC conditioned medium (ADSC-CM) ADSCs 
(450,000) were seeded and cultured with serum-free DMEM for 24 h. HeLa conditioned medium (HeLa-CM) 
HeLa cells (950,000) were seeded and cultured with serum-free DMEM for 24  h. All generated media were 
filtered to eliminate any cells.

Total RNA was isolated from HeLa and HeLa cells co-cultured with ADSC (N = 3) using 
QIAzol (79306, QIAGEN, MD, USA). RNA concentration and integrity were evaluated using a Bioanalyzer, only 
samples with an RNA integrity number (RIN) greater than 9 were considered for subsequent analysis. HeLa cells 
cultured in the presence or absence of ADSC was subjected to RNAseq analysis by Illumin platform (GAII). 
Three biological replicates were used for the analysis and 20 millions of “reads” per replicate were obtained 
approximately. Sequencing data were analyzed with CLC Genomics workbench (7CLC BioCambridge), and dif-
ferential expression was determined between groups using the EdgeR algorithm. Only genes with a fold change 
increment higher than 2 or less than − 2, a p-value ≤ 0.05, and adjusted p-values (FDR) ≤ 0.1 were further con-
sidered for subsequent analysis. In order to validate RNAseq data we elected DE genes with mid to high read 
counts since the variance in those data is less and the differences are more reliable. We also check the expression 
values of those transcripts across replicates and we choose genes with constant read counts between replicates. 
Finally, we use databases such as IPA and Metacore to dissect the functional interpretations of DE genes and 



select candidate genes according to its relevance in cancer development and progression. Elected genes were 
analyzed by Digital PCR.

We imported the data obtained from our RNAseq to the GSEA 
software downloaded from the website: https ://softw are.broad insti tute.org/gsea/index .jsp. The sets of genes 
related to different gene ontology processes served as reference genes to determine the biological processes 
enriched in our data. We only consider gene set enrichment dataset having a false discovery rate (FDR) < 0.25 
and a normalized enrichment score (NES) > 1.2.

Ingenuity Pathway Analysis software (IPA-QIAGEN), Metacore software and Key 
Pathway Advisor were used to identify the main biological processes altered by the presence of ADSC in HeLa, 
as well as to infer which genes are involved in the regulation of essential cellular pathways. Those tools use the 
list of differentially expressed.

Overall survival of CC patients was analyzed in the website: https ://kmplo 
t.com/analy sis/. The software simultaneously integrates gene expression and clinical data. We used the Pan-can-
cer RNA-seq section and analyze only cervical squamous cell carcinoma to generate each Kaplan–Meier survival 
graph, then, we calculated the risk ratio with a 95% confidence interval and the p value of logarithmic range.

All ddPCR assays were performed using the QX200 digital drop PCR system accord-
ing to the manufacturer’s instructions (Bio-Rad)38.

Briefly, each reaction of EvaGreen ddPCR Supermix (#1864034) including the specific primers and cDNA was 
emulsified with oil (#1864006) and fractionated up to 20,000 drops in the QX200 generator. The droplets were 
transferred to a 96-well plate (#10023379) to carry out a PCR amplification following these conditions: 1 × (95 °C 
for 5 min), 40 × (95 °C for 30 s, Tm °C for 30 s, 72 °C for 30 s), 1 × (4 °C for 5 min, 90 °C for 5 min), 10 °C ∞. The 
positive drops containing at least one copy of amplifiable cDNA, exhibited an increase in fluorescence compared 
to negative drops. Fluorescent drops were quantified with the QX200 Droplet reader detector. Data analysis was 
performed in the QuantaSoft software and absolute expression values in copy number per μl were calculated 
using statistics for a Poisson distribution. Results are represented in copy number per μl of amplifiable cDNA.

To evaluate cell migration and invasion capacity of CC cells 
cultured in the presence of different chemoattractants (ADSC, NH3T3 cells, different CM, 5% FBS or serum free 
medium).

Cells (35,000) were seeded in the upper chamber and cultured in serum free medium, subsequently, 600 μl 
of medium with different chemoattractants were added. Cells were cultured at 37 °C and 5%  CO2 for 24 h. The 
inserts were then removed from wells and cells on the upper surface of the transwell membrane were removed. 
Migrating cells located on the lower surface were rinsed with PBS and fixed with 4% paraformaldehyde (PFA). 
Finally, cells were stained with 0.1% crystal violet and images captured in a stereomicroscope were used to cal-
culate migrating cells using the ImageJ software.

For the invasion assays, transwells covered with 50 μl of Matrigel were used. A total of 35,000 cells were seeded 
with serum-free medium in the upper chamber and subsequently, 600 μl of the corresponding chemoattractants 
were placed in the lower chamber. All conditions were carried out in the same way as the migration assays. At 
least three independent replicates and three technical replicates were carried out for each culture condition.

Cell proliferation of HeLa cells was evaluated by the MTS method under two 
experimental conditions: (A) HeLa vs. HeLa co-cultured with ADSC. (B) HeLa in the presence of different 
medium (serum-free DMEM, DMEM supplemented with 5% FBS, conditioned medium of ADSC, conditioned 
medium of HeLa and medium obtained from HeLa-ADSC co-culture).

Briefly, 7,000 cells were seeded in triplicates in 96-well plates and incubated at 37° C in a 5%  CO2 atmosphere 
in serum-free DMEM for condition "A" and in the correspondent medium for condition "B". Cell proliferation 
was evaluated at 0, 24 h, 48 h, 72 h, 100 h and 124 h and cells were incubated with the MTS reagent for 1 h. Late, 
cell proliferation was quantified using the CellTiter-96 non-radioactive cell proliferation assay kit (#G4000, Pro-
mega). Absorbance was measured at an optical density of 590 nm using a multidetector reader (Bekman Coulter).

Cell cycle assays were performed by flow cytometry using the DNA Reagent Kit (Cycletest Plus 
#340242, BD, Billerica, MA) following the manufacturer’s recommendations.

HeLa cells were grown on glass coverslips in 6-well plates and exposed to 
conditioned medium obtained from ADSC or serum-free medium during 24 h. Cells were then rinsed with 1X 
PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 30 min. Subsequently, cells 
were blocked with PBS and 5% bovine serum albumin (Sigma-Aldrich) for 2 h and then cells were incubated 
overnight in a humid chamber with the corresponding primary antibody: RelB, p65, p52, Vimentin, Fibronectin, 
N-cadherin or E-cadherin (Thermo-Fisher). The cells were washed and incubated with a corresponding second-
ary antibody (#W4028 or #W4018 Promega) for 1 h. Finally, cells were washed with PBS and the slides were 
mounted in Everbrite mounting medium with DAPI (Biotium Inc., Hayward, CA, USA) and stored at 4 °C. The 
fluorescence analysis was performed in a confocal microscope (Zeiss LSM 510).



Zebrafish (Danio rerio) were maintained at a tem-
perature of 28.5 °C on a pH of 7.4 with a 14 h. on and 10 h. off light cycle. We use a Tab Wik genetic background 
(provided by Dr. Ernesto Maldonado from ICMyL-UNAM and Dr. Francisco Carmona from IFC-UNAM), and 
we also use a zebrafish model (Tg(fli1a:EGFP)) harboring GFP expression in blood vessels (donated by Dr. Fer-
nando López-Casillas from IFC-UNAM).

Zebrafish xenotransplants assays were approved by ethic Committee of INMEGEN. Animal care and hus-
bandry followed international ethics standards.

For xenotransplant experiments, two days post-fertilization (dpf) zebrafish embryos were dechorionated and 
anesthetized with tricaine (MS-222; Sigma), then, cells were microinjected into the embryonic yolk sac region. 
To analyze the tumorigenic ability, 300 SiHa cells were injected in combination with 50, 100, 150 or 300 either 
ADSC, NIH3T3 or HaCaT cells into the yolk of Tab-wik zebrafish embryos. The microinjection protocol was 
carried out as previously  reported39. For the migration assays, SiHa cells were transfected using Xfect (Clontech) 
and 5 μg of plasmid pGFP-R-VS or stained with a red PKH26-GL dye. Embryos were analyzed at 12 hpi (hours 
post injection) using an epifluorescence microscope (Zeiss). Four dpi (days post injection), larvae were analyzed 
by stereoscope to evaluate tumor formation.

In vivo limiting dilution assays were analyzed using the 
ELDA software. This model is focused on the estimation of the stem cell frequency across multiple data  sets40. 
ELDA analysis considers the number of individuals who failed to form a tumor when limited cell dilutions are 
employed. The generated graph represents the slopes of the active cells logarithmic fraction with a 95% confi-
dence interval.

The zebrafish model Tg (fli1a: EGFP) was employed to inoculate SiHa cancer cells marked 
with a red PKH26-GL dye. The migration was evaluated at 12 hpi, and the formation of new blood cells was 
evaluated at 12 h and 3 days after the injection.

At least 3 biological replicates of each experiment were made. Data were analyzed with 
the GraphPad Prism 5 program, in which Student’s t test or ANOVA was performed as appropriate, considering 
a p value of < 0.05 as statistically significant. The graphs show the average of the three replicates and the standard 
deviation (± SD).

ADSCs were derived successfully from adipose tissue of 3 
female cancer-free patients with morbid obesity (Fig. 1a). After a couple days of culture, ADSCs exhibited a sta-
ble spindle-shaped morphology (Supplementary Fig. 1). To further verify the identity and purity of ADSCs, we 
employed flow cytometry to examine the cell surface markers of three different cultures. We confirm that most 
of the cells express the appropriate positive ADSCs markers (CD44 and CD90) and very few cells express nega-
tive markers (CD31 and CD45). These results show that ADSCs exhibit the typical immunophenotype of ADSCs 
with expression rates of CD44 (96%), CD90 (95%), CD31 (0.36%) and CD45 (0.16%) (Fig. 1b). Taking together 
those results we verify that primary cultures are constituted by an enriched population of ADSCs.

To assess whether 
ADSCs influence the behavior of CC cells, we cocultured HeLa cells with ADSCs obtained from patients. We 
employed an indirect coculture system where both ADSCs and CC cells are cultured under the same conditions 
but are physically separated by a permeable membrane thus avoiding direct contact but allowing cell communi-
cation (Fig. 1c). To evaluate the effect of ADSCs on the behavior of CC cells, we first evaluated the transcriptome 
of HeLa cells with the aim to identify the main processes and molecules affected by the presence or absence of 
ADSCs.

Transcriptome analysis revealed that HeLa cells cocultured with ADSCs have a total of 95 differential 
expressed (DE) RNAs (fold change > 2 or < − 2, p-value < 0.05 and FDR < 0.1) of which 66 transcripts were con-
sistently upregulated and 29 were downregulated (Fig. 1d).

To elucidate the effects of ADSCs on the behavior of cervical cancer cells, we performed a network enrich-
ment analysis using Ingenuity Pathway Analysis (IPA), Metacore and Key pathway Advisor (KPA). As shown in 
Fig. 1e, the interaction of ADSCs with HeLa cells disrupts the expression of genes involved in cellular processes, 
including cell motility, cell death, cell communication, developmental process, and proliferation. In addition, 
we found specific processes networks enriched in our data, these include the epithelial-mesenchymal transition, 
angiogenesis, inflammation mediated by interleukin-6 (IL6) signaling and cell adhesion (Fig. 1f), these networks 
represent a recognized larger group of interactions and/or pathways. Remarkably, EMT was the most enriched 
process in our data, those results suggest that ADSCs may influence HeLa cells to induce EMT, a biological pro-
cess that allows epithelial cells to lose their polarity and undergo biochemical changes to acquire migratory and 
invasive properties. Besides, the most deregulated top genes are mainly associated with migration, cell adhesion, 
invasion, and metastasis (Fig. 1h).

In addition, KPA and Metacore predict that the activity of NF-kappa B is altered in HeLa cells cocultured 
with ADSCs and could be an essential regulatory hub, which drives differential expression changes (Fig. 1 g). 
Interestingly, it has been shown that NF- kappa B is essential for both the induction and maintenance of EMT 



Figure 1.  The coculture of HeLa/ADSC induces changes in the transcriptome of HeLa cells. (a) ADSCs were obtained from three 
donor patients. The table summarizes the main characteristics of the donor patients who underwent gastric bypass. (b) The purity of 
ADSCs in each patient was evaluated by flow cytometry analysis of cell surface markers including CD44, CD90, CD31 and CD45. The 
graph shows the percentage of positive and negative cells to each marker (n = 3 patients, 2 replicates, error bars = s.d.). (c) HeLa cells 
were cultured alone or in the presence of ADSCs by an indirect coculture system. The picture show that both cells lines are cultured 
in the same medium, but they are physically separated by a permeable membrane avoiding direct contact. (d) Bar chart shows the 
mRNAs altered in HeLa cells due to the presence of ADSCs. (e) The table shows the main molecular and cellular processes altered 
during coculture in HeLa. (f) The table shows the processes networks enriched during coculture in HeLa. (g) Schematic overview 
showing NF-kappa B as essential key hub driving gene expression, which was predicted to be activated in HeLa cells cocultured with 
ADSCs. (h) Top 20 differentially expressed genes in HeLa during coculture with ADSCs. (i–j). Quantification of gene expression by 
ddPCR showing the validation of mRNAs altered in HeLa by the presence of ADSCs obtained from patients (j) or ATCC (k). Graphs 
represent three biological replicates, and the error bars are s.d., *p < 0.05).



in many kinds of cancer  cells41–44. Taken together those results suggest that HeLa cells may acquire migration 
abilities probably associated to the induction of EMT.

