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RESUMEN 
 
 

El cáncer colorrectal (CCR) es el segundo más diagnosticado en Chile y el mundo. El 

tratamiento de primera línea del CCR metastásico consiste en la asociación de 5-fluorouracilo 

(5-FU) y oxaliplatino (L-OHP), conocido como el esquema de quimioterapia FOLFOX. Sin 

embargo, la tasa de supervivencia a 5 años es inferior al 14% para pacientes que debutan con 

metástasis a distancia no resecables, atribuido principalmente al desarrollo de 

quimiorresistencia. Se ha informado de que miR-92a-3p induce transición epitelial-

mesenquimal (TEM), disminuye la sensibilidad in vitro a 5-FU y L-OHP a través de la activación 

de β-catenina, y promueve quimiorresistencia en modelos animales. Los genes biomarcadores 

de respuesta a quimioterapia FOLFOX incluyen dihidropirimidina deshidrogenasa (DPYD), 

timidilato sintasa (TYMS), metilentetrahidrofolato reductasa (MTHFR) y los genes codificantes 

para las subunidades de reparación de ADN ERCC1, ERCC2 y XRCC1. Las regiones 

promotoras de estos genes contienen elementos de respuesta para factores de transcripción 

asociados a β-catenina y a TEM, y la sobreexpresión de DPYD, TYMS y ERCC1 ha mostrado 

ser desencadenada por TEM. Sin embargo, la relación entre miR-92a-3p, la activación de β-

catenina, la expresión de estos genes biomarcadores, y la quimiorresistencia de las células 

tumorales al tratamiento FOLFOX aún no ha sido explorada. 

En esta investigación exploramos el papel de miR-92a-3p en la activación de TEM en 

células tumorales, si esto incrementa la expresión de DPYD, TYMS, MTHFR, ERCC1, ERCC2 

y XRCC1 a través de la activación de β-catenina induciendo resistencia de células tumorales 

de CCR al tratamiento con 5-FU y L-OHP. Para comprobar esta hipótesis en un modelo in 

vitro, transfectamos las líneas celulares de cáncer de colon SW480 y SW620 con mimics e 

inhibidores de miR-92a-3p en experimentos independientes. Cuantificamos la expresión de 

DPYD, TYMS, MTHFR, ERCC1, ERCC2 y XRCC1 y evaluamos la activación de β-catenina y 

TEM en cada experimento. Paralelamente, se realizaron pruebas de quimiosensibilidad in vitro 

de las líneas celulares al tratamiento con FOLFOX.  

En resumen, nuestros hallazgos mostraron que el aumento o la disminución transitoria 

de miR-92a-3p no conduce a la activación de β-catenina en nuestros experimentos, ni al 

aumento de la expresión de DPYD, TYMS, MTHFR, ERCC1, ERCC2 y XRCC1 durante el 

tiempo de transfección. Por lo tanto, no podemos confirmar que miR-92a-3p tenga un papel 

relevante en la activación de la transición epitelial-mesenquimal y la quimiosensibilidad in vitro 

de FOLFOX en líneas celulares de cáncer de colon. 
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ABSTRACT 

Colorectal cancer (CRC) is the second most frequently diagnosed cancer in Chile and 

worldwide. First-line treatment of metastatic CRC consists mainly of the association of 5-

fluorouracil (5-FU) and oxaliplatin (L-OHP), known as the FOLFOX scheme. Despite the 

advances in CRC treatment, the 5-year survival rate for patients debuting with non-resectable 

distant metastasis is lower than 14%, attributed mostly to the development of chemoresistance. 

It has been reported that miR-92a-3p induces epithelial-mesenchymal transition (EMT), 

contributing to tumor progression in tumor cells via activation of β-catenin. Furthermore, 

increased miR-92a-3p decreases in vitro 5-FU and L-OHP sensitivity and promotes 

chemoresistance in animal models. Biomarker genes that impact the response to FOLFOX 

therapy include dihydropyrimidine dehydrogenase (DPYD), thymidylate synthase (TYMS), 

methylenetetrahydrofolate reductase (MTHFR), and the genes encoding the DNA repair 

subunits ERCC1, ERCC2, and XRCC1. The promoter regions of these genes contain response 

elements for transcription factors associated with β-catenin and EMT, and overexpression of 

the genes DPYD, TYMS, and ERCC1 can be triggered by EMT. Regardless, the relationship 

between miR-92a-3p, activation of β-catenin, expression of the 

genes DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1, and resistance of tumor cells to 

FOLFOX chemotherapy has not been previously explored. 

In this research, we explored the role of miR-92a-3p in the promotion of EMT in tumor 

cells, the upregulation of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 expression via 

activation of β-catenin and whether it led to resistance of CRC tumor cells to treatment with 5-

FU and L-OHP. To test this hypothesis in an in-vitro model, we transfected the colon cancer 

cell lines SW480 and SW620 with miR-92a-3p mimics and miR-92a-3p inhibitors in 

independent experiments. We quantified the expression of the DPYD, TYMS, MTHFR, ERCC1, 

ERCC2, and XRCC1 genes and the activation of β-catenin and EMT in each experimental 

setting. In parallel, in vitro chemosensitivity tests of cell lines to FOLFOX treatment were 

performed.  

In summary, our findings did not show that transient increase or decrease of miR-92a-

3p led to activation of β-catenin and EMT in our experimental settings, nor the expression of 

DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 during the time of transfection. 

Therefore, we cannot confirm that miR-92a-3p has a role in the activation of epithelial- 

mesenchymal transition and FOLFOX in vitro chemosensitivity in colon cancer cell lines. 
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THEORETICAL FRAMEWORK 

 

Colorectal cancer (CRC) is, to date, still one of the leading causes of death in Chile and 

worldwide, and it is defined as malignant neoplasia that develops from the colon or rectum 

epithelial tissue1–3. A higher incidence of CRC is observed in developing countries with 

increasing Human Developed Index (HDI) characterized by higher prevalence of risk factors 

such as obesity, low physical activity, and low socioeconomic status3,4. According to the records 

of the Chilean Ministry of Health (Ministerio de Salud de Chile), CRC mortality increased a 

19.3% between the years 2000 and 2013 and was the fourth cause of years of life lost due to 

disability (YLD) by the year 20135,6. These statistics show that CRC is a severe burden to our 

country and healthcare providers, and because of our current economic growth rate, we should 

expect an increase in mortality and morbidity due to CRC in the future. 

The CRC stage is determined depending on the degree of invasion of the tumor into the 

colon tissue, lymph nodes, and local and distant organs3,5–7. Early-stage CRC (stage I to II) is 

most often treated by resection of the tumor and, in most cases, does not require adjuvant 

chemotherapy. Stage III CRC implies invasion of lymph nodes, and stage IV implies metastasis 

to distant organs, commonly the liver and lungs. Patients diagnosed with stages III and IV 

require neoadjuvant, adjuvant, or palliative chemotherapy and prognosis depends mainly on 

the viability of eventually achieving surgical tumor resection3,5. 

 

Chemotherapy of colorectal cancer 

5-Fluorouracil (5-FU) based chemotherapies are the foundation of current CRC 

treatment, from which FOLFOX consists of the association of 5-FU, leucovorin (LV), and 

oxaliplatin (L-OHP), while FOLFIRI is based on the combination of 5-FU, LV, and irinotecan. 

Moreover, triplet chemotherapy schemes consisting of 5-FU, L-OHP, and irinotecan, plus LV 

(FOLFOXIRI) have also shown to be effective, significantly outperforming the clinical response 

observed with each of these chemotherapeutic drugs in monotherapy. Capecitabine, a prodrug 

metabolized into 5-FU, is also part of the 5-FU-based chemotherapy schemes. In Chile, the 

FOLFOX chemotherapy scheme is considered the first-line treatment for advanced mCRC3,5,8–

10 

Improved guidelines for screening, diagnostic and novel biological therapies have 

improved the survival rate of patients diagnosed with local and regional CRC (stages I, II, III) 
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during the last 50 years. Current 5-year survival percentages in patients diagnosed with 

localized CRC (90%) and regional mCRC (71%) indicate a positive trend. In contrast, patients 

diagnosed with distant (stage IV) metastatic CRC (mCRC) face a less optimistic outlook. For 

patients debuting with distant mCRC, the 5-year survival percentage is still only 14%, despite 

the efforts that have improved survival in the other groups of patients.  

Targeted therapies, including anti-EGFR (cetuximab) and antiangiogenic 

(bevacizumab) monoclonal antibodies, aim to improve survival in this group of patients and are 

increasingly being included as part of the first-line treatment of stage IV CRC in developed 

countries, but in Chile and other developing countries (where CRC incidence has shown to be 

rising) these treatments signify a heavy burden for healthcare providers and therefore are 

reserved as a second-line treatment2,3,9,10. In addition, a significant correlation between low 

socioeconomic status and a higher risk of being diagnosed with high-stage disease further 

confirms that vulnerable populations suffer the heaviest toll from mCRC2,3.  

One of the main factors involved in the low survival rate of patients diagnosed with 

advanced mCRC is the rapid development of acquired resistance to the foundational 5-FU-

based chemotherapy schemes2,11. Exploring the signaling pathways that enable cancer cells 

to persist the cytotoxic treatment could help us to assess and predict which patients will be at 

higher risk of therapeutic failure, in the same manner as we currently screen for other specific 

mutations in patients that receive targeted therapies, tailoring the chemotherapeutic scheme to 

improve the rate of therapeutic success in patients with advanced mCRC, and hopefully, 

develop new strategies that address chemoresistance12. 

 

The role of EMT and mir-92a-3p in tumor progression and chemoresistance 

Epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) 

are physiological processes that enable cellular plasticity and adaptability and generally have 

a role during specific steps of embryonic development and wound healing. Briefly explained, 

EMT occurs when a cell characterized by an epithelial phenotype (including cell morphology, 

polarity, and expression of cell-to-cell and cell-to-extracellular matrix adhesion molecules) 

undergoes a gradual transformation to acquire a mesenchymal phenotype. In contrast, MET 

implies the opposite process, when a cell with a mesenchymal phenotype (characterized by 

low expression of adhesion proteins and an elongated, non-polarized fibroblastic morphology) 

will gradually acquire or recover these epithelial characteristics13–16.  
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Tumor cells that acquire a mesenchymal phenotype through the execution of the EMT 

program gain traits that are relevant in the process of metastasis, including downregulation of 

the expression of cell adhesion molecules, detachment from surrounding cells, and increased 

cell motility and invasiveness. Conversely, once these migratory mesenchymal tumor cells 

arrive at an acceptive stroma, they may undergo MET, allowing these invasive cells to re-

express adhesion molecules and recover their proliferative rate, consolidating new colonies 

that eventually will evolve into a clinically relevant metastatic focus. Indeed, EMT and MET are 

not definitive processes, and cancer cells can exist at distinct points on the epithelial-

mesenchymal spectrum at different time points of disease progression. Because of their role in 

enabling migration, invasiveness, and colonization of metastatic niches, EMT and MET are 

pivotal during cancer progression and are frequently active in metastatic disease13–16. 

EMT is mainly governed by a set of transcription factors, including SNAIL, SLUG, 

ZEB1/2, and TWIST1, which regulate the expression of several genes that unfold the multiple 

steps of the transition. These EMT-transcription factors (EMT-TFs) have a prominent role in 

embryonic development, but their expression is highly downregulated in well-differentiated 

cells, except for cells under inflammation and during neoplastic processes14,16,17.  

In this regard, adherens junctions are characteristic structures of epithelial cells, a form 

of cell-to-cell interactions comprised, among other proteins, of the epithelial biomarker E-

cadherin and β-catenin, a protein that aids in scaffolding E-cadherin to the actin cytoskeleton. 

One of the best-described processes triggering EMT is the activation of β-catenin. Active β-

catenin (ABC) dislodges from the adherens junction and translocates to the cell nucleus, where 

it interacts with T-cell factor (TCF)/Lymphoid enhancer-binding factor (Lef) transcriptions 

factors, increasing the expression of β-catenin target genes, including several oncogenes and 

EMT-TFs, promoting the initiation of EMT in the tumor cell18–20. 

Current evidence has revealed that tumor cells, rather than function as independent 

entities, are deeply influenced by the tumor microenvironment. In this regard, cancer-

associated fibroblasts (CAFs) have shown to be essential components of the tumor 

microenvironment that, unlike normal fibroblasts, support tumor progression and 

metastasis21,22. The research by Hu et al. (2019)23 reported that exosome communication of 

CAFs with colorectal cancer tumor cells increases migration, invasiveness, and 

chemoresistance to combined treatment with 5-FU and L-OHP in colon cancer cell lines. Their 

findings highlighted a specific microRNA upregulated in CAF-derived exosomes compared to 

normal fibroblast-derived exosomes: mir-92a-3p. This specific microRNA has been reported to 
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act as an oncomiR, a microRNA that behaves like an oncogene, promoting tumor initiation and 

progression.  

MiR-92a-3p has been reported to promote EMT in tumor cells through downregulation 

of PTEN, a tumor suppressor, FBXW7, a subunit of the SCF ubiquitin ligase complex that 

participates in proteasomal degradation of several proteins involved in mitogenic pathways, 

and has shown to promote migration and invasiveness by directly targeting E-cadherin23–28. 

Downregulation of both PTEN and FBXW7 has been associated with activation of β-catenin 
23,25,29,30. Moreover, confocal microscopy images have revealed that expression of mir-92a-3p 

in tumor cells leads to increased β-catenin in the nuclear fractions of tumor cells, which 

suggests that this microRNA may activate β-catenin, leading to an increased expression of β-

catenin target genes23. Nevertheless, the mechanism by which miR-92a-3p affects the 

response to FOLFOX chemotherapy schemes in colon cancer cells has not been fully 

elucidated. 

 

Biomarkers of response in chemotherapy of colorectal cancer 

Because of the narrow therapeutic window of FOLFOX and other 5-FU-based 

chemotherapy schemes, significant efforts are being made to profile the diverse array of 

adverse events and therapeutic responses observed in populations of CRC patients under 

chemotherapy31. The scope of pharmacogenomic research is to define the genetic variants that 

explain this high inter-individual variance of responses to pharmacotherapy within human 

populations, aiming to define guidelines to tailor the best therapeutic strategy for each patient32–

34. 

In the process, pharmacogenomic research has identified a remarkable set of genes 

that have shown to impair or modify the response and toxicity profiles to FOLFOX 

chemotherapy in mCRC patients. These biomarker polymorphisms are often found in genes 

that have a specific role in FOLFOX pharmacodynamics and pharmacokinetics31. 

 
Pharmacogenomic Biomarkers of Fluorouracil Response 
 

5-FU is one of the oldest and most widely used chemotherapy tools in the fight against 

cancer. It is classified as an antimetabolite, meaning that it exerts its cytotoxic effect by 

inhibiting biochemical processes in the cancer cell. 
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Because of its structural similarity to the pyrimidine uracil, 5-FU is rapidly transported 

and metabolized in the cell into active and inactive metabolites, from which 5-fluoro-2′-

deoxyuridine 5′-monophosphate (FdUMP) is the major active one. Thymidylate synthase 

(TYMS) is an enzyme that catalyzes the synthesis of thymidine monophosphate from its 

precursor deoxyuridine monophosphate, requiring 5,10-methylenetetrahydrofolate (methylene-

THF) as a methyl group-donor in the reaction. FdUMP inhibits TYMS, impairing the balance of 

deoxynucleotide levels and DNA replication, leading to cell cycle arrest (Figure 1)9,31,35–37.  

Being the main therapeutic target of 5-FU, TYMS has an essential role in 5-FU-based 

chemotherapy response. Indeed, polymorphic variants in the promoter enhancer region of the 

TYMS gene, associated with increased protein expression, have been linked with decreased 

survival in CRC patients treated with 5-FU-based chemotherapy, establishing this gene as a 

biomarker for FOLFOX response9,31,35.  

 

 
Figure 1. Mechanism of action of 5-fluorouracil: Capecitabine is a prodrug that is converted to 5-FU 
through metabolization by the enzymes carboxylesterase (CES) into 5’-deoxy-5-fluorocytidine (5′-dFCR), 
then by cytidine deaminase (CDA) into doxifluridine (5′-dFUR), and finally by thymidine phosphorylase 
(TYMP) into 5-FU. 5-FU is metabolized by TYMP into floxuridine (FUDR), and then by thymidine kinase 
(TK) into 5-fluoro-2′-deoxyuridine 5′-monophosphate (FdUMP), which inhibits its main therapeutic target 
thymidylate synthase (TYMS) by competing with its natural ligand deoxyuridine monophosphate (dUMP). 
TYMS normally transfers methyl groups from 5-10-methylenetetrahydrofolate (5,10-methylene THF) into 
dUMP to obtain deoxythymidine monophosphate (dTMP) and dihydrofolate (DHF), which is the rate-
limiting step in the synthesis of deoxythymidine nucleotides required for DNA replication. 5-FU can be 
directly inactivated by dihydropyrimidine dehydrogenase (DPYD) into metabolites that are eliminated. 
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Binding of FdUMP to TYMS is stabilized by 5,10-methylene THF, and metabolization of this cofactor into 
5-methyltetrahydrofolate (5-methyl THF) by methylenetetrahydrofolate reductase (MTHFR) reduces 
FdUMP affinity to TYMS. 5-FU can also be metabolized by orotate phosphoribosyltransferase (OPRT) 
into 5-FU metabolites that are incorporated into the RNA and DNA of the cell, accounting to a lesser 
extent for 5-FU cytotoxicity. Polymorphisms of DPYD, TYMS, and MTHFR coding genes have been 
associated with 5-FU response 31. Enzymes are shown as ovals and metabolites as rectangles. Image 
and figure description from Escalante et al. (2021)12. Created with BioRender.com. 

5-FU is associated with LV (also known as folinic acid) in almost all 5-FU-based 

chemotherapy schemes because inhibition of TYMS by FdUMP requires the formation of a 

ternary complex that is stabilized by the binding of methylene-THF, a folate metabolite. 

However, methylene-THF can also be depleted by the enzyme methylenetetrahydrofolate 

reductase (MTHFR), diverting folates to the methionine biosynthesis pathway and decreasing 

the affinity of FdUMP to TYMS31,35,38. Because of the relevance of MTHFR expression in 

FOLFOX response, some polymorphisms of this gene are considered potential biomarkers of 

5-FU-based chemotherapy35. 

Up to 85% of 5-FU is metabolized by the enzyme dihydropyridine dehydrogenase (DPD) 

into the inactive metabolite 5,6-dihydro-5-fluorouracil. Polymorphisms of the DPYD gene 

encoding DPD, have been associated with low or null enzymatic activity, leading to 

accumulation of 5-FU and thus increased risk of toxicity31,36,38. Overall, these findings imply that 

expression of the genes DPYD, TYMS and, MTHFR have an impact on sensitivity of tumor 

cells to 5-FU. 

 
Pharmacogenomic Biomarkers of Oxaliplatin Response 

           

 Oxaliplatin is a cytostatic drug from the group of platinum derivatives. Its mechanism of 

action is based on the high reactivity of the platinum moiety with biomolecules in the cell, 

particularly with DNA nucleotides. The platinum inter-strand and intra-strand crosslinks 

interfere with DNA replication and transcription, leading to DNA damage and overall triggering 

apoptotic pathways of the affected cell. Nonetheless, tumor and normal cells have mechanisms 

to withstand the damage induced by platinum derivatives, including two major pathways, the 

nucleotide excision pathway (NER) and the base excision pathway (BER)11,38–41.  

NER is the main pathway involved in the repair of platinum-DNA adducts, and it is 

performed by several protein complexes that recognize the damage, excise a large region of 

the affected DNA strand, and synthesize a new strand filling the gap in the genetic material. 

The BER pathway may also, to a lesser extent, participate in the repair process of platinum-
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DNA adducts through a different mechanism that involves the cleavage of the altered base, 

synthesis, and ligation of the repaired DNA strand (Figure 2)31,38–43.  

Polymorphisms in genes coding for the ERCC1, ERCC2 (from the NER pathway), and 

XRCC1 (from the BER pathway), have been studied as biomarkers of both response and 

toxicity of FOLFOX regimens due in part to the fact that overexpression or gain of function of 

these proteins can inhibit platinum-derived DNA damage and DNA damage-mediated 

apoptosis31,38,39,44.  

 

Figure 2. Mechanism of action of Oxaliplatin: L-OHP is transported into the cell by solute carrier family 31 
(copper transporter), member 1 (SLC31A1). Inside the cell, L-OHP forms adducts with the DNA, in particular 
with guanine bases, forming DNA crosslinks that induce apoptosis of the cell. Platinum-DNA adducts can be 
repaired by the nucleotide-excision repair pathway (NER), which involves several steps and enzyme 
complexes, including xeroderma pigmentosum, complementation group G (XPG) which interacts with the TFIIH 
core complex helicase, composed by the excision repair cross-complementation group 2 (ERCC2) and 
xeroderma pigmentosum group B-complementing protein (XPB), unwinding the damaged DNA strand. This 
step is followed by an excision step of the damaged DNA fragment catalyzed by the endonuclease complex 
formed by the excision repair cross-complementation group 1 (ERCC1) and xeroderma pigmentosum, 
complementation group F (XPF), which is followed by the synthesis of a new DNA strand. Alternatively, 
platinum-DNA adducts can be repaired by the base-excision repair pathway (BER), in which the last step 
involves the binding of DNA 5′ and 3′ ends by the participation of X-ray repair cross-complementing 1 (XRCC1) 
and DNA ligase III (Lig III). Both pathways lead to the elimination of platinum-DNA adducts inhibiting DNA 
damage-driven apoptosis. L-OHP can be directly detoxified by glutathione S-transferase π 1 (GSTP1) into L-
OHP-thiol conjugates that are eliminated. Polymorphisms of ERCC1, ERCC2, XRCC1, and GSTP1 coding 
genes have been associated with L-OHP response31. Several enzyme complexes from the NER and BER 
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pathways are omitted for simplicity. Enzymes are shown as ovals and metabolites as rectangles. Image and 
figure description from Escalante et al. (2021)12. Created with BioRender.com. 

 

EMT, biomarker genes, and the potential role of miR-92a-3p 

As we have previously discussed, the role of EMT in cancer progression and drug 

resistance has been well researched since it was proposed in the ‘90s. Although several 

mechanisms, like the expression of multidrug resistance efflux transporters, cancer stem cells, 

and activation of mitogenic pathways, are considered prominent contributors to this acquired 

chemoresistance, what happens with the expression of FOLFOX biomarker genes during EMT 

has not yet been extensively studied12,45. 

In this context, previous research has shown a significant correlation between EMT and 

overexpression of DPYD and TYMS in hepatocellular carcinoma patient samples, lung cancer 

cells, colon cancer cells, and other cell lines46–49. Furthermore, TWIST1 silencing has shown to 

downregulate DPYD and TYMS expression in colon cancer cell lines in vitro, while DPYD 

knockdown inhibits TWIST-induced EMT in breast cancer-derived mammospheres, and TYMS 

overexpression upregulates ZEB1 colon cancer cell lines47,48,50. These findings suggest that 

EMT-mediated tumor progression has a strong impact on chemosensitivity to 5-FU through 

upregulation of DPYD and TYMS expression. 

EMT-TFs, including SNAIL, SLUG, and ZEB1/ZEB2, have shown to induce 

overexpression of ERCC1 in colon cancer, head and neck cancer, and non-small cell 

carcinoma cell lines in vitro, which correlates with resistance to platinum derivates51–53. These 

results indicate a strong relationship between the EMT program, ERCC1 expression, and L-

OHP resistance. 