To validate sequencing data we employed both ADSC-derived from Mexican patients and an ADSC cell line 
obtained from ATCC. We performed Digital PCR to quantify the expression levels of differentially expressed 
mRNAs. Our data showed that all transcripts analyzed (ITGA5, IL4R, TIMP1 and OASL) were successfully 
validated in both ADSCs obtained from Mexican patients and ADSCs provided from ATCC. Figure 1i–j shows 
that all mRNAs shift its expression levels in HeLa cells due to the presence of both patient-derived ADSCs or 
ADSC obtained from ATCC. We further analyze the expression of three more transcripts (IL6, FN1, and PLAC8) 
using ADSC obtained from ATCC and observed that all mRNAs were well validated (Fig. 1j).

We performed a survival analysis with six DE RNAs using expression data from 304 patients with CC. 
Kaplan–Meier curves show the association between gene expression and cancer survival (Fig. 2a–f), data indicate 
that patients with high expression of ITGA5 and FN1 exhibit lower survival (Fig. 2a,d), while the low expres-
sion of PLAC8 is associated with shorter survival (Fig. 2e). However, the expression of IL6, ILR4, TIMP1 was 
not significantly associated with cancer survival and may possibly be associated with another biological process 
altered by ADSC (Fig. 2b,c,f). Taken together, these data suggest that ADSCs could increase the malignant 
phenotype of CC.

The expression of genes involved in proliferation was 
altered during the coculture of HeLa/ADSCs; however, the cell cycle analysis showed no changes (Fig. 2g). We 
also did not find any difference in the number of HeLa cells respect to HeLa cells cocultured with ADSCs in a 
proliferation assay with MTS during 124 h (Fig. 2h). In addition, we tested the ability of tumor cells to proliferate 
in the presence of different conditioned media obtained from ADSCs, HeLa cells or HeLa-ADSCs (Fig. 2i–j). 
HeLa cells cultured with DMEM at 5% FBS were used as a positive control (Fig. 2j). There was no significant 
change in the proliferation of HeLa cells treated with conditioned medium. Overall, these findings demonstrate 
that ADSCs have no influence on the proliferation and death of tumor cells.

Bioinformatic analysis predicts cell migration to 
be altered in HeLa cells cultured in the presence of ADSCs (Fig. 1e). To assess whether ADSCs influence the 
migration or invasion abilities of CC, we used transwells and evaluated the behavior of HeLa, CaSki and SiHa 
cells cultured in the presence of some chemoattractants, including ADSCs, conditioned medium obtained from 
the coculture of HeLa/ADSCs, conditioned medium of ADSCs and fibroblasts (NIH3T3). Conditioned medi-
ums were obtained under serum free conditions after 24 hr of the coculture of CC cells in the presence of ADSCs 
(Coculture CM) or the culture of ADSCs alone (ADSCs CM). As a positive control of migration, cells were stim-
ulated with DMEM supplemented with 10% FBS and as a negative control we employed DMEM without FBS.

Our results showed that ADSCs promote a drastic increment in the migration ability of HeLa, CaSki and 
SiHa cells compared to unstimulated cells (Fig. 3a–c). Strikingly, ADSCs acted as a powerful chemoattractant 
since HeLa and Siha cells reached 807% and 1758% more migration abilities compared to cells stimulated with 
10% FBS (Fig. 3a,c). Interestingly, HeLa cells exhibit very little migration ability when stimulated with fibroblast 
(NIH3T3) (Fig. 3a). These results highlight the biological significance of ADSCs in improving the migration 
of cancer cells. To test whether the factors secreted by ADSCs influence the migration of CC cells, we test the 
migration ability of CC cells stimulated with conditioned medium of ADSCs. Our results showed that condi-
tioned medium of ADSCs increase the migration of HeLa (300%), CaSki (245%) and SiHa (1885%) cells when 
compared with cells stimulated with 10% FBS. These results indicate that CC cell lines expose to the ADSCs or 
the conditioned medium of ADSCs exhibit a dramatic increment in the migration ability of CC.

Because invasion allows cells to spread toward distant sites and colonize tissues, we determined the influ-
ence of ADSCs on the invasion of CC. We performed invasion assays using Matrigel-coated Boyden chambers, 
as shown in Fig. 3d–f, the invasion capacity of HeLa, CaSki and SiHa cells drastically increases 767%, 1,080% 
and 549% respectively when they are chemoattracted by ADSCs in contrast to cells stimulated with 10% FBS. 
Consistently, the conditioned medium of ADSCs also increase the invasion of all CC cells (Fig. 3d–f).

Taken together, these data indicate that ADSCs induce profound changes in cell migration and invasion, thus 
conferring advantages to CC. Interestingly, an IPA analysis showed that different regulated genes were positively 
associated with the invasion and migration process in cancer cells: VCAN, SPARC, IL6, MMP14, IL4R, ICAM, 
TIMP1 and IGF2 (Fig. 3g–i).

To confirm the influence of ADSCs on the migration or invasion ability of CC cell lines, we conducted in vivo 
experiments using zebrafish embryos (Danio rerio). Those experiments were performed in SiHa cell line, due to 
it has a higher tumorigenic ability than HeLa (data not shown). SiHa cells were transfected with a plasmid car-
rying a GFP gen (Fig. 4a) or were stained with the PKH26-GL dye (Supplementary Fig. 2). A total of 300 SiHa 
cells expressing GFP or labeled with a dye in the presence or absence of ADSCs were injected into the zebrafish 
embryonic yolk sacs at 48 hpf. The number of inoculated cells did not affect embryo viability during a 7-day trial 
(data not shown). Migration and invasion were evaluated at 12 h after the injection. Embryos injected only with 
SiHa displayed few fluorescent sporadic cells throughout the embryo; in contrast, SiHa cells inoculated with 
ADSCs exhibited higher migration observed throughout the body, eyes and tail of the embryo. In some cases, we 
observed cell invasion and subsequent tail metastasis. These data suggest that the presence of ADSCs promotes 
the migration and invasion ability of CC cells (Fig. 4a and Supplementary Fig. 2).

Subsequently, we evaluated whether ADSC could contribute to CC pro-
gression; thus, we performed coinjections of 300 SiHa cells with different dilutions of ADSC cells (50, 100 or 
150) and monitored tumor growth. In addition, tumor formation was also monitored in coinjected embryos 



Figure 2.  Deregulated genes altered by the presence of ADSC exhibit clinical significance in cervical cancer patients. (a–f) Kaplan Meyer 
curves comparing the overall survival of 304 cervical squamous cell carcinomas with low versus high expression of altered genes (ITGA5, 
IL6, IL4R, FN1, PLAC8, TIMP1). Data were obtained from a public database: KM Plotter. The “p” values are shown in each of the graphs. 
ADSCs do not alter the proliferative capacity of HeLa cells. (g) Cell cycle analysis of HeLa cells cocultured in the presence of ADSCs 
compared to HeLa control cells. (n = 3, the error bars are s.e.m) The graph shows no significant changes in any of the phases of the cell 
cycle. (h) Proliferation assay of HeLa control vs HeLa cells cocultured at different times. (i) The picture shows the method to obtain the 
conditioned medium of ADSCs (ADSC-CM) or the conditioned medium of HeLa cells (HeLa CM). ADSCs or HeLa cells were cultured 
in serum-free DMEM for 24 h and then the conditioned medium was employed to culture CC cells. (j) Proliferation assay of HeLa cells 
cultured with different conditioned media (CM) at different times. (n = 3, the error bars are S.D., but no significant changes were shown).



Figure 3.  ADSCs influence the migration and invasion of cervical cancer cells. Graph shows the migration ability of HeLa (a), CaSki 
(b) and SiHa (c) cells cultured without serum and exposed to different chemoattractants including ADSCs, conditioned medium of 
coculture (Coculture-CM), conditioned medium of ADSCs (ADSC-CM) and NIH3T3 cells. As a control, CC cells were also cultured 
with DMEM supplemented with 10% FBS or without FBS. The graph shows the relative percentage of the migration capacity of HeLa, 
CaSki and SiHa cells after 12 h (a–c). The graph represents three biological replicates, error bars are s.d and *p < 0.05. Pictures show 
a representative image of the migratory CC cells in each condition. (d–f) Figures show the relative percentage of invading HeLa, 
CaSki and SiHa cells after 12 h of exposure to various chemoattractants. Figures show a representative image of invading cells in each 
condition. The graph represents three biological replicates, error bars are s.d and *p < 0.05. IPA analysis showing that the main altered 
transcripts in HeLa cells cultured in presence of ADSCs are involved in migration (g), chemotaxis (h), and invasion (i). The networks 
show differentially expressed genes regulated by each signaling pathway. The red color indicates the overexpression of the transcripts.



Figure 4.  ADSC increases the CSC population, migration and invasion in an in vivo model. (a) Images show that the migration capacity 
of SiHa cells increases proportionally with respect to the amount of ADSCs inoculated in zebrafish embryos after 12 h. SiHa cells are 
shown in green due to they were transfected with a plasmid harboring a GFP gene. The images show a gradual increase in the migration 
and invasion of cancer cells from the yolk to the tail of embryos due to the presence of ADSCs. The white arrows show the migration areas 
in the embryo. (b) The table shows the number of cells inoculated in zebrafish embryos and the proportion of tumors formed in each 
condition. SiHa, SiHa + ADSC, or control cells: ADSC, HaCaT + ADSC, SiHa + HaCaT and SiHa + NIH3T3 were inoculated into zebrafish 
embryos, and the tumors were monitored every day for 5 days. (c) The graph depicts the frequency of CSC in each condition representing 
the number of cells injected with respect to the logarithmic fraction of animals without tumors. (d) The table shows the frequency of 
CSC calculated based on the ELDA software. (e) The images show tumors developed during 5 days in zebrafish embryos inoculated with 
ADSC, SiHa or SiHa + ADSC cells. Each experiment was repeated at least three times. (f) The table shows the number of cells inoculated 
in zebrafish embryos and the proportion of tumors formed in embryos injected with CaSki cells or CaSki + ADSCs cells. (g) The table 
shows the frequency of CSC calculated based on the ELDA software. (h) The graph depicts the frequency of CSC in each condition 
representing the number of Caski cells injected with respect to the logarithmic fraction of animals without tumors. (i) The images show 
tumors developed during 5 days in zebrafish embryos inoculated with CaSki or CaSki + ADSC cells.



with the following controls: ADSC + HaCaT, SiHa + HaCaT and SiHa + NIH3T3 (Fig. 4b). As shown in Fig. 4b, 
the coinjection of SiHa cells with different numbers of ADSCs promoted an increase in the number of embryos 
with a tumor; notably, this increase was dependent on the number of ADSCs injected. The results show that SiHa 
cells produced tumors in 35% embryos, while SiHa-ADSCs could develop tumors in 69% embryos. As expected, 
ADSCs alone did not develop any tumor, even when these cells were inoculated in higher amounts. The coinjec-
tion of ADSC/HaCaT only developed tumors in 10% embryos, while SiHa/HaCat or SiHa/NIH3T3 exhibited the 
same tumorigenic potential as SiHa cells injected alone.

In addition, we calculated the frequency of cancer stem cells (CSCs) in each condition through an ELDA 
analysis. Figure 4c and d shows an increment in the CSC proportion observed in tumors formed by SiHa-ADSC 
with 1 CSC per every 384 cells; these tumors have approximately 55.6% more CSCs than in the tumors derived 
from SiHa alone. As expected, tumors derived from HaCaT + ADSC, SiHa + HaCaT or SiHa + NIH3T3 exhibit 
lower numbers of CSCs than in the tumors derived from SiHa. Interestingly, SiHa cells coinjected with ADSC 
produced larger tumor nodules compared with tumors generated only by SiHa cells (Fig. 4e).

The relevance of ADSCs in the tumorigenesis, is further supported by another CC cell line, in which we 
observed that CaSki cells by themselves are unable to form tumors while cells inoculated with ADSCs can pro-
duce tumors in 36% embryos (Fig. 4f,i). Furthermore, we observed that the number of CSCs increased in CaSki 
cells inoculated with higher amounts of ADSCs (Fig. 4g). As shown in Fig. 4h, CaSki cells inoculated with bigger 
amounts of ADSCs had 1 CSC per every 996, while cells injected with lower quantity of ADSCs only had 1 CSC 
per 2,328 cells. These results indicate that the presence of ADSCs improves the tumorigenic potential of CC cells 
and increases the frequency of CSCs.