On the contrary, recent evidence suggests that EMT seems to correlate with the 

downregulation of XRCC1. Expression of E-cadherin and XRCC1 is upregulated by 

hsa_circ_0012563, a tumor suppressor circular RNA, in esophageal squamous cell carcinoma 

(ESCC) cell lines, while N-cadherin, a mesenchymal biomarker, is downregulated54. 

Changes in the expression profile of these biomarker genes may be necessary to adapt 

to the modified metabolic requirements of cancer cells, forming part of the process recently 

described as metabolic reprogramming12,16. Indeed, TYMS and DPYD are enzymes of the 

pyrimidine biosynthesis pathway, and MTHFR participates in the metabolism of folates, which 

may be dysregulated during cancer progression to cope with increased proliferative activity, 
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and may explain why overexpression of the genes TYMS and DPYD seems to be required 

during EMT in experimental settings12,47,48. Similarly, overexpression of enzymes of the NER 

pathway, including ERCC1 and ERCC2, may be overexpressed to compensate for increased 

replicative stress in proliferative cancer cells as part of this metabolic reprogramming. Overall, 

previous research suggests that the genes DPYD, TYMS, and ERCC1, are upregulated during 

the EMT program, and this phenomenon may also upregulate the expression of the genes 

MTHFR, ERCC2, and XRCC1. 

As we discussed in our recent publication, the human promoter regions of DPYD, 

TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 contain response elements to EMT-transcription 

factors, which include SLUG, ZEB1, TWIST1, β-catenin/TCF3, and β-catenin/TCF4, 

suggesting that these genes may be affected by the EMT process occurring during tumor 

progression12. Based on the collected evidence, we propose that the expression of the genes 

DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 may be modulated by EMT-TFs, and β-

catenin/TCF3/4 transcription factor complexes, and therefore, may be affected by mir-92a-3p, 

leading to FOLFOX chemoresistance in colon cancer cells, as we explain in Figure 3. 

 

 

Figure 3. Proposed role of miR-92a-3p in the response to FOLFOX chemotherapy: 1.- mir-92a-3p activates β-
catenin through previously explored mechanisms, upregulating transcription of epithelial-mesenchymal transition-
transcription factors (EMT-TFs), triggering epithelial-mesenchymal transition (EMT) in cancer cells. 2.-EMT-TFs 
SNAIL, SLUG, TWIST1, and ZEB1 directly upregulate transcription of FOLFOX biomarker genes as part of metabolic 
reprogramming, allowing adaptation of the cancer cell to increased proliferation and replication stress. These 
metabolic changes triggered by progressive EMT in cancer cells affect FOLFOX response by increasing 5-FU and 
L-OHP elimination (DPYD), increasing expression of 5-FU therapeutic target (TYMS), decreasing levels of 5,10-
methylene THF required for proper TYMS inhibition (MTHFR), and increasing DNA damage repair inhibiting DNA 
damage-driven apoptosis (ERCC1, ERCC2, XRCC1). Overall, this would lead to FOLFOX resistance. Adapted from 
Escalante et al. (2021)12. 
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Over the last years, it has been assumed that tumor cells that exhibit a mesenchymal 

phenotype are inherently more resistant to chemotherapy compared to tumor cells with a well-

differentiated epithelial phenotype. This phenomenon has been attributed to their reduced 

proliferative activity and the expression of efflux transporters, such as the ATP-binding cassette 

family proteins, but the precise mechanism of resistance is lesser-known. In this research, we 

aimed to establish the role of a specific oncomiR, mir-92a-3p, in the activation of the EMT 

program in tumor cells and the impact of this phenomenon on the expression of genes that 

predict FOLFOX chemotherapy response, which may constitute an underexplored mechanism 

of chemoresistance in tumor cells that undergo EMT. 
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HYPOTHESIS 

MiR-92a-3p promotes epithelial-mesenchymal transition in SW480 and SW620 colon 

cancer cells, upregulating the expression of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and 

XRCC1 via activation of β-catenin, which ultimately leads to resistance of CRC tumor cells to 

treatment with 5-FU and L-OHP. 

 

RESEARCH AIM 

The aim of this study is to determine whether activation of β-catenin induced by miR-

92a-3p upregulates the expression of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 

genes, and activates EMT in SW480 and SW620 colon cancer cell lines, reducing the in vitro 

sensitivity to treatment with 5-FU and L-OHP. 

 

SPECIFIC OBJECTIVES  

1. To evaluate the effect of miR-92a-3p on activation of β-catenin and EMT in SW480 and 

SW620 cell lines.  

2. To determine whether activation of β-catenin by miR-92a-3p upregulates the in vitro 

expression DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 in SW480 and SW620 

cell lines. 

3. To determine the effect of upregulation of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and 

XRCC1 induced by miR-92a-3p on in vitro chemosensitivity to 5-FU and L-OHP treatment 

in SW480 and SW620 cell lines.  
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METHODOLOGY 

 

Research objective 1: Effect of miR-92a-3p on activation of β-catenin and EMT in vitro  

To study the activation of EMT mediated by miR-92a-3p, we worked with two types of 

human colon cancer cell lines, SW480 derived from a primary tumor (ATCC® CCL-228TM) and 

SW620 derived from a lymph node metastasis (ATCC® CCL-227TM). Cells were cultured at 

37 °C and without CO2 in Leibovitz’s L-15 culture medium supplemented with 10% fetal bovine 

serum (FBS), according to the instructions from the manufacturer. For protein RNA and protein 

extraction we seeded 50,000 cells per well in 12 well plates and 20,000 cells per well in 24 well 

plates for immunofluorescence assays and cultured them until 60% confluence before 

transfection. 

We transfected SW480 and SW620 cells with increasing concentrations of mirVana™ 

miR-92a-3p-mimic, which consists of a single-stranded RNA oligonucleotide that mimics the 

activity of a specific miR, or a corresponding mirVana™ mimic negative control oligonucleotide 

at equal concentrations (1 nM, 5 nM, 10 nM, and 20 nM) using Lipofectamine 2000™ 1 μL/mL 

for 24 hours before RNA extraction. Cell lines were cultured at 37 °C with 5% CO2 in Opti-

MEM™ reduced serum medium during transfection. 

On the opposite, we transfected the cell lines with 100 nM mirVana™ miR-92a-3p-

inhibitor, which consists of a single-stranded RNA oligonucleotide that is complementary to 

miR-92a-3p, inhibiting its activity, or a corresponding mirVana™ inhibitor negative control 

oligonucleotide at equal concentrations using increasing concentrations of Lipofectamine 

2000™ reagent (2, 2.5, and 3 μL/mL) for 24 hours before RNA extraction. Cell lines were 

cultured at 37 °C with 5% CO2 in Opti-MEM™ reduced serum medium during transfection. 

Once the optimal concentration of mimics and inhibitors was established, the 

expression of EMT-transcription factors SNAIL, SLUG, ZEB1, and TWIST1, as well as levels 

of E-Cadherin, N-Cadherin, and Vimentin mRNA was quantified in SW480 and SW620 

transfected with the miR-mimic, inhibitor, or corresponding control by RT-qPCR. Primer 

sequences are specified in Appendix 1. We also extracted proteins from transfected cells and 

quantified the proteins of the genes that were up or downregulated in any of the transfection 

conditions by Western blot. Antibodies used for western blot are specified in Appendix 2. 

To explore the role of miR-92a-3p expression in the activation of β-catenin and ABC, 

we measured both forms of β-catenin in SW480 and SW620 cells transfected with miR-92a-3p 
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mimic or inhibitor by Western blot with specific antibodies. Subcellular location of β-catenin was 

assessed in transfected cells by immunofluorescence microscopy, and as a positive and 

negative control, SW480 and SW620 cell lines were treated with the Wnt pathway activator SB-

216763 10 μM to induce canonical Wnt/β-catenin signaling, or with the Wnt inhibitor IWR-1-

endo 10 μM to inhibit Wnt/β-catenin signaling, as performed in previous experimental 

settings55–58.  

In these experiments, we expected to find an increment in the levels of expression of 

EMT-TFs, N-Cadherin, and Vimentin , an increased amount of ABC, and higher translocation 

of β-catenin to the nucleus in cells in cell lines transfected with the miR-92a-3p mimic, while we 

expected to observe decreased expression of E-Cadherin, supporting the hypothesis that this 

microRNA activates the EMT program. On the other hand, we expected to observe a decrease 

in the levels of expression of EMT-TFs, N-Cadherin, and Vimentin cell lines transfected with 

the miR-92a-3p inhibitor, while the expression of E-cadherin remains unaltered. 

 

Research objective 2: Expression of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 
in response to miR-92a-3p 

To study the upregulation of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 

expression mediated by miR-92a-3p, we analyzed SW480 and SW620 cell lines transfected 

with miR-92a-3p-mimic or miR-92a-3p-inhibitor. The levels of DPYD, TYMS, MTHFR, ERCC1, 

ERCC2, and XRCC1 mRNAs were measured in SW480 and SW620 cells transfected with miR-

92a-3p mimic and inhibitors by RT-qPCR. Primer sequences are specified in Appendix 1. 

Additionally, protein quantification by Western blot was performed for the genes that were up 

or downregulated in any of the transfection conditions. Antibodies used for western blot are 

specified in Appendix 2.  

In these experiments, we expected to observe upregulation of expression of DPYD, 

TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 in response to miR-92a-3p mimic, while we 

expected to observe downregulation of expression in response to miR-92a-3p inhibitors, 

confirming that these genes are upregulated via β-catenin activation. 
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Research objective 3: Chemosensitivity to 5-fluorouracil-based treatments in response 
to miR-92a-3p 

To determine the role of miR-92a-3p and the genes upregulated in the experiments 

previously performed on the resistance of cell lines to chemotherapeutic agents we seeded 

5,000 cells per well in 96 well plates until 60% confluence. Then, different concentrations of 5-

FU / L-OHP (0 μM, 25/5 μM, 50/10 μM, 75/15 μM, 100/20 μM, 150/30 μM, 200/40 μM, and 

250/50 μM) were added to the culture medium of SW480 and SW620 cell lines previously 

transfected with miR-92a-3p mimics, inhibitors, or untreated in culture medium during 24 h. The 

viability of cell lines was measured after 24 h of treatment by MTT assay.  

In these experiments, we expected to find that cell lines transfected with miR-92a-3p 

mimic oligonucleotide display decreased chemosensitivity to 5-FU / L-OHP, and the opposite 

for cell lines treated with the miR-92a-3p inhibitor, indicating that this microRNA is a biomarker 

of in vitro chemoresistance.  

 

Statistical and image analysis 

Results were presented as mean ± SEM. To evaluate significance of difference between 

samples, collected data was analyzed with GraphPad 8.0 software using an unpaired one tailed 

Mann-Whitney U test or two-way ANOVA. A p-value equal or less than 0.05 was considered 

statistically significant. Presented data is representative of three independent experiments to 

ensure that the obtained results are reproducible. Images were analyzed using the software 

ImageJ Ver.2.3.0/1.53q. 

 

Research settings 

Experiments were performed in the Laboratory of Cellular and Molecular Oncology at 

the Faculty of Medicine of the University of Chile. 

 

Research funding 

This research project was funded by the National Agency of Research and 

Development (ANID, Chile) Scholarship No. 21180195 (P.E) and partially by the Grant 

FONDECYT #1211948 and the Grant CYTED-P218RT0120.  
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RESULTS 

 

Research objective 1: Effect of miR-92a-3p on activation of β-catenin and EMT in vitro  

First, we tested the concentration of miR-92a-3p mimic required for transfection of each 

cell line. We transfected 50,000 SW480 or SW620 cells with increasing concentrations of miR-

92a-3p mimic or negative control for 24 h (1 nM, 5 nM, 10 nM, 20 nM) using Lipofectamine 

2000 1μL/mL in 12 well plates, then extracted miRNA from the transfected cells and quantified 

the relative level of miR-92a-3p through TaqMan™ RT-qPCR (Figure 1-A). On parallel, we 

transfected the cell lines with 100 nM of miR-92a-3p inhibitor or negative control, increasing 

the amount of Lipofectamine 2000™ reagent used in this case (2μL, 2.5μL, and 3μL), followed 

by miR-92a-3p quantification through TaqMan™ RT-qPCR (Figure 1-B).  
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Figure 4. Transfection efficiency curve in SW480 and SW620 cell lines transfected with miR-92a-3p mimic 
and inhibitor oligonucleotides: (A) RT-qPCR analysis showing the relative expression of miR-92a-3p in SW480 
and SW620 cells transfected with increasing concentrations of mimic or negative control. (B) RT-qPCR analysis 
showing the relative expression of miR-92a-3p in SW480 and SW620 cells transfected with 100 nM of inhibitor or 
negative control and increasing amounts of Lipofectamine 2000™ reagent. Statistical differences in miR levels were 
determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three independent 
experiments. 
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Based on these results, we decided that the concentration of miR-92a-3p mimic 

required for transfection SW480 cells is 20 nM, and 10 nM for SW620 cells. The concentration 

of miR-92a-3p inhibitor required for transfection of both cell lines is 100 nM with 2μL/mL of 

Lipofectamine 2000™ reagent.  

Once the optimal concentrations of miR-92a-3p-mimic and inhibitor required for 

transfection were established, the expression of EMT-transcription factors SNAIL, SLUG, ZEB1 

(Figure 5-A), as well as the epithelial marker E-cadherin, β-catenin, and the mesenchymal 

marker vimentin (Figure 5-B) were measured in SW480, and SW620 transfected with miR-

92a-3p-mimic, miR-92a-3p-inhibitors, or control oligonucleotides by RT-qPCR.  
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Figure 5-A. Expression of EMT-Transcription factors in SW480 and SW620 cell lines transfected with miR-
92a-3p-mimic or inhibitors: RT-qPCR analysis showing the relative expression of SNAIL, SLUG and ZEB1 upon 
miR-92a-3p mimic or inhibitor transfection in SW480 and SW620 cells. Statistical differences in mRNA levels were 
determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three independent 
experiments. 
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Figure 5-B. Expression of EMT markers in SW480 and SW620 cell lines transfected with miR-92a-3p-mimic 
or inhibitors: RT-qPCR analysis showing the relative expression of E-Cadherin, β-catenin, and Vimentin mRNA 
upon miR-92a-3p mimic or inhibitor transfection in SW480 and SW620 cells. Statistical differences in mRNA levels 
were determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three 
independent experiments. 

 

Modifications in the statistical test, using a one-way Mann-Whitney U test instead of a 

two-way test, as we did for the analysis of transfection data, helped us better determine 

statistical differences in the medians of mRNA levels in treated versus untreated cells, as 

previously described59. Expression of TWIST1 and N-Cadherin was non-detectable in the cell 

lines mRNA under all conditions. 

We found that the expression of E-cadherin mRNA was significantly increased in the 

SW480 and SW620 cell lines treated with miR-92a-3p-inhibitor (p=0.05) compared to cell lines 
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treated with the respective negative control oligonucleotide (Fig. 5-B). We also found that the 

level of β-catenin mRNA was decreased in SW480 cell lines treated with miR-92a-3p-mimic, 

compared with the β-catenin mRNA expression for cell lines treated with the miR-92a-3p-

inhibitor, and the respective mimic negative control (p=0.05) (Fig. 5-B). We finally found that 

the levels of ZEB1 mRNA were significantly increased in SW620 cells treated with miR-92a-

3p-inhibitor, although the gain was discrete (p=0.05) (Fig. 5-A). 

Although we observed some slight differences in mRNA expression of SNAIL, SLUG, 

and Vimentin in SW480 and SW620 cells treated with miR-92a-3p-mimic or inhibitor compared 

to their respective controls, these changes were not statistically significant at mRNA level 

(p>0.05, Fig. 5-A).  

We assessed whether the observed changes in mRNA expression were being inhibited 

by serum deprivation during the transfection by repeating the transfection of SW480 and 

SW620 cell lines in two additional experimental settings: transfection with miR-92a-3p-mimic 

using Opti-MEM™, and direct supplementation with 5% FBS 5 hours after transfection, 

followed by extraction of mRNA 24 hours after transfection; or in parallel, transfection of miR-

92a-3p-mimic using Opti-MEM™, and change of culture medium to Leibovitz’s L-15 

supplemented with 10% FBS, followed by extraction of mRNA 24 hours after transfection. In 

both experimental conditions with serum supplementation, the increase of miR-92a-3p-mimic 

was significantly impaired by the addition of FBS (Appendix 3). Moreover, although changes in 

the mRNA levels of some of the genes of interest were observed, we found that the biomarker 

of epithelial phenotype, E-cadherin, was not significantly downregulated in SW480 cells, 

indicating failure to achieve EMT in these modified experimental settings. Although we 

observed downregulation of E-cadherin expression in SW620 cells (p=0.05), these changes 

were not enough to imply any benefit in transfection by the addition of FBS (Appendix 4). 

Therefore, we performed the rest of the experiments using unsupplemented Opti-MEM™ 

during the transfection process, according to the instructions from the manufacturer. 

Following our findings, we decided to determine if the observed changes in expression 

of E-cadherin and β-catenin mRNA correlated with changes in protein expression. SW480 and 

SW620 cell lines were transfected with miR-92a-3p-mimic, inhibitor, or negative control 

oligonucleotides, maintaining the original experimental conditions (unsupplemented Opti-

MEM™) for 24 hours, followed by protein extraction and protein expression analysis of E-

cadherin and β-catenin. We also assessed the levels of ABC with specific antibodies. Western 

blot images and protein quantification relative to β-actin are shown in Figure 6. 
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Figure 6. Protein expression of EMT-Transcription factors and EMT markers in SW480 and SW620 cell lines 
transfected with miR-92a-3p-mimic or inhibitors: (A) Western blot analysis showing the proteins levels of E-
Cadherin, β-catenin, active β-catenin (ABC), and β-actin upon miR-92a-3p mimic or inhibitor transfection in SW480 
and SW620 cells. (B) Quantification of E-Cadherin, β-catenin, and ABC proteins levels relative to β-actin upon 
transfection with miR-92a-3p mimic or inhibitor in SW480 and SW620 cells. Statistical differences in mRNA levels 
were determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three 
independent experiments.  

 

In this experiment, we observe that E-cadherin and ABC protein levels are not affected 

by transfection with miR-92a-3p-mimic or inhibitor. We only observe a significant difference in 

β-catenin protein levels between SW620 cells transfected with miR-92a-3p-mimic versus miR-
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92a-3p-inhibitor (p=0.05). However, we did not find a significant difference in β-catenin protein 

level between SW620 cells transfected with mimic, inhibitor, and their respective experimental 

negative controls. These results suggest that changes in miR-92a-3p levels are not enough to 

modify the expression of E-cadherin, β-catenin, and ABC protein levels in our chosen 

experimental conditions (Fig. 6-B). 

To further elucidate if miR-92a-3p has a role in promoting the activation of β-catenin, 

we assessed β-catenin subcellular localization in SW480 and SW620 cells transfected with 

miR-92a-3p mimic or inhibitor for 24 hours by immunofluorescence confocal microscopy. In 

parallel, we treated SW480 and SW620 cell lines with SB-216763 10 μM to activate the Wnt/β-

catenin pathway, or with IWR-1-endo 10 μM to inhibit Wnt/β-catenin signaling for 24 hours, 

followed by immunofluorescence analysis. Because both SB-216763 and IWR-1-endo were 

solubilized in DMSO, cell lines were treated with an equivalent concentration of solvent (DMSO 

0.81 μL/1 mL Opti-MEM™) for 24 h and analyzed by immunofluorescence afterward as an 

additional control. Further controls include untreated SW480 and SW620 cells maintained in 

unsupplemented Opti-MEM™, and Leibovitz´s L15 + 10% SFB. The results of transfection with 

miR-92a-3p mimic or inhibitor, their respective negative control oligonucleotides, and untreated 

cells in Opti-MEM™ are shown in Figures 7-A and 7-B. Colocalization images were obtained 

using the Colocalization Threshold tool in ImageJ. Immunofluorescence confocal microscopy 

images with 40X objective of SW480 and SW620 cells treated with IWR-1-endo 10 μM, SB-

216763 10 μM, DMSO 0.81 μL/mL, and Leibovitz´s L15 + 10% FBS are shown in Appendix 5 

and 6. Additionally, confocal microscopy images with 10X magnification for all experimental 

conditions can be found in Appendix 7 (SW480) and 8 (SW620).  

DMSO is the recommended vehicle for IWR-1-endo and SB-216763 stock solution 

preparation because of the low solubility and instability of these molecules in an aqueous 

solution. Unfortunately, it was extremely toxic for both SW480 and SW620 cells, evidenced by 

the loss of normal cell morphology and cell shrinkage in all cell lines treated with DMSO 

(Appendix 5-6). In addition, we observed an unspecific signal in the extracellular field of SW480 

and SW620 cells treated with SB-216763 in the green channel, which made the images 

unusable for our analysis. We decided that both IWR-1-endo and SB-216763 were unsuitable 

as positive and negative controls for our experimental design, a problem that we propose could 

have been avoided by working with more concentrated stock solutions (0,5 mg/mL, equivalent 

to IWR-1-endo 1.24 μM and SB-216763 1.35 μM). Therefore, we decided to continue our 

experiments only with mimic and inhibitor transfection. 
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Figure 7-A: Expression and β-catenin subcellular localization in response to miR-92a-3p in SW480 and 
SW620 cells (40X magnification): 20.000 SW480 cells per well were seeded and transfected after 65 hours with 
miR-92a-3p mimic, miR-92a-3p inhibitor, or their corresponding negative controls for 24 hours, then fixed and 
examined by immunofluorescence for β-catenin (green), and DAPI (blue) for the nuclei as reference. Colocalization 
images were constructed using the Colocalization Threshold tool, indicating areas of green and blue fluorescence 
signal overlapping (grey). 
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B. β-catenin DAPI Merge Colocalization 
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Figure 7-B: Expression and β-catenin subcellular localization in response to miR-92a-3p in SW480 and 
SW620 cells (40X magnification): 20.000 SW620 cells per well were seeded and transfected after 65 hours with 
miR-92a-3p mimic, miR-92a-3p inhibitor, or their corresponding negative controls for 24 hours, then fixed and 
examined by immunofluorescence for β-catenin (green), and DAPI (blue) for the nuclei as reference. Colocalization 
images were constructed using the Colocalization Threshold tool, indicating areas of green and blue fluorescence 
signal overlapping (grey).  



 
 

23 

In the presented images, we observe membrane localization of β-catenin in both 

untreated SW480 and SW620 cell lines in Opti-MEM™ culture medium, with low cytosolic 

green fluorescence and a small proportion of cells displaying nuclear localization of β-catenin 

in SW620 cells. On the contrary, we observe a change in β-catenin fluorescence localization in 

SW480 and SW620 cells transfected with miR-92a-3p mimic, miR-92a-3p inhibitor, and their 

corresponding negative controls, indicating that β-catenin distribution is mostly being affected 

by the transfection process rather than by changes in miR-92a-3p levels. In transfected cells, 

green fluorescence is localized predominantly in the cell cytosol and, to a lesser extent, in the 

cell nucleus. We also observe a significant cell enlargement. Indeed, colocalization analysis 

shows a higher overlap of green and blue fluorescence in transfected cells, particularly in cells 

transfected with the mimic and inhibitor negative controls, which is opposite to our predictions 

(Fig. 7-A, 7-B).  