Interestingly, the data analy-
sis with IPA software suggests that most deregulated genes culminate in NF-kappa B pathway activation during 
the coculture of HeLa/ADSCs. A Gene Set Enrichment Analysis" (GSEA) confirmed that NF-kappa B signaling 
was enriched (p-value = 0, FDR = 0.049 and NES = 1.61) in HeLa cells cultured in the presence of ADSCs (Fig. 5b 
and c). Figure 5a shows a heat Map exhibiting differentially expressed genes with high significance. Among these 
genes, we found RelB, a player in noncanonical NF-kB signaling, which is highly expressed in HeLa/ADSCs. 
The GSEA showed 23 DE RNAs associated with the NF-kappa B pathway, including CXCL2, RELB, BCL3, FOS, 
BCL6, IL1A, and IL6 (Fig. 5c,d).

To validate and determine which NF-kappa B molecules are involved in the CC regulation mediated by ADSC, 
we performed immunofluorescence analysis of key NF-kappa B proteins (Fig. 6). As shown in Fig. 6a, immuno-
fluorescence analyses showed that the conditioned medium of ADSCs induced an increase in RelB expression 
(Fig. 6a,b) as well as its nuclear translocation in HeLa cells. In addition, we observed a slight increase in p52 
phosphorylation in HeLa cells cultured with the conditioned medium of ADSCs (Fig. 6c,d). Interestingly, the 
levels of p65, a canonical NF-kappa B player, were also increased, thus implying crosstalk between canonical and 
noncanonical NF-kappa B signaling (Fig. 6e–f). In fact, accumulating evidence suggests that RelB can regulate 
the expression of subunits of the canonical NF-kappa B pathway.

To verify the involvement of ADSCs in the regulation of non-canonical NF-kappa B molecules, we also 
analyze the expression of p52 and RelB in SiHa or CaSki cells cocultured with conditioned medium of ADSCs 
(Fig. 7a–h). We observe that the conditioned medium of ADSCs induced a notorious increment in the expres-
sion of both RelB (Fig. 7a,b) and p52 (Fig. 7c,d) in the SiHa cells. We also observed that some CaSki cells exhibit 
an increment in the expression of RelB when they are cultured with conditioned medium of ADSCs (Fig. 7e,f). 
Supporting previous results, we also demonstrated that the conditioned medium of ADSCs induces an increment 
in the phosphorylation of p52 in the CaSki cells (Fig. 7g,h). Taking together these results suggest that ADSCs 
could induce the activation of the noncanonical NF-kappa B pathway.

Compelling evidence suggests that NF-
kappa B signaling participates in the regulation of stem cell-associated genes. Notably, RelB is overexpressed 
in the mesenchymal fraction of some tumor types, so we assessed whether ADSCs could increase stemness in 
HeLa cells. Our results showed that HeLa cells cultured in the presence of ADSCs exhibit increased expression 
of stem cell markers, such as OCT4, KLF4 and ABCG (Fig. 8a–c). These results are in agreement with the ELDA 
analysis, which calculated a higher frequency of CSCs in tumors grown by SiHa and CaSki cells inoculated in the 
presence of ADSCs (Fig. 4d,h). Remarkably, we observed that HeLa cells cultured in the conditioned medium 
of ADSCs exhibit a distinctive morphonology similar to a mesenchymal phenotype with elongated shape and 
loss of cell contact (Fig. 8d). This feature is consistent with the bioinformatic analysis inferring that the EMT 
program is altered in HeLa/ADSCs. To assess the role of ADSCs in the regulation of EMT markers, we evalu-
ated the protein levels of fibronectin, N-cadherin, Vimentin and E-cadherin in HeLa and SiHa cell lines. The 
results showed an evident increment in the mesenchymal markers, HeLa cells exposed to conditioned medium 
of ADSCs had higher levels of Fibronectin (Fig. 8e,i) and N-cadherin (Fig. 8g,k), however, we could not find 
any significant change in the mesenchymal marker Vimentin (Fig. 8f,j) and E-cadherin (Fig. 8h,l), a well-known 
epithelial marker, perhaps due to its low expression in this cell line. Corroborating these results, we found that 
SiHa cells exposed to conditioned medium of ADSCs exhibited a drastic increment in Fibronectin (Fig. 9a,e) 
and N-cadherin (Fig. 9c,g), two key hallmark molecules of EMT. We also find a slight decrement in E-cadherin 
(Fig. 9d,h), a well-known epithelial marker. Collectively, these findings support the role of ADSCs in the metas-
tasis of CC by promoting the migration and invasion of cancer cells through the induction of an EMT program.

Our analysis of sequencing showed an increase in mol-
ecules with mitogenic and pro-angiogenic activities during HeLa-ADSC coculture. These molecules included a 



chemokine CXCL2 as well as the ligand VEGF-C, a proangiogenic factor actively released by the tumor cells for 
the formation of new vessels (Fig. 10a). Studies have shown that these factors are regulated by the NF-Kappa 
B  pathway45,46. Bioinformatics analysis predicted that compared to HeLa cells, HeLa-ADSCs possess a higher 
angiogenic potential. Through a KPA analysis, we validate that the NF-Kappa B pathway promotes the activation 
of VEGF-C and that this protein can bind and activate to FGF2 and EGF ligands as well as VEGFR-3 receptor, 
which activates fibronectin (Fig. 10b).

To test whether ADSCs influence the ability of cervical tumors to establish angiogenesis, we evaluated the 
in vivo effects of ADSCs in the vasculature development of transgenic zebrafish embryos (fli1a: EGFP) inocu-
lated with SiHa/ADSC or SiHa cells only. These embryos express EGFP specifically in the vascular vessels, thus 
allowing the monitoring of new blood vessels. Supporting the above results, we also observed a clear migration 
of SiHa cells into the bloodstream mainly in embryos injected with SiHa/ADSCs (Fig. 10c). We monitored vas-
cularization from 1 up to 3 days and observed that SiHa cells failed to form new blood vessels; however, SiHa 
cells inoculated in the presence of ADSCs formed vascularized tumors (Fig. 10d).

Cancer, cardiovascular diseases and diabetes mellitus account for more than 70% of deaths  worldwide47. In 
addition, cervical cancer remains the fourth cause of cancer incidence (13.1) and cancer death (6.9) in women 
 worldwide48.

Obesity is an important risk factor for cancer, and it has been associated with a decrease of 5 to 20 years 
in the survival of cancer patients. According to data from the OCED, Mexico ranks second in the worldwide 
prevalence of obesity (BMI ≥ 30 kg/m2)47,49,50. It is increasingly clear that obese women exhibit a higher risk of 
developing CC compared to women with normal  BMI51–53. Although the characteristic cell of adipose tissue is 
the adipocyte, this is not the only cell type present in this tissue, other cells such as preadipocytes, macrophages, 
neutrophils, lymphocytes and endothelial cells are harbored in the adipose tissue and have also been linked to 
obesity and cancer.

Figure 5.  The NF-Kappa B pathway is the most activated pathway during the coculture of HeLa-ADSC. (a) 
Heat map shows the main differentially expressed genes in the HeLa cell line cultured in the presence or absence 
of ADSC. The expression values are represented as colors, where the range of colors (red, pink, light blue, 
dark blue) represents the range of expression values (high, moderate, low, lowest). (b) Table shows the main 
phenotypes enriched in HeLa cells due to the presence of ADSCs obtained from a gene set enrichment analysis 
(GSEA). For each of the phenotypes, the normalized enrichment score (NES) is indicated. (c) Analysis of GSEA 
showing significant enrichment (NES = 1.61 and an FDR = 0.049) of the TNFα-NF-kappa B signaling pathway 
in cervical cancer cells due to the presence of ADSCs. (d) The heat map shows the subset of enriched genes 
involved in the TNFα-NF-kappa B pathway, where most deregulated genes are involved in the noncanonical 
NF-Kappa B pathway, such as RELB.



Figure 6.  ADSCs induce the expression of the NF-kappa B molecules in CC cells. (a–f) The photographs 
show the expression of transcription factors of the NF-Kappa B family including RelB (a), p52 (c) and p65 (e) 
obtained by immunofluorescence of HeLa cells cultured with serum-free DMEM medium or ADSC-CM (free of 
serum) for 24 h. The images were taken under a confocal microscope. The scale bar = 60 μm. The cell nuclei were 
contrasted with DAPI. Each experiment was repeated at least three times and to quantify the expression levels of 
Relb (b), p52 (d), and p65 (f), the intensity of fluorescence was quantified using ImageJ. Graph represents three 
biological replicates, error bars are s.d. and ****p < 0.0001 and **p < 0.01.



Figure 7.  ADSC induces the activation of the NF-kappa B pathway in SiHa and CaSki cells. (a–h) The 
photographs show the expression of RelB and p52 obtained by immunofluorescence of SiHa (a–c) or CaSki (e–
g) cells cultured with serum-free DMEM or ADSC-CM (free of serum) for 24 h. The images were taken under 
a confocal microscope. The scale bar = 40 μm. The cell nuclei were contrasted with DAPI. Each experiment was 
repeated at least three times. To quantify the expression levels, the intensity of fluorescence was quantified using 
Image J. Graphs show the mean fluorescence intensity of RelB (b), p52 (d) in SiHa and Relb (f) and p52 (h) in 
Caski cells. Graph represents three biological replicates, error bars are s.d. and ****p < 0.0001 and *** p < 0.001.



Figure 8.  ADSC promotes a stem cell and EMT phenotype in HeLa cells. (a–c) Graphs show the expression level of pluripotency genes 
evaluated by ddPCR in HeLa control vs HeLa cells cocultured with ADSC. Pluripotency genes include OCT4 (a), KLF4 (b) and ABCG 
(c). The error bars represent the means ± standard deviation (SD). (d) Schematic representation shows that cervical cancer cells exhibit an 
EMT-like phenotype induced by the conditioned medium of ADSC. Expression of EMT markers including fibronectin (e), Vimentin (f), 
N-cadherin (g) and E-cadherin (h) analyzed by immunofluorescence of HeLa cells cultured with or without conditioned ADSC. EMT 
proteins were stained with Cy3-conjugated secondary antibody and nuclei were stained with 4 -6-Diamidino-2-phenolindole (DAPI). 
Images were taken in a confocal microscope using an × 40 oil lens. Photographs are representative of three independent experiments. 
(i–j) To quantify the expression levels of fibronectin (i), vimentin (j), N-cadherin (k) and E-cadherin (l), the intensity of fluorescence was 
quantified using Image J. Graph represents three biological replicates, error bars are s.d and ****p < 0.0001 and ***p < 0.001.



Studies linking obesity and cancer have focused on endocrine and metabolic repercussions that promote 
a generalized inflammatory  process54–56, however, little is known about the specific molecular mechanism by 
which obesity increases the risk of cancer.

In this project, we studied ADSCs which are also harbored in the adipose tissue and are essential players in 
tissue development and  regeneration57. ADSCs are found in abundant quantities in the adipose tissue, it has 
been reported that ADSCs represents up to 30% of total cells contained in this  tissue58,59. Notably, recent studies 
have provided evidence that the number of ADSCs exceeds the frequency of marrow-derived mesenchymal stem 
cells (BMSC) found in the medullary  stroma60. Approximately, 1 ml of adipose tissue obtained by liposuction 
contains about 6 × 105 to 2 × 106  ADSCs61, this represents at least 500 times more cells than the number of stem 

Figure 9.  ADSC induce an EMT phenotype in SiHa cells. (a–d) Immunofluorescence analysis of EMT 
markers including fibronectin (a), Vimentin (b), N-cadherin (c) and E-cadherin (d) in SiHa cells cultured 
with or without conditioned medium of ADSC. EMT proteins were stained with Cy3-conjugated secondary 
antibody and nuclei were stained with 4 -6-Diamidino-2-phenolindole (DAPI). Images were taken in a confocal 
microscope using an × 40 oil lens. Photographs are representative of three independent experiments. To 
quantify the expression levels of fibronectin (e), vimentin (f), N-cadherin (g) and E-cadherin (h), the intensity 
of fluorescence was quantified using Image J. Graph represents three biological replicates, error bars are s.d. and 
**p < 0.01 and ***p < 0.001.



cells obtained from bone  marrow62–64. Taken together these data highlight adipose tissue as the richest source of 
multipotent stem cells, possibly outperforming any other source in the body.

Remarkably, recent evidence has shown that patients with obesity exhibit higher systemic mobility of ADSC 
than healthy patients and interestingly, this mobilization is even higher in cancer  patients65, which supports the 
incorporation of ADSCs into tumors.

Accumulating evidence has demonstrated that these cells possess the ability to migrate toward tumor sites 
by  chemoattraction11,19. The role of ADSCs in cancer has not been clearly elucidated, and there are some reports 



that evidence the malignant behavior of ADSCs allowing rapid growth of tumors. In contrast, some studies have 
shown that ADSCs exhibit antitumoral potential. The role of ADSCs in cervical cancer is still unknown,thus, it 
is necessary to determine the effect of ADSCs on  CC66,67. In this study, we demonstrated for the first time that 
ADSCs increase the malignant phenotype of cervical cancer cell lines, such as HeLa, SiHa and CaSki cells.

We used an indirect coculture system in which both tumor cells and ADSCs were physically separated through 
a permeable membrane and cultured in the same microenvironment, thus allowing paracrine signaling. This 
method has been used to study the effect of ADSCs on other tumors, such as squamous cell  carcinoma21, breast 
 cancer17,68,  melanoma69, lung and colorectal  cancer22.