Confocal microscopy images at 10X magnification provide us further evidence that 

changes in β-catenin fluorescence intensity are not being mediated by miR-92a-3p levels, as 

SW620 cells treated with 100 nM inhibitor negative control oligonucleotide show as much 

fluorescence as the ones untreated (Opti-MEM control), and both show higher fluorescence 

compared with the images from SW620 cells transfected with 10 nM mimic negative control 

oligonucleotide, even though all photos correspond to negative controls and therefore, should 

only display baseline levels of β-catenin fluorescence (Appendix 8). Confocal 10X magnification 

images from SW480 cells seem to show results better aligned with what we expected to find 

according to our hypothesis, although the differences are not enough to establish a clear 

tendency (Appendix 7). 

To further assess potential differences in β-catenin fluorescence intensity in our images, 

we performed a semiquantitative analysis of β-catenin mean fluorescence, integrated density 

and colocalization of green and blue fluorescence (Appendix 9).  

Our results corroborate the previous western blot result (Fig. 6-B), in which increased 

levels of miR-92a-3p through transfection with miR-92a-3p mimic did not correlate with 

decreased β-catenin protein levels in SW480 or SW620 cells compared with negative control 

transfection, and the treatment with miR-92a-3p inhibitor also failed to exert any effect in β-

catenin protein expression (Appendix 9-A, 9-B).  

Images obtained with 40X objective were processed with the ImageJ JACoP™ tool to 

establish colocalization of β-catenin (green fluorescence) and DAPI (blue fluorescence), which 

would indicate translocation of β-catenin into the nucleus. According to our hypothesis, we 
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expected to find higher overlapping and Pearson’s coefficients for SW480 and SW620 cells 

treated with miR-92a-3p mimic, and lower coefficients for cells treated with miR-92a-3p 

inhibitor. Unfortunately, our results did not provide evidence of β-catenin nuclear translocation 

associated with miR-92a-3p levels (Appendix 9-C, 9-D).  

Based on our current results, we decided not to continue with further migration and 

invasion assays, as our experiments provide clear evidence that transient changes in miR-92a-

3p levels achieved through mimic or inhibitor transfection fail to induce significant EMT in 

SW480 and SW620 cells in our experimental settings. 
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Research objective 2: Expression of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 
in response to miR-92a-3p 

We analyzed the data of mRNA expression from SW480 and SW620 cell lines 

transfected with miR-92a-3p-mimic, miR-92a-3p-inhibitor, or negative controls for expression 

of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 by RT-qPCR using the one tail the 

Mann-Whitney U test. The results are shown in Figures 8-A and 8-B. 

 

 

Figure 8-A. Expression of genes associated with 5-FU response in SW480 and SW620 cell lines transfected 
with miR-92a-3p-mimic or inhibitors: RT-qPCR analysis showing the relative expression of DPYD, TYMS and 
MTHFR mRNA upon miR-92a-3p mimic or inhibitor transfection in SW480 and SW620 cells. Statistical differences 
in mRNA levels were determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from 
three independent experiments. 
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Figure 8-B. Expression of genes associated with L-OHP response in SW480 and SW620 cell lines transfected 
with miR-92a-3p-mimic or inhibitors: RT-qPCR analysis showing the relative expression of ERCC1, ERCC2, and 
XRCC1 mRNA upon miR-92a-3p mimic or inhibitor transfection in SW480 and SW620 cells. Statistical differences 
in mRNA levels were determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from 
three independent experiments. 

 

In this experiment, we observed a significant increase in ERCC2 mRNA levels in SW620 

cells treated with miR-92a-3p inhibitor compared with cells transfected with negative control 

(p=0.05). We also find a significant decrease in XRCC1 mRNA levels in SW620 cells 

transfected with miR-92a-3p-mimic compared to its negative control (p=0.05) and with cells 

transfected with miR-92a-3p-inhibitor (p=0.05). Analysis of SW480 and SW620 cells treated 

with IWR-1-endo and SB-216763 was not performed because of the effect of DMSO on cell 

viability (Appendix 5 and 6). 
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As in the previous research objective, we assessed whether the observed changes in 

mRNA expression were being inhibited by serum deprivation by repeating the transfection 

experiments with miR-92a-3p-mimic using supplemented Opti-MEM™ + 5% FBS and 

Leibovitz’s L-15 + 10% FBS. The results displayed in Appendix 10 show that except for an 

increase in XRCC1 mRNA expression in SW480 cells treated with Opti-MEM™ + 5% FBS 

(p=0.05), changes in mRNA levels of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 in 

transfected SW480 and SW620 cells were not impaired by serum deprivation.  

Continuing with our experiments, we assessed whether the changes observed in 

ERCC2 and XRCC1 mRNA levels are reflected at the protein level. We transfected SW480 and 

SW620 cell lines with miR-92a-3p-mimic, miR-92a-3p-inhibitor, or negative controls for 24 

hours, followed by protein extraction and protein expression analysis of ERCC2 and XRCC1. 

The results of our experiments are shown in Figure 9. 
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Figure 9. Protein expression of genes associated with 5-FU and L-OHP in SW480 and SW620 cell lines 
transfected with miR-92a-3p-mimic or inhibitors: (A) Western blot analysis showing the proteins levels of E-
Cadherin, β-catenin, ABC, and β-actin upon miR-92a-3p mimic or inhibitor transfection in SW480 and SW620 cells. 
(B) Quantification of E-Cadherin, β-catenin, and ABC proteins levels relative to β-actin upon transfection with miR-
92a-3p mimic or inhibitor in SW480 and SW620 cells. Statistical differences in mRNA levels were determined using 
the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three independent experiments.  
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Western blot results showed that ERCC2 and XRCC1 protein levels in SW480 and 

SW620 were not significantly different in SW480 and SW620 transfected with miR-92a-3p-

mimic or inhibitor compared with control oligonucleotides (Fig. 9-B). Overall, the results of these 

experiments show that changes in miR-92a-3p levels did not exert effects on protein levels 

DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 in SW480 and SW620 cell lines in our 

experimental model. 
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Research objective 3: Chemosensitivity to 5-fluorouracil-based treatments in response 
to miR-92a-3p 

We transfected 5,000 SW480 and SW620 cells with miR-92a-3p-mimic, miR-92a-3p-

inhibitor, negative controls, or Opti-MEM™ as untreated control. One hour after transfection, 

the cells were treated with increasing concentrations of 5-FU / L-OHP for 24 hours, then viability 

of cell lines was measured through MTT assay. The results of the experiments are shown in 

Figure 10 and Table 1. 
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Figure 10: Dose-response curve for SW480 and SW620 cells treated with 5-FU / L-OHP: SW480 and SW620 
cells were seeded in a 96 well plate (5,000 cells/plate) and transfected with miR-92a-3p-mimic (A,B), miR-92a-3p-
inhibitors (A,C), negative controls, or Opti-MEM™ and one hour after transfection were treated with increasing 
concentrations of 5-FU / L-OHP (0 μM, 25/5 μM, 50/10 μM, 75/15 μM, 100/20 μM, 150/30 μM, 200/40 μM, and 
250/50 μM) during 24 h. D: Inhibition-response curve and best-fit response models for each treatment. The viability 
of cell lines was then measured by MTT assay. Statistical differences were determined using Two-way ANOVA test 
and non-linear regression (*p<0.05). Data represent the means ± SEM from three independent experiments. 

 

Table 1: IC50 for cells treated with miR-92a-3p-mimic, miR-92a-3p-inhibitors, negative 

controls, or untreated. 

 IC50 5-FU/ 
L-OHP (μM) 

95% CI 5-FU / L-OHP (μM) R2 P  

SW480     
Opti-MEM (untreated) 193.5 / 38.71 154.9 to 244.2 / 30.98 to 48.83 0.7203 Ref. 

miR-92a-3p mimic 20 nM 842.1 / 168.42 398.2 to 4319 / 79.65 to 863.8 0.2204 <0.0001* 

Mimic negative control 20 
nM 

465.0 / 93.0 299.7 to 814.4 / 59.94 to 162.9 0.4873 <0.0001* 

miR-92a-3p inhibitor 100 nM 297.7 / 59.53 210.5 to 440.4 / 42.10 to 88.09 0.5464 0.0331* 

Inhibitor negative control 100 
nM 
 

172.6 / 34.51 101.3 to 307.0 / 20.26 to 61.40 0.3045 0.6577 

SW620     
Opti-MEM (untreated) 68.35 / 13.67 48.74 to 94.66 / 9.748 to 18.93 0.6246 Ref. 

miR-92a-3p mimic 10 nM 188.8 / 37.77 142.2 to 254.3 / 28.45 to 50.86 0.5987 0.0001* 

Mimic negative control 10 
nM 

250.0 / 50.01 143.7 to 479.4 / 28.74 to 95.89 0.3266 0.0014* 

miR-92a-3p inhibitor 100 nM 281.2 / 56.23 194.0 to 427.0 / 38.81 to 85.40 0.3401 <0.0001* 

Inhibitor negative control 100 
nM 

183.7 / 36.74 133.1 to 258.2 / 26.62 to 51.65 0.489 <0.0001* 

IC: inhibitory concentration of 5-FU / L-OHP required to decrease viability of each cell line by 50%. CI: confidence 
interval. Ref: Reference value. 
 

The results of these experiments show that the baseline inhibitory concentration of 5-

FU / L-OHP required to decrease viability of each cell line by 50% (IC50) is 193.5 / 38.71 μM 

for SW480 cells (CI 95%: 154.9 / 30.98 μM to 244.2 / 48.83 μM), and 68.35 / 13.67 μM for 

SW620 cells (CI 95%: 48.74 / 9.748 μM – 94.66 / 18.93 μM) at 24 hours of treatment (Table 1).  

Transfection with miR-92a-3p-mimic increased IC50 to 842.1 / 168.42 μM (CI 95%: 

398.2 / 79.6 μM to 4319 / 863.8 μM, p<0.0001), although transfection with negative control also 

increased the IC50 to 465.0 / 93.0 μM (CI 95%: 299.7 / 59.9 μM to 814.4 / 162.9 μM, p<0.0001). 

In the same experiment with SW620 cells we observe that the IC50 is increased in a statistically 

significant manner for cells transfected with miR-92a-3p-mimic (IC50 188.8 / 37.77 μM, CI 95%: 

142.2 / 28.45 μM to 254.3 / 50.86 μM, p=0.0001), and is even higher for cells transfected with 
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negative control (IC50 250.0 / 50.01 μM, CI 95%: 143.7 / 28.74 μM to 479.4 / 95.89 μM, 

p=0.0014) (Table 1). 

Two-way ANOVA analysis for each concentration showed that viability of SW480 cells 

increased with miR-92a-3p-mimic transfection at 75/15 μM (viability untreated: 66.11%, 

transfected 111.6%, p=0.0234), and 100/20 μM (viability untreated: 54.52%, transfected 

96.89%, p=0.0411), while mimic negative control treatment increased viability at 50/10 μM 

(viability untreated: 78.91%, transfected 110.5%, p=0.0384), 75/15 μM (viability untreated: 

66.11%, transfected 106.6%, p=0.0039), and 100/20 μM (viability untreated: 54.52%, 

transfected 87.27%, p=0.0287). No statistically significant differences in viability were observed 

at any other concentration between SW480 cells treated with miR-92a-3p-mimic and negative 

control, or at any specific 5-FU / L-OHP concentration between SW620 cells treated with miR-

92a-3p-mimic, negative control, and untreated cells (Fig. 10-B).  

SW480 cells transfected with miR-92a-3p-inhibitor show an increased IC50 (297.7 / 

59.53 μM, CI 95%: 210.5 / 42.10 μM to 440.4 / 88.09 μM, p=0.0331), while transfection with 

inhibitor negative control show similar results as untreated cells (IC50 172.6 / 34.51 μM, CI 

95%: 101.3 / 20.26 μM to 307.0 / 61.40 μM, p=0.6577) (Table 1). Two-way ANOVA analysis 

shows no difference at any specific concentration between SW480 cells treated with miR-92a-

3p-inhibitor, negative control, or untreated cells (Fig. 10-C). 

Transfection of SW620 cells show that treatment with inhibitor negative control 

increases IC50 compared to untreated cells (IC50 183.7 / 36.74 μM, CI 95%: 133.1 / 26.62 μM 

to 258.2 / 51.65 μM, p<0.0001), as well transfection with miR-92a-3p-inhibitor (IC50 281.2 / 

56.23 μM, CI 95%: 194.0 / 38.81 μM to 427.0 / 85.40 μM, p<0.0001) (Table 1). Two-way 

ANOVA analysis shows increased viability for SW620 cells transfected with miR-92a-3p-

inhibitor at 150/30 μM (viability untreated: 34.39%, transfected 71.26%, p=0.0328) and 200/40 

μM (viability untreated: 37.89%, transfected 74.76%, p=0.0328), while SW620 cells transfected 

with inhibitor negative control showed increased viability at 200/40 μM (viability untreated: 

37.89%, transfected 72.1%, p= 0.0328) (Fig. 10-C).  

Nonlinear regression was used to determine if there is a shift in the dose-response curve 

(Fig. 10-D, Table 2), here expressed as the half-maximal effective concentration (EC50) ratio, 

indicating that a cell line is less sensible to 5-FU / L-OHP treatment (EC50 ratio>1) because of 

transfection, or that sensitivity to chemotherapy is increased (EC50 ratio<1). In this case, we 

only observed a statistically significant shift in the 5-FU / L-OHP dose-response curve for 
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SW480 cells transfected with miR-92a-3p-mimic (EC50 ratio: 4.122, p=0.0444), and with mimic 

negative control (EC50 ratio: 2.685, p=0.0026). 

 

Table 2: EC50 shift for cells treated with miR-92a-3p-mimic, miR-92a-3p-inhibitors, negative 
controls, or untreated. 

 EC50 ratio 95% CI EC50 ratio P  

SW480    
Opti-MEM (untreated) Ref. - - 

miR-92a-3p mimic 20 nM 4.122 2.516 to 7.505 0.0444* 

Mimic negative control 20 nM 2.685 1.867 to 4.266 0.0026* 

miR-92a-3p inhibitor 100 nM 1.649 N.C. N.C. 

Inhibitor negative control 100 nM 0.814 N.C. N.C. 

SW620    
Opti-MEM (untreated) Ref.  - 

miR-92a-3p mimic 10 nM 4.49 2.352 to 16.04 0.4503 

Mimic negative control 10 nM 6.722 2.689 to N.C 0.0767 

miR-92a-3p inhibitor 100 nM 10.57 N.C. N.C. 

Inhibitor negative control 100 nM 4.623 N.C. N.C. 

EC50: effective concentration of 5-FU / L-OHP required to decrease viability of each cell line by 50%. EC50 ratio: 
ratio of EC50 for transfected cells divided by EC50 of cells untreated. CI: confidence interval. N.C.: Non-computable. 
(*) Indicates a statistically significant difference (P<0.05). Ref: Reference value. 

 
In summary, these results suggest that an increase in miR-92a-3p levels seems to affect 

the sensitivity of SW480 cells to 5-FU / L-OHP treatment, evidenced by a significant increase 

in IC50 and EC50 ratio. However, similar changes were observed for SW480 cells transfected 

with mimic negative control, and no statistically significant difference was found between the 

IC50 and EC50 ratio of SW480 cells transfected with miR-92a-3p-mimic and control (results 

not shown). 

No significant effect on the sensitivity of SW620 cells to 5-FU / L-OHP treatment could 

be established, as the change in IC50 could not be confirmed by a shift in the dose-response 

curve. Therefore, we cannot dismiss the possibility that any observed changes may be a 

consequence of the transfection treatment itself rather than changes in miRNA bioavailability. 
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DISCUSSION 

 

In this work, we successfully achieved a transient increase of miR-92a-3p by 

transfection of miR-92a-3p mimic, and a significant decrease in miR-92a-3p by transfection of 

miR-92a-3p inhibitor in both SW480 and SW620 cells after 24 hours. However, miR-92a-3p 

mimic was significantly reduced 48 hours after treatment in SW620 cells (Appendix 11), which 

indicates that changes in miR-92a-3p by transfection of mimics and inhibitors are not persistent 

for more than 24 hours.  

Furthermore, the expression of EMT-TFs (SNAIL, SLUG), vimentin, as well as some 

genes related to chemotherapy sensitivity (DPYD, TYMS, MTHFR, and ERCC1) was not 

significantly affected by changes in miR-92a-3p induced by miR-92a-3-mimic or miR-92a-3p-

inhibitor oligonucleotides at mRNA. However, we observed statistically significant changes in 

mRNA levels of E-cadherin, β-catenin, ZEB1, ERCC2, and XRCC1, which unfortunately did not 

reflect in the protein levels of these genes.  

Increasing the sample size may be needed to detect changes in mRNA and protein 

levels in response to transfection with miR92a-3p mimic and inhibitor oligonucleotides. 

Although performing the experiments in triplicate may be enough to determine changes in mir-

92a-3p levels in transfected cells, these may lack the statistical power for detecting less drastic 

changes in response to this microRNA. SW480 and SW620 cells transfected with miR-92a-3p 

mimic show a remarkable tendency that suggests an increase of vimentin mRNA, while SW620 

cells transfected with miR92a-3p mimic show non-significant changes in expression of SLUG 

that may need to be further assessed in future experiments. 

These results themselves are not enough to discard the potential influence of miR-92-

a-3p on the expression of these genes in SW480 and SW620 cells, as time of transfection is 

an important factor that needs to be taken into consideration. Indeed, previous research 

regarding the role of miR-92-a-3p on chemoresistance and cancer progression used a viral 

miR-92-a-3p-expression vector23 or transfection with miR-92-a-3p-mimic and inhibitor 

oligonucleotides that persisted in the transfected cells for 48 hours24,25. Some non-significant 

changes in protein expression of E-cadherin, ABC, ERCC2, and XRCC1 could indicate some 

trends that would have been more notorious with a transfection strategy that lasted longer, 

particularly in SW480 cells in which the observed trends seem to be more remarkable.  
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Moreover, predesigned microRNA mimic oligonucleotides based on chemically 

modified double DNA strands are widely used for transient transfection of microRNAs in vitro. 

Nevertheless, transfection of high levels of these oligonucleotides (>100 nM) has shown to 

cause intracellular accumulation of high-weight RNA species and decreased cell viability while 

transfection with a lower concentration of mimics (0,5 – 1 nM) led to an increase of microRNA 

concentration comparable to those obtained with lentiviral transduction and plasmid 

transfection, but failed to suppress target gene expression compared with the later 

experimental strategies60. This indicates that the use of microRNA mimics may have a lower 

functional impact on cell behavior, perhaps contributing to the modest results observed in our 

experiments. 

Nonetheless, based on the observed downregulation of E-cadherin mRNA, we can state 

that some degree of EMT occurred in transfected SW480 and SW620 cells. The direct target 

of the E-cadherin mRNA 3'-UTR by miR-92a-3p is not predicted by microRNA target prediction 

tools like miRDB™ or Targetscan 8.0™ but has been experimentally reported in ESCC cell 

lines by luciferase reporter assay26. Activation of EMT, downregulation of E-cadherin, and 

increased expression and nuclear fractions of β-catenin have also been observed in response 

to increased miR-92a-3p23,25,27.  

Alternatively, increased miR-92a-3p has revealed to promote migration and invasion in 

colorectal cancer, glioma, and ESCC cell lines by directly targeting PTEN, leading to activation 

of the Pi3K/Akt signaling pathway24,27,28. However, miR-92a-3p showed to target SOX4 in 

prostate cancer cell lines and downregulate Akt signaling by targeting Notch1 in glioma stem 

cells and Wilms tumor cells, inhibiting invasion, migration, and proliferation, showing that the 

response to microRNAs may be heavily influenced by the experimental model and cell 

type25,61,62. 

Regarding the results of the immunofluorescence assays, we observe that transfection 

with Lipofectamine 2000™ reactant modifies β-catenin localization in transfected cells, and 

contrary to our results, we even observe higher colocalization of β-catenin fluorescence in 

SW480 and SW620 treated with both control oligonucleotides. Although we cannot determine 

definitive results from our semiquantitative analysis because of sample size, we can observe a 

trend in transfected cells behavior compared to untreated cells and establish that the results 

indeed do not confirm our hypothesis.  

Lipofectamine 2000™ is one of the most widely used transfection reagents, based on 

the formation of cationic lipid vesicles that effectively deliver DNA or RNA molecules to the 



 
 

35 

treated cells with minimal disruption of cell viability63. However, it has been reported that 

Lipofectamine 2000™ transfection exerts disturbances in the cell cycle of transfected HEK293 

cells64. From our results, we cannot clearly state if the observed changes in β-catenin 

subcellular distribution and cell morphology occur due to changes in cellular behavior as 

consequence of the transfection process, or if it involves the direct disruption of the cell 

membrane integrity by incorporation of Lipofectamine liposomes, even though we used this 

transfection reagent within the limits of the manufacturer's suggested range. The remarkable 

increase in cell size of all transfected cells versus untreated may be further evidence of cell 

membrane disruption.  

The in vitro chemosensitivity analysis shows that most transfected cells showed a shift 

in EC50 towards chemoresistance. According to our hypothesis, we should have expected to 

observe increased chemoresistance only in SW480 and SW620 transfected with miR-92a-3p-

mimic, and the opposite effect in cells transfected with miR-92a-3p-inhibitor, which together 

would have confirmed that miR-92a-3p promotes chemoresistance.  

Regardless, our results reveal a shift in all transfected cells that indicate a response to 

the transfection process, contrasting with previous results that reported altered cell viability 

because of liposome toxicity (related to Lipofectamine™ treatment) or because of transfection 

with microRNA mimics (related to the use of mirVana™ microRNA mimics in our study), which 

on the contrary has been characterized by a decrease in cell viability and proliferation60,65. 

Nevertheless, we should also keep in mind that most of the shifts in EC50 were statistically 

non-significant. 

The multiwell MTT assay used for viability quantification of chemotherapy-exposed cells 

may also have limitations in determining response to 5-FU / L-OHP treatment in transfected 

cells. This assay determines viability by exposing the cells to an MTT solution, which is reduced 

to formazan by metabolically active cells. At the endpoint of this assay, the formazan crystals 

are solubilized, and the optical density (OD) of the solution is measured. In an ideal scenario, 

the OD is proportional to the percentage of viable cells in an experimental setting compared to 

control conditions. However, it has been reported that exposure of cells to chemo or 

radiotherapy caused accumulation of growth-arrested giant cells, characterized by up to 10 

times higher MTT metabolization, leading to underestimation of treatment sensitivity66,67. This 

phenomenon has been attributed to a state known as senescence-associated secretory 

phenotype (SASP), in which cells are characterized by proliferation arrest, secretory 

phenotype, increased reactive oxygen species, and high metabolic activity66. The aberrant 
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changes in cell viability in transfected cells may be a result of SASP SW480 and SW620 cells 

interfering in the MTT assay. 

One of the major challenges we faced during this research was dealing with 

Mycoplasma contamination in our laboratory. Indeed, several months were dedicated to 

treating SW480 and SW620 cell cultures with antibiotics to eliminate a resistant strain of 

Mycoplasma spp., including ciprofloxacin, tiamulin, minocycline, and gentamicin, from May to 

October 2021. During this period, we tested the chemosensitivity of SW480 and SW620 cells 

by MTT assay and found that antibiotic exposure induced chemoresistance in cell lines to 5-

FU / L-OHP (results not shown), which persisted in SW480 cells even after antibiotic 

withdrawal. We could hypothesize that stress induced by prolonged antibiotic treatment, 

together with the transfection and 5-FU / L-OHP treatment-induced stress, may have caused 

SW480 and SW620 cells to acquire a SASP behavior.  