Our results show that the presence of ADSCs  (CD90+/CD44+/CD31−/CD45−) alters the transcriptome of CC 
cells. Data obtained from RNA-seq revealed that 95 RNAs were differentially expressed in HeLa cells cocultured 
in the presence of ADSCs derived from patients. Gene expression changes were validated by digital PCR, and 
we found that both ADSCs obtained from patients or from ATCC exhibit similar gene expression patterns, thus 
corroborating this phenomenon. Interestingly, most deregulated genes, such as IL6, RelB, RelA, Plac8, ITGA5, 
CXCL12 and FN1, among other cytokines and growth factors, have been involved in tumor growth and pro-
gression. Preisner and colleagues used qRT-PCR to analyze the expression of 229 tumor-promoting genes in 
melanoma cells cocultured with ADSCs and found similar cytokines and growth factors, such as IL6, CXCL12, 
VEGF, and  HGF69.

Interestingly, validated genes (ITGA5, IL6, IL4R, FN1, TIMP1, and PLAC8) are highly relevant in CC because 
their expression level is directly related to CC patient survival. These genes have also been relevant in other 
tumor types. For example, ITGA5, an integrin that promotes tumor  invasion70, has been correlated with lower 
survival of lung cancer  patients71, and it also functions as a receptor for  FN172,73, which was also upregulated in 
our coculture. IL4R induces a prometastatic phenotype in epithelial tumors.

Integral analysis with IPA, KPA, and GSEA suggests that ADSCs modified cellular processes, such as migra-
tion, invasion, angiogenesis and proliferation. Accumulating evidence has demonstrated that ADSCs can also 
influence the proliferation of cancer cells; however, we could not observe any influence of ADSCs on the pro-
liferation ability of HeLa cells. The migration, invasion, and angiogenesis were corroborated using in vitro and 
in vivo strategies. Supporting our results, various studies have demonstrated the effect of ADSCs on the migration 
and invasion of melanoma, breast, prostate and pancreatic cancer. Strikingly, we found many DE RNAs related 
to migration and invasion, such as VCAN, SPARC, MMP14, ITGA5, PLAUR, NRP1, IL-6, CXCL2, and HGF. 
Notably, we also observed drastic morphological changes in HeLa and SiHa cells cocultured with ADSCs, thus 
conferring migratory abilities perhaps by inducing epithelial to mesenchymal transition.

Our results also show that ADSCs modify the behavior of CC cells, thus inducing rapid tumor growth and 
metastasis. Mechanistically, little is known about how ADSCs facilitate tumor development. Recent evidence 
has shown that ADCS provoke an increase in IL6 levels, which induces the phosphorylation of JAK2/STAT316, 
resulting in proliferation, invasion and tumor growth in prostate and endometrial cancers. Strikingly, we also 
found that ADSCs induce a dramatic increase in IL6/STATs and an increase in noncanonical NF-kappa B signal-
ing in HeLa and SiHa cells. These results are consistent with a recent study showing that mesenchymal stem cells 
promote colorectal cancer progression through NF-kappa B  activation74. Our results show for the first time that 
the NF-kappa B pathway in CC is activated due to the presence of ADSCs. The bioinformatic analysis detects 
23 NF-kappa B-related genes and suggests that RelB, a member of the noncanonical NF-kappa B pathway, is 
the main growth factor involved in the regulation of NF-kappa B signaling. We also found that the expression 
of p52 and p65 is induced by ADSCs, suggesting that both canonical and noncanonical signaling pathways are 
activated in CC.

Notably, ADSCs induced a rapid expansion of CSCs in zebrafish inoculated with SiHa and CaSki in the 
presence of ADSCs. It is well established that CSC expansion rapidly induces tumor growth and development, 
which further suggests that an increase in the number of CSCs is responsible for the highly invasive and meta-
static abilities conferred by ADSCs. One way by which CC cells may acquire stemness is due to the constitutive 
activation of NF-Kappa B. Recent evidence has clearly established that NF-kappa B dramatically expands the 
number of stem cells and increases the clonogenicity and self-renewal abilities of  CSCs25,75,76. Our results indicate 
that ADSCs induce the overexpression of stem cell markers such as OCT4, KLF4, and ABCG in HeLa cells. In 
addition, we found that ADSCs promote HeLa and SiHa cells to undergo EMT, thereby acquiring mesenchymal 

Figure 10.  ADSC modulate angiogenesis in CC tumors. (a) Graph shows the fold increase of DE mRNAs 
involved in angiogenesis obtained from HeLa/ADSC RNAseq data. Angiogenesis-related mRNAs shown are 
VEGF-C, and CXCL2. (b) Representative network of KPA analysis showing that NF-Kappa B/VEGF-C activates 
the signaling of angiogenic factors in HeLa cells cocultured in the presence of ADSC. (c) Representative 
photograph of the infiltration of SiHa cells in the blood vessels of fli1a embryos: EGFP after 12 h post-injection 
is shown. The SiHa cells are observed in red color and blood vessels in green. (d) Representative figure 
showing the formation of new blood vessels in the yolk of embryos from day 1 dpi and 3 dpi of SiHa cells vs 
SiHa-ADSC. (e) The illustration built with the experimental data obtained, indicates that the ADSCs migrate 
from the adipose tissue to CC tumor and there, they increase the malignant phenotype of the CC cells and 
promoting metastasis. The ADSC potentiate the malignant phenotype of cervical cancer cells by increasing 
the non-canonical NF-Kappa B pathway, causing an increase in the expression of chemokines, transcription 
factors, metalloproteases, integrins, etc., which contribute to the increased migration and invasion capacity of 
cancer cells. In addition, ADSC activate the EMT process mainly due to the increase of Fibronectin in CC cells. 
Finally, ADSCs induce the angiogenic potential that plays an important role in tumor progression. It should be 
mentioned that all these phenotypic changes could be given by the activation of the NF-Kappa B pathway.
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features verified by the high expression of fibronectin, n-cadherin, and vimentin. In addition, it is increasingly 
clear that EMT induces the acquisition and maintenance of stem cell-like features. These results are in accord-
ance with recent research showing that glial tumor and lung cancer cells are able to undergo EMT and acquire 
mesenchymal features when they are cultured in the presence of conditioned medium obtained from ADSCs.

Finally, we also observed that DE RNAs, including VEGFC, CXCL2, VEGF3R, FGF2 and EGF, are also 
involved in angiogenesis. We performed in vivo assays and consistently observed that ADSCs are able to induce 
the growth and formation of new blood vessels that could supply nutrients and oxygen to the tumors. Interest-
ingly, Lin CS et al. demonstrated that ADSCs migrate toward prostatic tumor sites and increase tumor vascularity 
mediated by  FGF219. In addition, Dexheimer et al. demonstrated that the conditioned medium of the coculture 
of ADSCs and squamous cell carcinoma induces tube formation in human umbilical vein endothelial cells 
(HUVECs), thus corroborating the proangiogenic role of  ADSCs21.

In conclusion, our results demonstrate that ADSCs affect multiple features that contribute to malignancy of 
cervical cancer cells such as gene expression, migration, invasion, angiogenesis, and stemness. In spite of the 
contribution of ADSCs into the promotion of those features, ADSCs have no effect in the proliferation of cervical 
cancer cells (Fig. 10e). Interestingly, the effects of ADSCs found in patient-derived ADSCs were also validated 
in an ADSC cell line obtained from ATCC.

It is important to say that ADSCs could promote features that contribute to malignancy of cervical cancer 
through the NF-kB signaling pathway and the induction of EMT (Fig. 10e). In addition, we observed that 
mRNAs altered by the presence of ADSCs exhibit clinical significance since they are associated with shorter 
survival of cervical cancer patients. Although the clinical relevance of the ADSC cells remains incomplete, our 
results give guidelines to the search for new molecules that can reduce the mortality rates of cervical cancer 
obese patients. We believe that much work needs to be done to fully elucidate the exact mechanism involved in 
the contribution of ADSCs in the malignant phenotype of cancer cells.

Furthermore, due to the malignant role of ADSCs in cancer, it is necessary to evaluate the safety of ADSC-
based therapies in order to avoid the co-localization of those cells with cancer cells which could promote tumor 
growth.
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Abstract
Background Tumors contain a functional subpopulation of cells that exhibit stem cell properties. These cells, named
cancer stem cells (CSCs), play significant roles in the initiation and progression of cancer. Long non-coding RNAs
(lncRNAs) can act at the transcriptional, posttranscriptional and translational level. As such, they may be involved in
various biological processes such as DNA damage repair, inflammation, metabolism, cell survival, cell signaling, cell
growth and differentiation. Accumulating evidence indicates that lncRNAs are key regulators of the CSC subpopu-
lation, thereby contributing to cancer progression. The aim of this review is to overview current knowledge about
the functional role and the mechanisms of action of lncRNAs in the initiation, maintenance and regulation of CSCs
derived from different neoplasms. These lncRNAs include CTCF7, ROR, DILC, HOTAIR, H19, HOTTIP, ATB,
HIF2PUT, SOX2OT, MALAT-1, CUDR, Lnc34a, Linc00617, DYNC2H1–4, PVT1, SOX4 and ARSR Uc.283-plus.
Furthermore, we will illustrate how lncRNAs may regulate asymmetric CSC division and contribute to self-renewal,
drug resistance and EMT, thus affecting the metastasis and recurrence of different cancers. In addition, we will
highlight the implications of targeting lncRNAs to improve the efficacy of conventional drug therapies and to
hamper CSC survival and proliferation.
Conclusions lncRNAs are valuable tools in the search for new targets to selectively eliminate CSCs and improve clinical
outcomes. LncRNAs may serve as excellent therapeutic targets because they are stable, easily detectable and expressed in
tissue-specific contexts.

Keywords Non-coding RNAs . LncRNAs . Cancer stem cells . Self-renewal . Differentiation . Stemness

1 Introduction

Although it has been assumed that the vast majority of the
human genome (85%) is transcribed, only ~2% of the tran-
scripts are translated into proteins [1]. Since it has become
evident that the remaining transcripts are not translated into

proteins they are, concordantly, called non-coding RNAs
(ncRNAs) [2]. Long non-coding RNAs (lncRNAs) represent
a very interesting subgroup of ncRNAs that have recently
come into light as powerful players in various diseases, in-
cluding cancer. Up to date, the GENCODE database [3],
which has the largest compilation of transcripts, reports a total
of 7258 small ncRNAs and 15,767 annotated lncRNAs (http://
www.gencodegenes.org/stats/current.html).

LncRNAs represent a heterogeneous mix of transcripts,
most of them with unknown function. These RNAs have been
grouped into 5 categories based on their location relative to the
nearest protein-coding genes: 1) sense lncRNAs that overlap
with coding mRNAs on the coding strand of a gene, 2) anti-
sense lncRNAs that overlap with coding mRNAs on the non-
coding strand of a gene, 3) bidirectional lncRNAs that share
its transcription start site with a coding gene on the opposite
strand, 4) intronic lncRNAs that are transcribed from an
intronic region of a coding gene and 5) intergenic lncRNAs
that are located between coding genes [4].

* Karla Vazquez-Santillan
kivazquez@inmegen.gob.mx

Rosario Castro-Oropeza
genomicsmile@hotmail.es

1 Epigenetics, Instituto Nacional de Medicina Genomica, Periferico
Sur No.4809, Col Arenal Tepepan, Tlalpan, 14610 Mexico
City, Mexico

2 Functional Genomics Laboratories, Instituto Nacional de Medicina
Genomica, Periferico Sur No.4809, Col Arenal Tepepan, Tlalpan,
14610 Mexico City, Mexico

3 National Institute of Genomic Medicine, Mexico City, Mexico

Cellular Oncology
https://doi.org/10.1007/s13402-018-0406-4



2 Molecular mechanisms involving lncRNAs

In humans, lncRNAs are mainly transcribed by RNA
Polymerase (Pol) II or III, but they can also be transcribed by
polymerase V in other eukaryotic organisms [5]. It has been
found that LncRNAs that are transcribed by different RNA poly-
merases may exhibit distinct epigenetic marks. LncRNAs tran-
scribed by RNA polymerase II usually exhibit, for instance,
histone H3 trimethylation of lysine 4 (H3K4me3) and histone
H3 trimethylation of lysine 36 (H3K36me3). RNA polymerase
III-transcribed genes on the other hand usually exhibit mono-, bi-
or trimethylation of histone H3 lysine 4 (H3K4me1/2/3) or acet-
ylation of histone H3 lysine 4 (H3K4ac) as long as H3K36me3
and bi-methylation of histone H3 lysine 27 (H3K27me2) are
absent [6]. Furthermore, Pol II-transcribed lncRNAs are proc-
essed asmRNAs, i.e., 5′ caps and 3′ poly-A tails are added, while
Pol III-transcribed lncRNAs are not polyadenylated. Mature
lncRNAs can interact with an array of diverse molecules, creat-
ing supramolecular structures such as RNA:RNA, RNA:DNA
(double or triple chains), RNA:Protein, DNA:RNA:Protein or
DNA:RNA:RNA complexes [7].

LncRNAs may exhibit distinct subcellular localization pat-
terns including nuclear, cytoplasmic or both. Inside the nucle-
us, lncRNAs may stay close to the site of transcription an-
chored to the chromatin or accumulate away from the tran-
scription site. Once transcribed, lncRNAs may act in cis (con-
trolling local gene expression) or in trans (controlling distant
gene expression) resulting in the silencing or activation of
tissue-specific genes [8]. Cytoplasmic lncRNAs have been
found to play essential roles in multiple molecular

mechanisms, including mRNA stability and translation regu-
lation, protein modification mediation, serving as microRNA
precursors or as competing endogenous RNAs. In general,
lncRNAs are thought to act as master regulators of transcrip-
tion, since they can remodel chromatin and create binding
domains for the transcriptional machinery, as well as interact
with several repressor complexes to block transcription start
sites [9].

LncRNAs have been found to be involved in a broad range
of biological processes and to exhibit multiple modes of action
[10, 11]. Based on this, LncRNAs can be classified by func-
tion as 1) decoy lncRNAs that can bind and sequester proteins
to modify their catalytic activity or avoid their interaction with
targets, 2) guide lncRNAs that can recruit chromatin modifiers
to specific genomic loci, 3) scaffold lncRNAs that can func-
tion as adaptors to bring together two or more proteins into a
complex, 4) lncRNA sponges that can interact with miRNAs
to avoid their effect on mRNA targets, 5) competitive endog-
enous lncRNAs that can provide stability to mRNAs for cor-
rect translation and 6) enhancers that function by stabilizing
chromosomal loops between gene enhancers and promoters
[12–15].

LncRNAs are differentially expressed during normal phys-
iological processes such as development, differentiation and
imprinting, as well as during pathological processes such as
cancer [16]. Interestingly, abnormal modulation of specific
lncRNAs has been reported in cancer stem cell (CSC) subpop-
ulations [9, 17, 18]. Here, we will summarize recent advances
on the involvement of specific lncRNAs in the regulation of
CSCs (Fig. 1).

Fig. 1 Role of CSCs in the
relapse of solid tumors. Since
CSCs are resistant to
chemotherapeutic agents, current
cancer treatments fail to eradicate
them. This failure eventually
allows CSCs to self-renew and
provoke tumor relapse. Therefore,
it is essential to identify specific
targets to eliminate the CSC
fraction and, thereby, to ensure
the eradication of cancer. Recent
work has shown that various
lncRNAs may play crucial roles
in both the nucleus and the
cytoplasm of CSCs, thereby
allowing them to self-renew and
to promote tumor growth

R. Castro-Oropeza et al.



3 Cancer stem cells

Cancer represents a group of diseases with certain common-
alities (‘hallmarks’) that behave as dynamic, interrelated and
multidimensional evolutionary systems, centered around
deregulated genomic and epigenomic processes [19–21]. In
recent years, it has been suggested that tumors harbor func-
tional cell subpopulations with stem cell features, i.e., the abil-
ity to self-renew and to produce a phenotypically diverse
progeny [22, 23] . These cells, named cancer stem cells
(CSCs), are able to divide either asymmetrically or symmetri-
cally, possess a limitless proliferative capacity, have a high
tumorigenic, invasive and metastatic potential and are resis-
tant to commonly used chemotherapeutic agents [24–26].
CSCs achieve self-renewal through asymmetric cell division,
in which one daughter cell retains the self-renewal capacity
and the other undergoes differentiation. The mechanisms that
regulate asymmetric versus symmetric division are key to
cancer progression, since the deregulation of this process is
intrinsically associated with neoplastic transformation and tu-
mor growth.

CSCs can be identified using specific cell surface markers
such as CD44, CD24, CD133, EpCAM and CD117 [27, 28].
CSCs express high levels of transcription factors that are as-
sociated with pluripotency and epithelial-mesenchymal tran-
sition (EMT), and they exhibit an increased potential to form
new tumors in e.g. immunodeficient mice or other animal
models [25, 29]. Since strong evidence indicates that CSCs
are responsible for local and/or distant recurrences (Fig. 1), it
is imperative to understand the molecular mechanisms that
govern CSCs in order to design specific therapeutic strategies
directed against CSCs.

4 The function of lncRNAs in CSCs

Until recently, most research has focused on the role of coding
genes in cancer development, providing a basis for most of the
knowledge that we have to date. It has, however, become clear
that also lncRNAs may participate in cancer development and
progression. Since lncRNAs are emerging as master regula-
tors of transcription and as possible oncogenes or tumor sup-
pressors, their role in the establishment of CSC phenotypes
has recently been explored. It has for example been shown
that the overexpression, deficiency or mutation of lncRNAs
may have functional implications for the self-renewal capacity
of CSCs (Fig. 1). The role of various lncRNAs in the regula-
tion of CSCs has been studied in several cancers including
colon, breast, prostate, esophagus, lung, liver, kidney, stom-
ach, bone and liver cancers. In the next section, we will de-
scribe the functions and regulatory roles of lncRNAs in CSCs
in different cancers (Table 1).

5 LncRNAs associated with CSCs

LnchPVT1 LnchPVT1 is a nuclear lncRNA that has been
found to be significantly upregulated in hepatocellular carci-
nomas (HCC) and to be associated with hepatitis B virus
(HBV) infection [30]. LnchPVT1 has recently been linked
to the expansion of CSCs [31, 32]. Notably, lnchPVT1 has
been found to be regulated by the TGF-β pathway, which can
be activated by HBV in HCC tissues. Gain and loss of func-
tion experiments have been used to demonstrate that
lnchPVT1 can enhance liver cancer stem cell abilities both
in vitro and in vivo. Specifically, it has been found that this
lncRNA can mediate the acquisition of stem cell-like proper-
ties in HCC cells by stabilizing the nucleolar protein NOP2
[31]. Remarkably, a high lnchPVT1 expression has been
found to be associated with a poor clinical outcome.

Linc00617 Linc00617 is a chromosome 14 associated long
intergenic non-coding RNA (lincRNA) with a size of
2937 nt. This lincRNA has been found to be highly expressed
in advanced breast cancer tissues and its associated lymph
node metastases. Gain of function studies have demonstrated
that this lincRNA can promote the migration and invasion of
breast cancer cells. Notably, overexpression of linc00617 has
been found to induce EMT by reducing the level of E-
cadherin and increasing that of N-cadherin and Vimentin
[33]. This lincRNA is not only associated with EMT, but also
with the self-renewal and expansion of breast CSCs.
Overexpression of this lincRNA has been found to increase
the mammosphere forming and tumorigenic abilities of breast
cancer cell populations due to an enrichment of the CSC frac-
tion. Interestingly, in vivo assays have shown that linc00617
deficiency may lead to a dramatic reduction in the number of
metastatic nodules.

The molecular mechanism underlying stemness control by
linc00617 has recently been elucidated. Linc00617 has been
identified as a nuclear RNA that binds to the promoter of the
Sox2 gene and activates its transcription through the recruit-
ment of hnRNP-K (Fig. 2a). SOX2 regulation by linc00617
has been verified through loss and gain of function experi-
ments showing a positive strong correlation between the ex-
pression levels of linc00617 and SOX2. It was concluded that
linc00617 probably exhibits oncogenic activity through the
regulation of SOX2, which stimulates EMT and enhances
the self-renewal ability of CSCs.

HIF2PUT The hypoxia-inducible factor-2α promoter upstream
transcript (HIF2PUT) is a novel lncRNAwith key regulatory
functions in osteosarcoma and colon cancer stem cells
[34–36]. HIF2PUT is an antisense lncRNA located in the
promoter upstream region of the hypoxia-inducible factor-
2α (HIF-2α) gene. HIF2PUT regulates the transcriptional ac-
tivity of its host gene HIF-2α in bone and colon tissues.

The emerging role of lncRNAs in the regulation of cancer stem cells



Table 1 LncRNAs involved in CSC regulation

LncRNA Chr Cancer stem
cell type

Regulated by Expression
status

Diagnosis
patients

Subcellular
detection

Functions in cancer stem cells Molecular mechanisms Ref.

LnchPVT1 8 Liver TGF-B Overexpressed Poor prognosis Nucleus CSC trait acquisition Stabilize NOP2 [25–27]
Linc00617 14 Breast NA Overexpressed Poor prognosis Nucleus Self-renew of CSCs RNA binds to the Sox2 promoter

and activates its transcription
through the recruitment of
hnRNP-K.

[28]

HIF2PUT 2 Osteosarcoma
Colon

NA Overexpressed Poor prognosis Nucleus Acts as an inhibitor of self-renewal
of osteosarcoma CSC.
Participates in the enrichment of
stem phenotype in colon cancer

NA [29–31]

LncSOX2OT 3 Embryonic tissues
Breast Esophageal

squamous
Glioblastoma

SOX3 in
glioblastoma

Overexpressed Poor prognosis Nucleus / Cytoplasm Regulates pluripotency, and
increase proliferation, migration
and invasion of CSC.

SOX2OTcapture the miR-194-5p
/ miR-122 to allow the tran-
scription of TDGF-1 by SOX3.

[32–35]

HOTAIR 12 Breast Oral, Glioma
Colon

NA Overexpressed Poor prognosis Nucleus / Cytoplasm Promotes growth, migration,
invasion, self-renewal of CSC,
and induces the expression of
pluripotent induced genes.

Transcriptional regulation by
binding to the PRC2 complex.
Additionally, HOTAIR reduces
the binding of p53 to the p21
promoter region. Also,
promotes growth through
negative regulation of SETD2.
HOTAIR regulates
pluripotency genes by
capturing miR-34a.

[9, 10,
37–40]

LncRNA uc.283-plus 10 Glioma
Prostate

NA Overexpressed Poor prognosis NA Enrichment of stem phenotype.
The expression of this lncRNA
distinguishes between
embryonic stem cells or adult
tissues.

Uc.283-plus could work as a
sponge to recruit miRNAs such
as miR-455-5p, miR-640 and
miR-1909-3p.

[45, 46]

Lnc34a 1 Colon NA Overexpressed Poor prognosis Nucleus Lnc34a generates the epigenetic
silencing of miR-34, triggering
proliferation of Colon CSC
through symmetric
self-renewal.

Lnc34a binds to the miR-34a
promoter to recruit PHB2 /
Dnmt3a and HDAC1 to meth-
ylate and deacetylate the
miR-34a promoter.

[50]

LncTCF7 5 Liver
Lung
Prostate

IL6/STAT3
pathway

Overexpressed Poor prognosis Nucleus / Cytoplasm LncTCF7 promotes invasion and
self-renewal of CSC in different
ways, in order to increase tumor
formation.

Interacts with the SWI/SNF
complex, to regulate the tran-
scription of TCF7 and Slug.

It also works as a sponge of
miR-200c to avoid EpCAM
degradation.

[51, 53–56]

lncH19 11 Breast
Prostate
Glioblastoma

NA Overexpressed Poor prognosis Cytoplasm Maintenance and self-renewal of
CSC, resulting in an increment
in cell migration and tumor
growth.

H19 functions as sponge of
miRNA let-7 to increase the
expression of LIN28.

[58–61]

LncATB 14 Colon
Gastric
Stomach
Liver

TFG-B Overexpressed Poor prognosis Cytoplasm LncATB promotes the acquisition
and maintenance of stem cell
phenotype, inducing vascular
invasion and metastasis. It also
generates resistance to drugs.

LncATB functions as a sponge of
mir200 to allow the
transcription of ZEB1 and
ZEB2. It also stabilizes IL-11
to activate the STAT3 signal-
ing.

[72, 73]

Linc-DYNC2H1–4 11 Pancreas NA Overexpressed Poor prognosis Cytoplasm DYNC2H1–4 promotes the
progression of EMT and
enrichment of the CSC fraction

Acts as a sponge of miR-145 to
allow the transcription of Oct4,

[78, 79]
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Overexpression of this lncRNA leads to HIF-2α upregulation
whereas HIF2PUT deficiency has been found to result in re-
duced levels of HIF-2α in both osteosarcoma and colon
cancer-derived cell lines. Notably, HIF-2α has been associat-
edwith the presence of CSCs in various types of cancer, where
it exerts a role in CSC regulation. Interestingly, HIF-2α and
HIF2PUT upregulation has been found to be a common fea-
ture of aggressive osteosarcomas and a high expression of
HIF2PUT has been found to predict a poor prognosis in oste-
osarcoma patients [35].

HIF2PUT exerts different regulatory roles in osteosarcoma
and colon cancer CSCs. In osteosarcoma, HIF2PUT acts as a
potent inhibitor of CSC self-renewal. Inhibition of HIF2PUT has
been found to enhance the proliferation, migration and self-
renewal of CSCs while its overexpression has been found to
inhibit these features [36]. Conversely, in colon cancer
HIF2PUT expression has been found to be associated with en-
richment of the population of cells with a CSC phenotype [34],
whereas HIF2PUT deficiency has been found to impair CSC
properties, including proliferation, self-renewal, migration and
invasion. In addition, HIF2PUT inhibition has been found to
result in a reduction in CSC markers such as Oct4, Sox2 and
CD44. Together, these data indicate that this lncRNA may exert
opposite roles in the regulation of CSCs derived from different

tissues types. We believe that functional characterization of
lncRNAs in different tissue lineages is crucial for the develop-
ment of tissue-specific therapies. The communication between
lncRNAs and components of the microenvironment, such as
stromal cells and extracellular components, may have additional
implications for cancer progression and therapy development.