Moreover, compared with the study by Hu et al. (2019) that evaluated the sensitivity of 

SW480 and SW620 cells to 5-FU / L-OHP treatment, we observe that our cell cultures portray 

some degree of chemoresistance to these drugs during antibiotic treatment23. In fact, 

chemosensitivity in our cells resembled the ones observed for SW480 and SW620 cells treated 

with 5-FU and L-OHP as monotherapy, indicating that any synergy from combined therapy was 

lost68–71. This phenomenon, together with the observed effect of transfection on the 

chemosensitivity of SW480 and SW620 cells, represents a significant limitation in our study. 

Single-cell observation methods like single-cell MTT or annexin-V flow cytometry are more 

reliable tools for determining cell viability while accounting for this event67. 

Other confounding variables that may need to be assessed include the expression of 

other microRNAs of the cluster miR-17~92, including miR-92a-1-5p, the 5’ arm of the miR-92a 

precursor duplex. Unlike miR-92a-3p, the expression of miR-92a-1-5p has rarely been 

highlighted in the analysis of colorectal cancer and colon tissues. Increased expression of miR-

92a-1-5p in normal colorectal mucosa has been associated with increased all-cause mortality 

in alcohol consumers, was linked to increased regorafenib toxicity in colorectal cancer patients, 

and was observed in an in vitro model of bile acid-induced gastric intestinal metaplasia in 

gastric cell lines72–74.  

The miR-17~92 cluster encodes six tandem microRNAs, miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b-1, and miR-92a. The microRNAs coded in the miR-17~92 cluster are critical 

for embryonic and B-cell development, among other physiological functions, and therefore are 

expressed in practically all mouse/human tissues75,76. One of the main roles of the cluster is to 
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moderate response to TGF-β by targeting multiple proteins in the downward signaling 

cascade75. Additionally, miR-17-5p has shown to counteract some of the prooncogenic effects 

of miR-92a-3p, while both miR-17-5p and miR-20a-5p establish a negative feedback loop, 

regulating the expression of the whole cluster75,76.  

Transcription of the miR-17~92 cluster has shown to be triggered by the transcription 

factor c-MYC and by β-catenin/TCF transcription factors75,77. Although all microRNAs in the 

cluster are transcribed in equal amounts in the pri-miR-17~92a transcript, because of its 

complex tertiary structure, most of the microRNAs encoded should be suboptimal substrates 

for Drosha-DGCR8 processing, which is the first step in microRNA maturation76. Nonetheless, 

not only are these microRNAs correctly processed, but some of them are selectively processed 

over others by the intervention of trans-acting factors that are yet to be defined, and therefore 

the mature microRNAs in the miR-17~92 cluster are not expressed in the same ratios76,78.  

Co-expression of both 5p and 3p microRNA mature branches of miR-17, miR-18a, and 

20a has been observed in colon cancer cell lines, which are also upregulated compared to their 

non-cancerous counterpart colon tissues. The research by Choo et al. (2014) suggests that 

there is a redundancy in the targets of 5p/3p microRNA pairs that serve as a safe-proof 

mechanism for the regulation of gene expression79. Moreover, miR-92a-3p belongs to the miR-

92a/mir25 seed family together with miR-25-3p and miR-363-3p, with the seed being the first 

nucleotides in positions 2 to 7, counting from 5' to 3' ends in the mature microRNA sequence, 

which is the core determinant for target recognition of the RNA-induced silencing complex 

(RISC), the effector of microRNA regulation of gene expression. MiR-25-3p, miR-92a-3p, and 

miR-363-3p share the same seed sequence and have demonstrated to promote tumor 

proliferation, resistance to apoptosis, and metastasis75,80.  

In future experiments would be necessary to quantify the expression of the other 

members of the oncomir-1 gene and the miR-92a/mir25 seed family in response to increased 

or decreased miR-92-a3p levels, considering the pleiotropic and often redundant outcomes of 

miRNAs in gene expression. For example, lack of response to miR-92a-3p inhibitor may be 

hypothetically mediated by the upregulation of miR-25-3p, which has also shown to target E-

cadherin expression and may affect targets in common pathways, compensating for the 

absence of miR-92a-3p and explaining the lack of significant differences observed in protein 

expression and immunofluorescence assays in our results81. 

Our research results show an inverse correlation between miR-92a-3p and the 

expression of ERCC1 and XRCC1 mRNA, both enzymes involved in DNA-repair pathways. 
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This last finding aligns with the research published by Zhang et al. (2020), where they observed 

low expression of XRCC1 in ESCC tissue samples and cell lines with high expression of 

mesenchymal markers54. Recent research has revealed an intriguing link between decreased 

DNA repair, hypermutability, and resistance to cancer therapies (particularly targeted 

therapies). Common findings include decreased expression and functionality of DNA-repair 

complexes like mismatch repair and homologous recombination, expression of low fidelity DNA 

polymerases, and overall accumulation of genomic mutations that promote tumor heterogeneity 

over time, promoting stochastic acquisition of resistance to targeted therapies like 

cetuximab82,83.  

The recent discoveries by Russo et al. (2019) focused on the resistance to targeted 

therapies, and therefore they did not assess the expression or functionality of the NER and 

BER pathway and did not observe this same hypermutability in cell lines treated with 5-FU in 

their specific experimental results82. However, following a similar mechanism, changes in the 

expression of ERCC2, XRCC1, and other BER and NER enzymes may be downregulated in 

colorectal cancer cells after prolonged exposure to chemotherapy, as observed in mCRC 

patients suffering from acquired FOLFOX chemoresistance. In this phenomenon, we can 

hypothesize based on our results that miR-92a-3p may play as a mediator in chemoresistance 

development, and not a direct trigger as we previously proposed.  

These results suggest that long-term upregulation of miR-92a-3p may participate in 

chemoresistance by downregulating the expression of ERCC2 and XRCC1 in colon cancer, 

promoting hypermutability and tumor heterogeneity. Although no direct epigenetic 

downregulation of these genes by miR-92a-3p has been described in microRNA databases 

(TargetScan 7.2™, miRDB™, TarBase 8.0™, miRPathDB 2.0™, and miRTargetLink 2.0™), 

regulation of other DNA repair enzymes has been documented, including ERCC3, part of the 

NER pathway, and XRCC5, involved in the non-homologous end-joining repair pathway for 

double-strand breaks.  

The observed changes in the expression of ERCC2 and XRCC1 mRNA may implicate 

the regulation of transcription factors or other regulatory elements that have not been assessed 

in our study. For example, sirtuin 1, a class III histone deacetylase involved in chromatin 

organization and DNA stability, is a target of miR-92a-3p and has shown to inhibit proteasomal 

degradation of XRCC1 at a protein level, leading to increased DNA damage repair and cisplatin 

resistance. However, these results correspond to different cellular models (human endothelial 
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and lung cancer cell lines) and imply an increase of XRCC1 at a protein and not at an mRNA 

level, which does not coincide with our findings84,85. 

In perspective, it is clear that our experimental design holds several limitations that 

make it difficult to assess our hypothesis. As good as transfection of mimics and inhibitors is 

for delivery of microRNAs and other oligonucleotides in vitro and in vivo experiments, it has 

limitations in its effectivity not only for experimental assays but also for potential clinical 

applications of microRNA-based therapies. In the context of testing our hypothesis, a practical 

solution for the seemingly disruptive effect of the transfection process in cellular behavior 

includes using vectors for a more stable expression of microRNA or anti-microRNA 

oligonucleotides. This strategy would help to solve the time limit of transfection of commercial 

microRNA mimic and microRNA inhibitor oligonucleotides, while giving the transfected cells 

more time to recover their regular cell membrane structure and establish significant changes in 

protein expression in response to over/under-expressed microRNAs. 

Current strategies of microRNA delivery for therapeutic applications are based on two 

main approaches: viral vectors and non-viral delivery systems. Viral vectors are useful as 

expression vectors for microRNAs in vitro and in more complex experimental strategies such 

as in vivo or organ expression of microRNAs because they allow for long-term gene expression. 

These include adenoviral vectors, adeno-associated viral vectors, retroviral vectors, and 

lentiviral vectors86,87. Alternatively, the construction of pCDNA3-miR and pAdTrace-miR 

plasmids have also been applied as a successful strategy for microRNA expression in vitro88,89. 

Non-viral vectors, on the other hand, are microRNA delivery systems that involve 

microvesicles and multiple forms of novel nanoparticles (NPs), like inorganic NPs (including 

gold, iron, silica, and graphene-based NPs), lipid-based nanocarriers (which include 

Lipofectamine™), synthetic polymeric vectors (including polyethyleneimine, 

polyethyleneglycol, poly(L-lysine), poly(lactide-co-glycolide) and polyurethane derived 

polymers), cell-derived membrane vesicles (including extracellular vesicles and apoptotic 

bodies) among others65,86,87. Nanoparticles are fine-tuned to comply with several requirements 

for appropriate therapeutical microRNA delivery, which include but are not limited to achieving 

a good microRNA load and long-term microRNA delivery, maintaining microRNA stability, good 

biocompatibility with the host organism/tissue/cell line, and target specificity65,86,87.  

Application of commercial expression plasmids or lentivirus-mediated expression of 

miR-92a-3p or anti-miR-92a-3p is a potential strategy for testing our hypothesis, although it 

implies the challenge of designing an optimal pre-microRNA sequence and controlling the 
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effects of lentiviral infection in cell viability and proliferation. Also, we would need to control for 

the expression of non-desired miR-92a-1-5p, and the correct loading of mir-92a-3p in the RISC 

complex.  

Nanoparticle carriers can be developed for controlled delivery of miR-92a-3p delivery 

and could even be designed to be compatible with plasmid vectors or commercially pre-

designed microRNA mimic and inhibitor oligonucleotides such as the ones used in this study, 

which have already solved the problems of undesired miR-92a-1-5p expression and correct 

miR-92a-3p-RISC loading, but still have the limitations previously discussed for mimic 

oligonucleotides90. Ultimately, we would need to verify that these nanoparticles do not cause 

membrane integrity disturbances like the ones observed with Lipofectamine™. 

An alternative strategy to assess the role of miR-92a-3p in chemoresistance 

development would be to induce resistance to 5-FU / L-OHP in SW480 and SW620 cells by 

exposure to increasing concentrations of these drugs, and compare the expression of miR-

92a-3p and our genes of interest in these resistant cell lines compared to non-resistant cells, 

as proposed by Virag et al. (2013)91. This strategy would have potentially unveiled an 

overexpression of miR-92a-3p in resistant SW480 and SW620 cells, phenotypical changes in 

cancer cells potentially related to EMT, and the response of these resistant cells to miR-92a-

3p inhibition. This strategy has its own limitations, as it is more difficult to establish a direct 

causality of miR-92a-3p in chemoresistance through this proposed experimental design. 

In summary, our experiments revealed that decreasing levels of miR-92a-3p led to 

upregulation of mRNA levels of E-cadherin, ZEB1, and ERCC2 while increasing levels of miR-

92a-3p downregulated β-catenin and XRCC1 mRNA in transfected SW480 and SW620 cell 

lines. These changes in mRNA expression, unfortunately, did not reflect in the protein levels of 

these genes. We failed to observe changes in morphology, β-catenin distribution, or other 

evidence of EMT that could be linked with changes in levels of miR-92a-3p in SW480 and 

SW620 cell lines. Therefore, based on our results, we cannot confirm that an increase in miR-

92a-3p levels is enough to trigger EMT or modify the expression of DPYD, TYMS, MTHFR, 

ERCC1, ERCC2, and XRCC1 proteins.  