LncSOX2OT SOX2 overlapping transcript (SOX2OT) is a
lncRNA deduced from human chromosome 3q26.3. This
lncRNA is transcribed in the same orientation as SOX2, one of
the major regulators of pluripotency, which is embedded within
the intronic region of SOX2OT. Several studies have shown that
there is a positive correlation between SOX2OT and SOX2 ex-
pression [37–40]. SOX2OT has been found to be co-upregulated
with SOX2 in embryonic stem cells, in breast CSCs and in
esophageal squamous carcinoma cells. SOX2OT and SOX2
have also both been found to be highly expressed in estrogen
receptor-positive breast cancer and to be associated with tamox-
ifen sensitivity [38]. Interestingly, in esophageal squamous cell
carcinoma, SOX2OT has been found to be co-upregulated with
Oct4, another master regulator of pluripotency [37].

SOX2OT is spliced into at least 8 distinct transcripts, and their
expression patterns play an emerging role in stem cell biology
and tumorigenesis [37, 41]. It has, for example, been found that

Fig. 2 Mechanisms of action of
lncRNAs in CSC nuclei. a
Lnc00617may act as a scaffold of
hnRNP-K and promote the self-
renewal of CSCs. b Lnc34a may
act as a scaffold of Dnmt3a,
PHB2 and HDAC1 to avoid the
transcription of miR34a, thus
activating the NOTCH and WNT
signaling pathways. c LncTCF7
may act as a scaffold to recruit the
chromatin remodeling complex
SWI/SNF to the promoter of
TCF7, thereby activating the
WNT signaling pathway. ci
LncTCF7 may promote invasion
through the induction of SLUG
expression

R. Castro-Oropeza et al.



SOX2OT variant 7 and 8 are highly expressed in human embry-
onal carcinoma NT2 cells that exhibit stem cell-like properties.
During neuronal differentiation of these cells the SOX2OT-7
variant is dramatically downregulated [41].

HOTAIR Hox transcript antisense intergenic RNA (HOTAIR)
is an oncogenic lncRNA of which the expression has been
found to be altered in various types of cancer, including breast,
ovary, colon, pancreas and cervix cancer [42, 43]. This
lncRNA is able to induce activation or silencing of its target
genes. HOTAIR can recruit the MLL1 methyltransferase and
induce histone H3 trimethylation of lysine 4 (H3K4me3),
thereby relaxing chromatin and allowing binding of the tran-
scription machinery. HOTAIR can also recruit the PRC2
(Polycomb Repressive Complex 2) complex, induce
H3K27me3 and, ultimately, provoke gene silencing [12, 13].

Elevated HOTAIR expression has recently been reported in
CSCs derived from breast, oral and colon carcinomas, and from
gliomas [44–46]. The expression of this lncRNA has been asso-
ciated with the acquisition of stem cell characteristic resulting in
an increased tumor growth and metastatic potential [44, 47, 48].
HOTAIR induces stemness mainly through triggering EMT in a
TGF-β dependent way [44, 45]. Exogenous expression of
HOTAIR has been found to result in upregulation of the EMT
inductors Zeb1, SNAIL, TWIST and CTNNA1, as well as in
induction of the mesenchymal markers Vimentin and
Fibronectin. Accordingly, also epithelial markers such as E-
cadherin, BMP7 and ERBB3 were found to be downregulated
by HOTAIR. Interestingly, it was found that the genes downreg-
ulated during EMT by HOTAIR exhibit increased PRC2 occu-
pancies [45]. The stem cell features induced by HOTAIR have
been validated by the occurrence of increased colony formation,
migration and self-renewal capacities [46]. It has also been
shown that HOTAIR may regulate colony formation through a
reduced p53 binding to the p21 promoter. In addition, it has been
shown that HOTAIR may promote CSC growth through down-
regulation of SETD2 [47]. Several studies have established that
HOTAIR may also induce the expression of stem cell markers
such as SOX1, SOX2,OCT4 andCD44 [45, 46]. Additionally, it
has been found that HOTAIR can regulate SOX2 expression
through attenuation of the function of miR-34a. HOTAIR has
been positively associatedwith an advanced clinical tumor stage,
the occurrence of metastasis and a worse prognosis [49]. The
therapeutic significance of this lncRNA has been established
using HOTAIR inhibitors that suppress the proliferation, migra-
tion, invasion and self-renewal of CSCs. Thus, HOTAIR may
serve as a target to attenuate the progression and invasion/
metastasis of cancer [48, 50].

LncRNA uc.283-plus LncRNA uc.283-plus is a RNA of 277 nt
deduced from an ultra-conserved region (UCR) on chromo-
some 10. This lncRNA is expressed only in pluripotent stem
cells and in some solid neoplasms such as glioma and prostate

adenocarcinoma, but it is absent in normal adult tissues [51]. It
has been found that the expression of lncRNAuc.283-plus can
discriminate between adult tissues and embryonic stem cells.
Although very little is known about this lncRNA, it has been
proposed by using bioinformatics tools that it may act as a
sponge RNA to recruit miRNAs [52] such as miR-455-5p,
miR-640 and miR-1909-3p and, by doing so, allow the ex-
pression of target genes such as DICER1, SOX2 and
NOTCH1 [51, 53]. Another transcribed RNA called
Buc.283-minus^ has been found to be deduced from the strand
opposite to the uc.283-plus genomic region. The expression of
this lncRNA has been found to be regulated by hypermethy-
lation in its CpG islands. Although its function is still un-
known, it has been suggested that it may act in the process
of tumorigenesis [54].

Lnc34a Lnc34a is a novel lncRNA that binds to the miR-34a
encoding gene and regulates its silencing by recruiting DNA
methyltransferase 3a (DNMT3a) and histone deacetylase 1
(HDAC1) to the miR-34a promoter. Previous studies have
shown that miR-34a may act as a negative regulator of the
Notch and Wnt signaling pathways, which are essential for
the self-renewal of CSCs [55–57]. Interestingly, Wang et al.
[58] showed that lnc34a is highly expressed in colon CSCs
where it promotes self-renewal (Fig. 2b). Lnc34a is the first
lncRNA identified that exhibits an asymmetric distribution
during CSC division, thus producing asymmetric daughter
cells with different cell fates (Fig. 2b). Lnc34a suppression
leads to CSC differentiation via asymmetric cell division,
whereas lnc34a overexpression leads to CSC proliferation
via symmetric cell division. We consider that further research
is warranted to unravel the mechanisms by which this and
other lncRNAs regulate asymmetric CSC division. The dis-
covery of the miR-34a - lnc34a axis highlights the importance
of ncRNAs in this process and their potential to orchestrate the
CSC self-renewal process.

lncTCF7 LncTCF7 has a length of 3.6 kb and is composed of
three exons. This lncRNA can be located in the nucleus as well
as in the cytoplasmwhere it performs different functions depend-
ing on the specific cell types or tissues involved. Previous studies
have shown that the expression of this lncRNA is regulated
through the IL6/STAT3 pathway [59], a key pathway involved
in cancer progression [60, 61]. LncTCF7 has been found to
interact with three nuclear subunits of the SWI/SNF chromatin
remodeling complex (BRG1, BAF170 and SNF5), allowing
their recruitment to the TCF7 gene promoter, thus regulating
the transcription of TCF7 and activating the Wnt signaling cas-
cade, which is involved in stem cell self-renewal (Fig. 2c) [59,
62] LncTCF7 has been found to regulate 2491 genes, many of
which belong to the Wnt signaling pathway (Fig. 2c).

LncTCF7 is highly expressed in nuclei of CSCs derived
from hepatocellular carcinomas and it has been reported that

The emerging role of lncRNAs in the regulation of cancer stem cells



inhibition of this lncRNA significantly disrupts the expression
of the pluripotency markers Sox2, Nanog and Oct4 and de-
creases the tumorigenic ability of liver CSCs. Conversely,
lncTCF7 overexpression has been found to enhance the
tumor-forming ability of liver CSCs [62]. LncTCF7 has also
been found to be involved in the regulation of CSCs derived
from non-small cell lung cancer (NSCLC) [63]. Together with
the SWI/SNF complex, this lncRNA can increase the expres-
sion of Slug to promote invasion. Slug is a transcriptional
repressor that binds to E-box motifs and represses E-
Cadherin transcription (Fig. 2ci). In addition, lncTCF7 in-
creases the expression of the stem cell marker EpCAM to
promote self-renewal. This latter effect is not mediated by
the SWI/SNF complex, but by competing with EpCAM for
binding of the microRNA miR-200c and, thereby, avoiding
EpCAM degradation (Fig. 3e) [64]. This sponge effect has
been demonstrated in prostate cancer cells as well, thus
supporting a more generalized function of this lncRNA.
Together, these results show that lncRNAs like lncTCF7
may carry out several molecular functions in the same cells,
thereby expanding the possible roles of these RNAs. We con-
sider that this lncRNA depicts a clear example of the
multifunctionality of lncRNAs, since some of themmay affect
the same biological process by acting in different ways ac-
cording to cellular needs. As we mentioned earlier, lncRNAs
can interact directly with DNA, mRNA or proteins to regulate
a variety of physiological and pathological processes.

LncH19 H19 is one of the first ncRNAs identified as a cancer-
related lncRNA. Hitherto, this lncRNA has been found to be
involved in the development and progression of many differ-
ent cancer types. H19 is an imprinting gene located in the
11p15.5 region and encodes a 2.3 kb lncRNA that is expressed
exclusively from the maternal allele [65]. H19 is highly
expressed during vertebrate embryonic development, but is
downregulated in most tissues after birth. Loss of imprinting
and, consequently, strong H19 expression has been extensive-
ly documented in several types of cancer. Recent studies have
shown that H19 is overexpressed in stem-like cells of breast
[66] and prostate [67] cancers and glioblastomas [68].

In breast cancer, it has been found that ectopic overexpres-
sion of H19 significantly promotes migration, as well as clone
and sphere forming capacities. On the contrary, inhibition of
H19 has been found to disrupt the growth and tumor forming
capacities of breast cancer cells. H19 is mostly found in the
cytoplasm of breast cancer cells where it functions to sponge
miRNA let-7, which leads to an increase in the expression of
LIN28, a well-known let-7 target (Fig. 3a). H19 can also be
repressed by let-7 via a negative feedback loop. Notably, H19
and LIN28 are co-expressed in primary breast carcinomas and
both have been found to play a critical role in the maintenance
of breast CSCs [66]. LIN28 can also block mature let-7 pro-
duction, thereby avoiding the repression of H19 and reversing

the suppression of breast CSC properties mediated by the loss
of H19 [66, 69]. Collectively, these results suggest that H19/
let-7/LIN28 forms a double negative feedback loop to pro-
mote breast CSC maintenance (Fig. 3b).

In prostate cancer, H19 upregulation has been found to
correlate with the expression of stem cell markers such as
Sox2, Oct4, Notch1, Klf4, c-Myc and Abcg2. Remarkably,
lncH19 level modulations also affect the clonogenic ability
of prostate cancer cells [67]. H19 also plays a role in the
self-renewal of CSCs in glioblastoma [68]. Interestingly,
H19 expression has been found to be mainly restricted to the
CSC fraction and exogenous expression has been found to
result in an increased migration, as well as neurosphere and
tumor formation capacity of this fraction.

Furthermore, H19 is the primary precursor of the
proliferation-suppressing miR-675 [70], which has been
found to be involved in both neuronal [71, 72] and muscle
differentiation [73]. MiR-675 is embedded into the first exon
of H19 and its expression is barely detectable in fetal tissues,
despite abundant H19 expression [74]. The processing of
miR-675 from H19 in embryonic tissues is inhibited by an
RNA-binding protein, HuR. MiR-675 is only released in re-
sponse to cellular stress or oncogenic signals [74]. H19 and
miR-675 are both expressed in undifferentiated bone marrow
mesenchymal stem cells, but their expression decreases during
differentiation of these cells into a neural phenotype. The
down-regulation of miR-675 is concomitant with the up-
regulation of its target IGF-1R during the differentiation of
neural cells [72]. H19 also has an essential function in skeletal
muscle differentiation mediated by the microRNAs embedded
within it. Strikingly, both miR-675-3p and miR-675-5p pro-
mote myogenic differentiation by repressing Smad1, Smad5
and Cdc6. Smad1 and Smad5 are involved in the BMP path-
way and Cdc6 is a DNA replication factor that needs to be
downregulated during myoblast differentiation [73]. These
results support the idea that miR-675 may confer functionality
to H19 to control stem cell populations and that disruption of
the H19/miR-675 axis may alter the stem cell phenotype.

H19 also functions as a competing endogenous RNA for
miR-138, miR-200a and miR-141, which are involved in the
regulation of CSCs [75–77]. Notably, H19 interferes with
miR-138 and miR-200a, thereby avoiding the repression of
Vimentin, Zeb1, and Zeb2 and, concomitantly, inducing
EMT. Up-regulation of H19 has been found to result in the
modulation of multiple genes involved in EMT, which may
promote stemness features [78].

LncATB LncRNA-ATB has been recognized as an onco-
lncRNA commonly overexpressed in human neoplasms such
as colon, gastric, stomach and liver cancer. This lncRNA is a
non-polyadenylated RNA mainly located in the cytoplasm.
Recent studies have shown that lncATB is associated with
EMT. LncATB modulates TFG-β which, in turn, regulates

R. Castro-Oropeza et al.



several master regulators of EMT such as Snail, Slug, Zeb1
and Zeb2 [79]. Yuan et al. [80] have found that lncATB

harbors binding sites for miR-200, which prevents EMT
through targeting of the Zeb1 and Zeb2 mRNAs. Several

Fig. 3 Mechanisms of action of lncRNAs in the cytoplasm of CSCs. a
Absence of lncRNA H19 may inhibit the translation of LIN28 through
miRLet-7. b LncRNA H19 may act as a sponge RNA for miRLet-7 and
allow the translation of LIN28. In addition, H19, let-7 and LIN28 may
form a negative feedback loop favoring CSC self-renewal. cDecreases in
lncRNA ATB levels may allow miR-200 to inhibit ZEB1/2 mRNAs. In
addition, the stability of the IL-11 mRNA may be decreased. d lncRNA

ATBmay act as a sponge RNA for miR-200 to promote the translation of
ZEB1/2 and, thus, to promote EMT. LncRNA ATB may also interact
directly with IL-11 mRNA and regulate its stability, thereby contributing
to cell colonization. e LncRNATCF7 may act as a sponge for miR-200c
and, thereby, inhibit the repression of EpCAM. f LncDYNC2H1–4 may
act as a sponge for miR-145 in the presence of gemcitabine, thereby
leading to an increment in stem cell markers
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studies have reported that lncATB may induce mesenchymal
features and promote cell invasion and metastasis. LncATB
binds and stabilizes IL-11, leading to activation of STAT3
signaling and the promotion of cell invasion and metastasis
(Fig. 3c) [80, 81]. LncATB has been found to be upregulated
in HCCmetastases and to be correlated with vascular invasion
and a poor patient survival. Recent studies using orthotopic
xenografts have demonstrated that lncATB may promote
HCC cell intravasation and organ colonization [81].
LncATB may affect metastasis by independent transcription-
related mechanisms, first by spongingmiR-200 and second by
stabilizing IL-11mRNA (Fig. 3a, b). Both mechanisms lead to
the induction of EMT [82, 83]. LncATB has also been found
to be involved in trastuzumab resistance in patients with breast
cancer [84].

Linc-DYNC2H1–4 Linc-DYNC2H1–4 is an intergenic
lncRNA, transcribed from the same sense strand as its nearby
gene MMP3, which encodes an important protein for the de-
velopment of pancreatic cancer [85]. Yuran Gao and col-
leagues [86] established a gemcitabine-resistant pancreatic
ductal adenocarcinoma cell line (BxPC-3-Gem) and found
that linc-DYNC2H1–4 was upregulated in these cells. Using
in vitro and in vivo assays, it was shown that the resistance to
gemcitabine resulted in an enrichment in the CSC fraction.
The association of this lincRNAwith drug resistance and the
CSC phenotype has recently been addressed. It was found that
linc-DYNC2H1–4 increases the expression of stemness
markers such as Lin28, Nanog, Sox2 and Oct4, as well as that
of Zeb1, an EMT regulator. The involvement of this lncRNA
in regulating the CSC phenotype was further substantiated by
in vitro experiments showing that knockdown of linc-
DYNC2H1–4 reduced the colony and spheroid forming abil-
ities, as also the invasive behavior of the gemcitabine-resistant
cells. In addition, it was found that exogenous expression of
this lincRNA promoted the acquisition of EMT and stemness
features in the parental gemcitabine sensitive cells.

Linc-DYNC2H1–4 is mainly located in the cytoplasm,
where it acts as a sponge for miR-145, thereby upregulating
the expression of its targets Oct4, Lin28, Nanog, Sox2,
MMP3 and Zeb1, resulting in EMT progression and CSC
enrichment in pancreatic cancer cell populations (Fig. 3f)
[86, 87].

HOTTIP LncRNA HOTTIP is transcribed from the 5′ tip of the
HOXA locus and acts in cis to regulate the expression of
several HOXA genes. HOTTIP binds the adaptor protein
WDR5 and targets the WDR5/MLL complex to the HOXA
locus, resulting in trimethylation of histone H3 lysine 4.
HOXA members play essential roles in the pluripotency, dif-
ferentiation and self-renewal of stem cells.

HOTTIP is overexpressed in pancreatic ductal adenocarci-
noma (PDAC) and promotes its progression, invasion and

drug resistance [88]. This lncRNA also promotes EMT and
regulates pancreatic CSCs [88]. Zhiqiang Fu et al. [89] found
that HOTTIP is highly expressed in the nucleus of pancreatic
CSCs and enhances CSC properties through the Wnt/β-
catenin pathway. The role of HOTTIP in the regulation of
CSCs is based on the induction of HOXA9 and the subsequent
activation of the Wnt pathway. The HOTTIP/HOXA9/WNT
axis contributes to stemness by controlling CSC maintenance
and self-renewal. HOTTIP and HOX9 may serve as potential
therapeutic targets and molecular biomarkers for PDAC, since
their expression may predict survival and prognosis [88, 90].

LncRNA-Hh LncRNA-Hh was first identified in breast CSCs
expressing high levels of Twist. This lncRNA is transcription-
ally regulated by Twist to enrich the CSC population.
LncRNA-Hh directly targets GAS1 to stimulate the Sonic
Hedgehog-Patched-Gli pathway and to upregulate the expres-
sion of SOX2 and OCT4. Notably, Hedgehog signaling is
essential for CSC self-renewal and cell fate determination
[91]. LncRNA-Hh overexpression leads to EMT and CSC
self-renewal, and promotes tumorigenic abilities, while its si-
lencing reverses these effects [92].

LncARSR Activated in renal cell carcinoma with sunitinib re-
sistance (ARSR) is a recently identified lncRNA that enhances
sunitinib and doxorubicin resistance in renal [93] and hepato-
cellular [94] carcinomas, respectively. Strikingly, this lncRNA
is packaged into exosomes and transmitted to sensitive cells,
thereby inducing drug resistance [93]. This lncRNA promotes
drug resistance via direct binding tomiR-34/miR-449, thereby
leading to AXL/c-Met expression and reactivation of STAT3,
AKT and ERK signaling [93]. It is worth mentioning that this
lncRNA is highly expressed in renal CSCs and is essential for
maintenance of their stem cell phenotype. Loss of function
analysis of lncARSR has shown that this lncRNA is essential
for promoting the self-renewal, tumorigenic and metastatic
capacities of renal CSCs. A high lncARSR level has been
found to serve as an independent predictor for a poor progno-
sis of clear cell renal cell carcinoma patients. Mechanistically,
this lncRNA binds to Yes-associated protein (YAP) and facil-
itates its nuclear translocation by blocking the interaction of
YAP with the large tumor suppressor kinase-1 (LATS1) [95].
YAP is highly expressed in CSC nuclei where it acts as a
transcription co-activator in Hippo signaling, which has been
reported to play a critical role in CSC expansion. LncARSR
not only plays a role in CSC regulation by inducing Hippo
signaling, but also acts on cancer cells with defective Hippo
signaling, possibly through other mechanisms [95].

It is well-known that CSC populations do not only emerge
from pre-existing CSCs, but also from reprogrammed differ-
entiated cells, possibly through exosomal transfer of
lncRNAs. We believe that lncRNA transfer to neighboring
cells may play an important role in cancer cell behavior. We
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consider that the use of extracellular vesicles as delivery ve-
hicles of lncRNAs may serve as an attractive approach to
eliminate CSC populations in tumors.

lincRORThe lincRNA regulator of reprogramming (lincROR)
was first identified in induced pluripotent stem cells (iPSCs).
This lincROR acts as an oncogene and plays essential roles in
the maintenance of embryonic stem cells (ESCs) and the
reprogramming of differentiated cells into iPSCs [96].
Accumulating evidence indicates that lincROR is associated
with EMTand tumorigenesis in many malignancies including
breast, liver, lung, pancreatic and colon cancer [97]. LincROR
appears to play a role in induction of the EMT program, pro-
moting stem cell-like characteristics, drug resistance and me-
tastasis in ovarian, lung and breast cancer [98–100]. Recent
studies have revealed that this lncRNA is located in the cyto-
plasm and acts as a sponge of miR-145 [99, 101], miR-205,
miR-34a and let-7 [98]. MiR-205 targets the Zeb1, Zeb2,
ErbB3 and VEGF mRNAs and, by doing so, negatively reg-
ulates stem cell features [98]. MiR-34a and let-7 also play a
role in suppressing breast CSC features [98, 102].
Collectively, these studies indicate that lincROR may be an
important regulator of tumor suppressor miRNAs that control
stem cell characteristics. LincROR is highly expressed in gas-
tric [103], pancreatic [102] and lung CSCs [101], and its ex-
pression has been found to lead to upregulation of several
stemness transcription factors such as OCT4, SOX2,
NANOG and CD133 [101, 103]. LincROR has been found
to acts as a miR-145 sponge, resulting in increased expression
of the miR-145 targets OCT4, SOX2 and NANOG, allowing
the acquisition of lung and endometrial CSC properties [101,
104]. Upregulation of this lincRNA inhibits the differentiation
of endometrial CSCs [104]. Accumulating evidence also indi-
cates that lincROR promotes the proliferation and invasion of
CSCs [101], inhibits the apoptosis of CSCs [103] and contrib-
utes to the acquisition of stem cell properties by acting as a
microRNA sponge to regulate gene transcription [101, 102] .

MALAT-1 The metastasis-associated lung adenocarcinoma
transcript 1 (MALAT-1) is a highly conserved lncRNA.
MALAT-1 has been found to be overexpressed in several hu-
man neoplasms and to promote tumor cell invasion and me-
tastasis [105] . Recent studies have shown that MALAT-1 is
overexpressed in CSCs derived from pancreas and breast tu-
mors [106, 107]. Through in vitro and in vivo analyses, it has
been shown that MALAT-1 enhances CSC phenotypes and
regulates their proliferation, colony formation and migration,
as well as their self-renewal capacity [106–109]. This
stemness regulating role of MALAT-1 is mainly based on
the triggering of EMT through Snail, Slug, E-cadherin, N-
cadherin and Vimentin regulation [110]. It has also been
shown that downregulation of MALAT-1 may reduce the ex-
pression of stem cell markers such as Bmi1, Nanog, SOX2

and Nestin in gliomas and pancreatic cancers [106, 108, 109].
MALAT-1 harbors sites complementary to miR-200c and
miR-145 and may, therefore, act as an endogenous sponge
for these miRNAs resulting in upregulation of the expression
of SOX2 [106, 107].

A more recent study has shown that MALAT-1 can coop-
erate with lncRNA HULC to increase the expression, phos-
phorylation and sumoylation of telomere repeat-binding factor
2 (TRF2) and to accelerate liver CSC proliferation, resulting
in tumor progression (Fig. 4). Additionally, it has been found
that TRF2 depletion may abrogate the oncogenic functions of
MALAT-1 and HULC.MALAT-1 combined with HULCmay
also enhance telomerase activity and promote interactions be-
tween TERT and TERC, thereby prolonging the telomere
length and, thus, lifespan of liver CSCs (Fig. 4) [109] .

CUDRCancer up-regulated drug resistance (CUDR) is a lncRNA
that plays a role in cancer progression by affecting cell cycle
progression and proliferation. CUDR has been found to be in-
volved in drug resistance of several types of cancer through the
induction ofWNTexpression, which turns CUDR into an attrac-
tive target to overcome such resistance [111–113]. Since CUDR
is an oncofetal gene, its upregulation may be relevant for cancer
development. Recent evidence has indicated that CUDR expres-
sion may lead to disruption of stem cell populations and induce
malignant transformation of normal stem cells. Zheng and col-
leagues [114] have shown that excessive CUDR cooperates with
IL6 to triggering the malignant transformation of human embry-
onic stem cell-derived hepatocyte-like stem cells through the
NF-κB/STAT3 pathway. CUDR and IL6 induce the expression
of SUV39h1, a histone methyltransferase that induces tri-
methylation of histone H3 at lysine 9 (H3K9me3) to promote
the expression and phosphorylation ofNF-κBand, subsequently,
STAT3 phosphorylation. STAT3 can, in turn, bind to the promot-
er regions of several miRNAs and lncRNAs such as miR-21,
miR-155, miR-17, CUDR, HOTAIR, MALAT-1 and HULC.
Abnormal expression of these ncRNAs results in increased telo-
mere length and increased microsatellite instability. Gui et al.
[115] have also found that excessive CUDR may trigger the
malignant transformation of hepatocyte stem cells. CUDR in-
duces HULC expression by inhibiting its promoter methylation
and induces β-catenin expression by promoting promoter-
enhancer chromatin loop formation. Both HULC and β-
catenin are crucial for the oncogenic activity of CUDR.