Our results also suggest that miR-92a-3p may reduce the sensitivity of SW480 cells to 

5-FU / L-OHP. However, because of similar effects observed in cells treated with negative 

control, and the poor goodness of fit in our dose-response curves (expressed by the low R2 

values in Table 1) we cannot confirm our hypothesis based on our results. Limitations of our 

experimental model need to be overrun before discarding a potential association. 
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The purpose of this research was to assess the role of mir-92a-3p in the activation of 

β-catenin and the EMT program in tumor cells and describe a mechanism of chemoresistance 

of tumor cells that involves the expression of genes that predict 5-FU-based chemotherapy 

response in the clinical practice. We expected to find a novel mechanism of tumor resistance 

that implied the connection between two phenomena that, to date, have been mostly studied 

as part of independent areas of scientific research, which are the expression of 

pharmacogenetic biomarkers and EMT.  

Previous research showed substantial interest in assessing the role of mir-92a-3p on 

tumoral cells and stroma in CRC progression23,24,94,25–28,61,62,92,93. Significant efforts are being 

made to establish potential biomarker microRNAs for cancer diagnosis and disease 

progression, which goes hand-to-hand with the rapid development of new microRNA 

quantification tools that may allow less invasive screening during disease evolution and 

promising therapeutic targets in the fight against cancer65,87,95,96. 

Although our results suggest that miR-92a-3p has no impact on chemoresistance by 

modifying the expression of pharmacogenomic biomarkers of FOLFOX response in CRC cell 

lines, the potential role of other microRNAs deserves to be explored. This includes microRNAs 

such as miR-21, miR-23b, miR-125b-5p, and miR-210, which have demonstrated to induce 

EMT in CRC cell lines12. In the future, circulating microRNAs may be established as novel 

pharmacogenetic tools to assess 5-FU-based chemotherapy sensitivity. 
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CONCLUSIONS 

 

• Based on our experimental results, we can establish that transient increase of miR-92a-3p 

does not lead to the activation of β-catenin in SW480 and SW620 cell lines but modifies the 

expression of E-cadherin, β-catenin, and ZEB1 mRNA, suggesting an early step in EMT 

activation.  

• Increased levels of miR-92a-3p downregulate the expression of ERCC2 mRNA and 

decreased levels of miR-92a-3p upregulate the expression of XRCC1 mRNA in SW620 

cells in vitro, suggesting that miR-92a-3p may regulate of expression of these DNA repair-

complex subunits. 

• Changes in miR-92a-3p did not exert significant effects on mRNA expression of SNAIL, 

SLUG, vimentin, DPYD, TYMS, MTHFR, or ERCC1 in SW480 and SW620 cell lines. 

• We cannot establish if miR-92a-3p has an effect on the chemosensitivity of SW480 and 

SW620 cells to 5-FU and L-OHP treatment in vitro. 
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APPENDICES 

Appendix 1 
 

Table 3: Primer sequences used for RT-qPCR analysis. 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

SNAIL GAG CTG CAG GAC TCT AAT CCA GAG AGC CTG GAG ATC CTT GGC CTC AG 

SLUG CAA GGA ATA TGT GAG CCT GGG CG TCA GTG TGC TAC ACA GCA GCC A 

TWIST1 GGA GTC CGC AGT CTT ACG AG TCT GGA GGA CCT GGT AGA GG 

ZEB1 GAT GAT GAA TGC GAG TCA GAT GC ACA GCA GTG TCT TGT TGT TGT 

E-cadherin TCC CAA CTC CTC TCC TGG CCT GAG GCT CTG TCA CCT TCA GCC A 

β-catenin CGA GCT GCT ATG TTC CCT GA TCA GCC AAA CGC TGG ACA TT 

Vimentin TGG ACC AGC TAA CCA ACG AC GCC AGA GAC GCA TTG TCA AC 

N-cadherin GGA CAG TTC CTG AGG GAT CA GGA TTG CCT TCC ATG TCT GT 

DPYD CCG AGA AGC AAT GAG ATG CCT ACA CAA AGA TCA GAG GTT GGA CA 

TYMS TGG GGC AGA TCC AAC ACA TC TTT GTG GAT CCC TTG ATA AAC CAC 

MTHFR GGC CAT CTG CAC AAA GCT AAG AAC TCA CTT CGG ATG TGC TTC AC 

ERCC1 TTG GCG ACG TAA TTC CCG ACT AT TTC ACA TCC ACC TGG ACA AGC AG 

ERCC2 CTT GCT CGA TAC TCA ATC CTG C ATG GAG TCG ATG CAG ACG TT 

XRCC1 GGC AGA CAC TTA CCG AAA ATG G GGA CAT GAA AGA TGA GGT GAC CA 

Pumilio CGG TCG TCC TGA GGA TAA AA CGT ACG TGA GGC GTG AGT AA 
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Appendix 2 
Table 4: Antibodies used for western blot analysis. 

Antibody    Brand Catalogue Dilution 
PRIMARY ANTIBODIES 

E-cadherin BD Transduction Laboratories 610181 1:1000 
β-catenin BD Transduction Laboratories 610154 1:1000 
Active β-catenin Millipore 05-665 1:1000 
ERCC2 Cell Signalling 11963S 1:2000 
XRCC1 Cell Signalling 2735S 1:500 

SECONDARY ANTIBODIES 

Goat anti-Mouse IgG HRP Jackson Immunoresearch 115-0335-003  1:10.000 
Goat anti-Rabbit IgG HRP Jackson Immunoresearch 111-035-003  1:10.000 

 
 
  
     



 
 

54 

Appendix 3 

 
SW480 

 
SW620 

 

 

Appendix 3. Transfection efficiency curve in SW480 and SW620 cell lines transfected with miR-92a-3p mimic 
in supplemented culture medium: RT-qPCR analysis showing the relative expression of miR-92a-3p in SW480 
and SW620 cells transfected with mimic miR-92a-3p or negative control under three different conditions: transfection 
with unsupplemented Opti-MEM™; transfection with Opti-MEM™ supplemented with 5% FBS 5 hours after 
transfection; or transfection with miR-92a-3p-mimic using Opti-MEM™ followed by change of culture medium to 
Leibovitz’s L-15 supplemented with 10% FBS 5 hours after. Statistical differences in miR levels were determined 
using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from three independent experiments. 
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Appendix 4 
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Appendix 4. Expression of EMT-Transcription factors and EMT markers in SW480 and SW620 cell lines 
transfected with miR-92a-3p-mimics in supplemented culture medium: RT-qPCR analysis showing the relative 
expression of SNAIL, SLUG, ZEB1, E-cadherin, β-catenin, and Vimentin mRNA upon miR-92a-3p mimic transfection 
in SW480 and SW620 cells under three different conditions: transfection with unsupplemented Opti-MEM™; 
transfection with Opti-MEM™ supplemented with 5% FBS 5 hours after transfection; or transfection with miR-92a-
3p-mimic using Opti-MEM™ followed by change of culture medium to Leibovitz’s L-15 supplemented with 10% FBS 
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5 hours after. Statistical differences in mRNA levels were determined using the Mann-Whitney U test. Data represent 
the means ± SEM from three independent experiments (p>0.05 for all experiments).  
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Appendix 5 
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Appendix 5: Expression and β-catenin subcellular localization in response to miR-92a-3p in SW480 cells: 
20.000 SW480 cells per well were seeded and after treated with IWR-1-endo 10 μM, SB-216763 10 μM, or 
maintained in Leibovitz´s L15 + SFB 10 for 24 hours as control, then fixed and examined by immunofluorescence 
for β-catenin (green), and DAPI (blue) for the nuclei as reference. Antibody negative control was performed with 
SW480 cells untreated in Opti-MEM™ culture medium for 24 h. Colocalization images were constructed using the 
Colocalization Threshold tool, indicating areas of green and blue fluorescence signal overlapping (grey).  
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Appendix 6 
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Appendix 6: Expression and β-catenin subcellular localization in response to miR-92a-3p in SW620 cells: 
20.000 SW620 cells per well were seeded and after treated with IWR-1-endo 10 μM, SB-216763 10 μM, DMSO 
0.81 μL/mL, or maintained in Leibovitz´s L15 + SFB 10 for 24 hours as control, then fixed and examined by 
immunofluorescence for β-catenin (green), and DAPI (blue) for the nuclei as reference. Antibody negative control 
was performed with SW620 cells untreated in Opti-MEM™ culture medium for 24 h. Colocalization images were 
constructed using the Colocalization Threshold tool, indicating areas of green and blue fluorescence signal 
overlapping (grey).   
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Appendix 7 
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Appendix 7: Expression and β-catenin cellular localization in response to miR-92a-3p in sw480 cells (10X 
magnification): sw480 cells were transfected with miR-92a-3p mimic oligonucleotide 20 nM, miR-92a-3p inhibitor 
100 nM, transfected with their corresponding negative control oligonucleotides, or in parallel were treated with 
IWR-1-endo 10 μM, SB-216763 10 μM, DMSO 0.81 μL/mL, or maintained untreated in Opti-MEM™ or Leibovitz´s 
L15 + SFB 10% for 24 hours, and then fixed and examined by immunofluorescence for β-catenin (green), and 
DAPI (blue) for the nuclei as reference. 
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Appendix 8 
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Appendix 8: Expression and β-catenin cellular localization in response to miR-92a-3p in sw620 cells (10X 
magnification): sw620 cells were transfected with miR-92a-3p mimic oligonucleotide 20 nM, miR-92a-3p inhibitor 
100 nM, transfected with their corresponding negative control oligonucleotides, or in parallel were treated with 
IWR-1-endo 10 μM, SB-216763 10 μM, DMSO 0.81 μL/mL, or maintained untreated in Opti-MEM™ or Leibovitz´s 
L15 + SFB 10% for 24 hours, and then fixed and examined by immunofluorescence for β-catenin (green), and 
DAPI (blue) for the nuclei as reference. 
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Appendix 9 
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Appendix 9: Semiquantitative analysis of β-catenin in response to miR-92a-3p in SW480 and SW620 cells: 
Normalized mean fluorescence (A), normalized integrated density (B), Pearson’s colocalization coefficient (C), and 
overlapping coefficient (D) of SW480 and SW620 cells immunofluorescence images presented in Figure 8. 
Colocalization images were constructed using the Colocalization Threshold tool, indicating areas of green and blue 
fluorescence signal overlapping (grey). Pearson’s and Overlap coefficients of the presented images were obtained 
using the JACoP tool (Just Another Colocalization Plugin), as a form of semiquantitative analysis of blue and green 
signal colocalization. Higher Pearson’s and Overlap coefficients indicate increased colocalization of blue and green 
fluorescence. Data represent the results of the images presented in Figure 6 (n=1).  
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Appendix 10 
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Appendix 10. Expression of genes associated with 5-FU and L-OHP response in SW480 and SW620 cell lines 
transfected with miR-92a-3p-mimic or inhibitors in supplemented culture medium: RT-qPCR analysis showing 
the relative expression of DPYD, TYMS, MTHFR, ERCC1, ERCC2, and XRCC1 mRNA upon miR-92a-3p mimic 
transfection in SW480 and SW620 cells under three different conditions: transfection with unsupplemented Opti-
MEM™; transfection with Opti-MEM™ supplemented with 5% FBS 5 hours after transfection; or transfection with 
miR-92a-3p-mimic using Opti-MEM™ followed by change of culture medium to Leibovitz’s L-15 supplemented with 
10% FBS 5 hours after. Statistical differences in mRNA levels were determined using the Mann-Whitney U test 
(*p=0.05). Data represent the means ± SEM from three independent experiments. 
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Appendix 11 

 
 

Appendix 11. Transfection efficiency curve in SW620 cell lines transfected with miR-92a-3p 
oligonucleotides: (A) RT-qPCR analysis comparing the relative expression of miR-92a-3p in SW620 cells 
transfected with increasing concentrations of mimic or negative control after 24 and 48 hours. Statistical differences 
in miR levels were determined using the Mann-Whitney U test (*p=0.05). Data represent the means ± SEM from 
three (24 h) and two (48 h) independent experiments. 

 

 

 

 