Li et al. [116] found that SET1A, a histone methyltransfer-
ase complex component, cooperates with CUDR to trigger the
malignant transformation of hepatocyte stem cells though
TRF2. CUDR enhances the phosphorylation of RB and the
interplay between SET1A and pRB, thereby producing an
activated pRB-SET1A complex (Fig. 4). This complex in-
duces tri-methylation of histone H3 (H3K4me3) and loads
onto the TRF2 promoter region provoking TRF2 overexpres-
sion (Fig. 4). TRF2 is a component of the shelterin complex
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that protects the ends of chromosomes. Excessive TRF2 binds
to telomeric repeats, thereby prolonging their lengths and ac-
celerating the malignant transformation of hepatocyte stem
cells and their subsequent cancerous growth [116].

It has been reported that CUDR expression also plays an
important role in the occurrence of hepatocellular carcinomas
and is associated with their TNM stage and metastatic poten-
tial, as well as with postoperative patient survival [117].
Recent evidence shows that CUDR can also act on liver
CSCs and promote CSC growth through TERT and c-Myc
upregulation. CUDR binds to Cyclin D1, forming a complex
that loads onto the H19 lncRNA promoter region to reduce its
methylation and to provoke its overexpression (Fig. 4).
Excessive H19 increases the binding of TERT to TERC and
reduces the interplay between TERT and TERRA, thus en-
hancing telomerase activity and telomere length (Fig. 4c).
CUDR may also mediate c-Myc overexpression through the
CUDR-CyclinD1-CTCF complex (Fig. 4). Both TERT and c-
Myc expression can lead to liver CSC proliferation [118].

Taken together, these findings indicate that CUDR can inter-
act with other lncRNAs (H19, HULC and MALAT-1) and with
proteins (Cyclin D1, TRF2 and SETA1) to enhance telomere
elongation, disrupt genomic stability and inducemalignant trans-
formation and proliferation of (hepatic) stem cells (Fig. 4).

Lnc-DILC LncRNA downregulated in liver cancer (Lnc-DILC)
was recently identified through high-throughput screening in
liver tissues. Lnc-DILC was found to be downregulated in
liver cancer stem cells (LCSC) and to be restored during their

differentiation. The lnc-DILC expression level was found to
be related to the proportion of CSCs, since the number of
LCSC increased after lnc-DILC silencing and decreased after
lnc-DILC overexpression. Loss and gain function analyses
revealed that lnc-DILC can modulate the clonogenic and tu-
morigenic abilities of LCSCs. Lack of expression of this
lncRNA facilitates the expansion of LCSCs and favors the
progression of hepatocellular cancer. Conversely, it has been
found that lnc-DILC expression exhibits a suppressive role in
LCSC expansion. Lnc-DILC binds to the IL6 promoter and
inhibits its transcription, thereby blocking the IL-6/STAT3
signaling cascade. These findings indicate that lnc-DILC
may mediate crosstalk between TNF/NF-κB signaling and
autocrine IL6/STAT3 signaling to regulate LCSC expansion.
Additional clinical data revealed that a low lnc-DILC expres-
sion predicts early recurrence and a short survival of hepato-
cellular carcinoma patients, thereby highlighting its clinical
significance [119].

6 Therapeutic implications of CSC-associated
lncRNAs

CSCs are key players in tumor initiation, maintenance, pro-
gression, metastasis and recurrence [120]. In addition, CSCs
have intrinsic mechanisms allowing them to resist convention-
al drug treatments [121, 122]. Since CSCs are molecularly and
functionally distinct from the bulk of tumor cells, therapeutic
alternatives may be developed to eliminate CSCs that

Fig. 4 Role of lncRNAs in telomere elongation. Role of different
lncRNAs associated with telomeric DNA and proteins that promote
telomer elongation. CUDR, MALAT and HULC promote the
transcription of TRF2 through different mechanisms. MALAT and
HULC may form a complex with TRF2 to demethylate the promoters

of TERC and TERT, thereby provoking CST and AAF proteins to be
displaced from the telomeres and favoring telomeric elongation. CUDR
may also promote the transcription of lncRNA H19 to promote the
expression of TERC and TERT
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otherwise may cause disease progression and/or recurrence.
The putative advantage of such selective therapies is that they
may have fewer side effects and exhibit less toxicity to non-
cancer stem cells. This approach requires a clear understand-
ing of the molecular mechanisms that directly regulate stem
cell features. It has amply been shown that lncRNAs exhibit
important capacities for inducing the self-renewal, migration,
invasion, drug resistance and differentiation of CSCs
[123–126]. LncRNAs are attractive treatment targets since
they commonly exhibit restricted tissue-specific expression
patterns. Their levels are frequently indicative for the severity
of the disease [127]. LncRNAs are also ideal candidates for
cancer screening, since they are readily detectable in body
fluids such as blood, plasma, saliva and urine [16, 128, 129].
These features render lncRNAs into ideal targets to noninva-
sively detect or predict cancer behavior before, during and
after therapy. An additional advantage of using lncRNAs as
therapeutic targets is the feasibility to induce their degrada-
tion, modulate their transcription and/or block their interaction
with other regulatory factors. Although a wide range of
lncRNAs has been found to be deregulated in CSCs, its con-
sequences are known for only a few of them. Accumulating
data now provide insight into the functional implications of
lncRNAs in controlling cell division, determining cell fate,
conferring differential drug-resistance, protecting telomere
ends, maintaining genomic architecture, interacting with key
signaling pathways and regulating the transcription or transla-
tion of stem cell-related genes [58, 109, 123, 127, 130–132].

Several lines of evidence suggest that CSCs of advanced
stage tumors utilize a symmetric division strategy to give rise
daughter cells able to self-renew and, thus, to rapidly increase
the pool of CSCs within a tumor [133] . This finding suggests
that controlling or avoiding symmetrical CSC divisions in
advanced tumors could be clinically beneficial. Since
lncRNAs may play unique roles in regulating the balance
between asymmetry and symmetry in CSCs [58, 134], altering
their function may perturb the division machinery that estab-
lishes the unequal partitioning of cell fate-determining factors
between daughter cells. As such, lncRNAs that control the
manner in which CSCs divide could be considered as putative
targets for the treatment of advanced cancers. It has been
shown, for instance, that asymmetric distribution of lnc34a
during cell division leads to asymmetric daughter cell fate,
but that high lnc34a levels lead to CSC expansion via sym-
metric self-renewal [58]. Interestingly, this lncRNA is com-
monly upregulated in late-stage colorectal cancers, so its sup-
pression could lead to asymmetric cell division and differen-
tiation. It has been reported that lnc34a directly targets miR-
34a and balances the cell division mode by a differential
Notch1 distribution mediated by this miRNA [58]. Recently,
a miR-34a mimic (MRX34) has been proposed to restore
miR-34a function and, thus, to prevent CSC proliferation
and expansion. Currently, phase II clinical trials are being

conducted to test the efficacy of MRX34 in advanced solid
tumors [135], although the delivery efficiency into the tumors
still remains a challenge. Also lnc34a could be considered as a
target for therapeutic intervention of advanced tumors since it
is feasible to develop small molecule inhibitors that block its
function or disrupt its structure.

It is well documented that lncRNAs may also participate in
the acquisition and maintenance of drug-resistance in CSCs.
These lncRNAs may activate several mechanisms to promote
this drug resistance, including modulation of drug transporter
expression levels, regulation of survival signaling pathways,
avoidance of apoptosis and induction of DNA repair.
LncPVT1 and H19 are known to promote drug resistance in
some types of cancer by modulating the expression of drug
transporters such as MDR1 and MRP1 [130, 136, 137],
whereas HOTAIR is known to modulate the DNA damage
response pathway through suppression of p21 and p53 [46] .
LncRNA CUDR has been found to increase drug-mediated
resistance by regulating the Wnt signaling pathway [111] or
by inducing Bcl2 expression mediated by miR-204-5p inhibi-
tion [138]. LncATB and lncROR have been found to reduce
chemotherapy-induced cell death by modulating the expres-
sion levels of TGFβ [80, 139]. Since these lncRNAs play
crucial roles in drug resistance, they might be used as thera-
peutic targets to overcome this resistance. Recent work has
shown that lncRNAs that induce drug resistance can be dis-
seminated to sensitive cells by vesicles (exosomes) that trans-
mit regulatory lncRNAs. Once inside these cells, they have the
ability to induce drug resistance and stem cell phenotypes
[130]. LncARSR can, for example, be encapsulated by
exosomes that are released into the extracellular environment
and transferred to neighboring cells, thereby conferring drug
resistance to sensitive cells [93]. LncROR is another lncRNA
involved in themodulation of cellular responses to chemother-
apy that can be transferred to other cells via extracellular ves-
icles [139]. The targeting lncRNAs transmitted by vesicles
may be a useful approach to improve the responses to conven-
tional therapeutic agents used for the treatment of cancer.

LncRNAs modulating other stem cell features may also be
considered for therapeutic intervention. HOTAIR and
MALAT-1 are, for example, well-known lncRNAs playing a
role in maintaining stem cell features through the modulation
of pluripotency stem cell factors [46, 47, 106]. Interestingly,
these lncRNAs have been found in the plasma of cancer pa-
tients and are considered useful tools for primary cancer and
metastasis detection [140]. Mohamed-Moustafa et al. [141]
set out to find clinically relevant cancer-associated lncRNA
by characterizing temporally expressed lncRNAs during S-
phase. They found that most of these lncRNAs appeared to
be strongly associated with cancer development. In addition,
they found that a large proportion of these lncRNAs may acts
as independent prognostic indicators in some types of cancer.
Subsequent modulation of these lncRNAs resulted in
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alterations in cell cycle progression, proliferation, apoptosis,
migration and senescence [141]. Hua-Sheng et al. [142] in-
ferred lncRNAs with relevant functions in cancer by
predicting their targets using molecular profiles of TCGA pri-
mary tumors. They linked lncRNAs with the deregulation of
cancer genes and pathways known to influence tumor biology
and found that a large number of these lncRNAs regulates
hundreds of genes, many of which modulate cancer pathways
across multiple tumor types [142]. These latter findings indi-
cate that large-scale screening may result in the identification
of potential oncogenic drivers and, thus, potential therapeutic
targets.

7 Conclusions and perspectives

The large orchestra of molecular and cellular processes in
which lncRNAs participate leads to the activation and/or dis-
ruption of a plethora of normal and abnormal biological pro-
cesses such as cancer. CSCs have been extensively studied
since they can drive tumor initiation and progression. CSCs
are of particular significance due to their metastatic capacity
and their ability to escape from common therapeutic agents,
which renders them into the primary cause of tumor relapse.
Despite their essential role in tumor development, the regula-
tion of this subpopulation of cells is not completely
deciphered yet and, therfore, more in-depth studies are re-
quired. Here, we have provided an overview of lncRNAs in-
volved in the self-renewal, maintenance and differentiation of
CSCs, as well as some of the underlying molecular mecha-
nisms. LncRNAs can exert their functions at different levels
and in different ways. In the nucleus they can act as scaffold,
guide or capture, as exemplified by SOX4, HOTAIR and
HOTTIP. In the cytoplasm they can function as endogenous
competitors or sponges of miRNAs, as exemplified byATB or
DYNC2H1. Some lncRNAs, such as CTCF7 and H19, may
act in both cellular compartments in order to maintain the self-
renewal of the CSCs. There are also many lncRNAs, such as
MALAT-1, H19 and CUDR, that work together to prolong
telomeres and, by doing so, expand CSC subpopulations. As
yet, only a few lncRNAs have been identified to be involved
in CSC stemness, warranting further studies on the mecha-
nisms involved in this feature.

LncRNAs are highly abundant within the genomes of our
cells where they regulate multiple processes at the transcrip-
tional, translational and post-translational level. We consider
that it is essential to understand the molecular mechanisms
whereby lncRNAs exert their functions and to uncover the
roles that lncRNAs play in specific tissues. Such information
will provide a basis for considering lncRNAs as diagnostic or
prognostic markers, or even as targets for future therapies.
Further studies are needed to establish which lncRNAs may
serve as the best candidates for future therapeutic strategies

through hampering the self-renewal and proliferation capaci-
ties of CSCs. Since CSCs exhibit intrinsic mechanisms
allowing them to overcome conventional therapeutic treat-
ment regimens, specific methods are needed to ensure the
eradication of CSCs and, thus, to avoid tumor recurrence.
Extensive efforts have yielded ample information on the func-
tional implications of specific lncRNAs in conferring drug
resistance, controlling cell division, determining cell-fate and
regulating the transcription or translation of stem cell-related
genes. Blockage of these lncRNAs may be used to treat spe-
cific types of cancer. The fact that lncRNAs can readily be
detected in serum, saliva, urine, blood or tissue biopsies, ren-
ders them highly attractive for clinical (diagnostic/prognostic)
purposes. In addition, different approaches to target lncRNAs
for therapeutic purposes can be considered, such as the use of
siRNAs or locked nucleic acid molecules to induce lncRNA
degradation, and CRISPR/Cas9 mediated gene editing or
exosome delivery to modulate their expression. Currently,
the major challenge of these approaches is to specifically de-
liver the respective molecules into their pre-selected tissues/
cells. Without any doubt, lncRNAs are emerging as valuable
tools for future clinical applications. In fact, some of them are
already being tested in clinical trials to determine their puta-
tive therapeutic efficacy.
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