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Abstract 

Introduction: Long non-coding RNAs (lncRNAs) have become a cornerstone in the regulation of Colorectal Cancer (CRC) by 
modulating gene expression, genomic integrity, and DNA Mismatch Repair (MMR) pathways. While many aspects of their 
functions have been established, the detailed mechanisms by which lncRNAs mediate CRC progression and potential 
therapeutic targeting remain under intense investigation.  
Methods: A comprehensive literature review was conducted, focusing on the latest findings on lncRNAs in CRC. Main 
discussed topics were transcriptional and post-transcriptional regulation, chromatin dynamics, and signaling pathway 
interactions. Advanced technologies like CRISPR and RNA-seq and their impacts on lncRNA research were also analyzed.  
Results: lncRNAs showed critical roles in CRC through the modulation of transcriptional and epigenetic processes by 
regulating tumor development and metastasis. Specific lncRNAs, including HOTAIR, CCAT2, and MIR17HG, were pinpointed 
to play a part in genomic stability maintenance and MMR pathway regulation. It was further stated that lncRNAs hold great 
potential as biomarkers and therapeutic targets; their role in treatment resistance and immune modulation is one of the most 
interesting areas under investigation. CRISPR technology and RNA-seq provided new insight into the functional 
characterization of lncRNAs and their possible clinical application.  
Conclusion: lncRNAs are important regulators in colorectal cancer and have provided insights into tumor biology, helping to 
advance diagnostics and therapies. Their potential as biomarkers and therapeutic targets is further supported by the emerging 
RNA-based technologies, hence their promise in revolutionizing the management of CRC and improving patient outcomes. 



76 | Imam S. M., et al. 

Keywords: Biomarker, Therapeutics, Long non-coding RNA, Colon cancer

Introduction
Colorectal Cancer (CRC) stands as a globally prevalent malignancy, with its mortality primarily attributed to 

metastasis (Torre et al., 2015; Chen et al., 2016). In China, CRC ranks as the fifth leading cause of cancer-related morbidity 
and mortality (Chen et al., 2016; Lao et al., 2019). Researchers have diligently explored the intricate pathogenesis of CRC, 
characterized by the gradual accumulation of genetic and epigenetic alterations within the colonic epithelium. These 
changes are influenced by environmental factors, ultimately propelling the transformation from normal colonic tissue to 
colon adenocarcinoma a progression well-documented in the “normal-adenoma-carcinoma-metastasis” sequence (Lao et 
al., 2019). 

Genetic mutations play a pivotal role in CRC susceptibility. Notably, the APC gene has emerged as a central player 
in Familial Adenomatous Polyposis (FAP), an intriguing model for studying colorectal tumors. With over 1500 pathogenic 
mutations reported in this gene, it remains a critical focus of investigation (Fokkema et al., 2011; Pezzi et al., 2009). 
Curiously, up to 20% of individuals with polyposis characteristic of FAP lack a family history of the disease yet still carry 
germline APC mutations. These mutations predominantly account for FAP cases. Additionally, mutations in the MUTYH 
gene, involved in base excision repair, have been linked to a recessive form of colorectal polyposis. However, approximately 
20% of polyposis patients who undergo genetic testing do not harbor mutations in these genes, leaving them without a 
definitive genetic diagnosis (Pezzi et al., 2009). 

In the Era of Personalized Medicine: Researchers have increasingly recognized the molecular heterogeneity of 
Colorectal Cancer (CRC), a complex disease with diverse clinical manifestations. Approximately 85% of sporadic CRC cases 
exhibit chromosomal instability and possess proficient DNA Mismatch Repair (pMMR) mechanisms. In contrast, the 
remaining 15% of patients harbor defective DNA Mismatch Repair (dMMR) or display high-level Microsatellite Instability 
(MSI-H) (Boland and Goel., 2010). The MSI-H phenotype is characterized by proximal tumor localization, robust 
lymphocyte infiltration, elevated histologic tumor grade, and a lower incidence of distant organ metastasis. Interestingly, 
patients with MSI-H colorectal cancer often experience a more favorable prognosis compared to those with pMMR CRC. 
Their tumors exhibit unique features, including positive responses to anti-PD-1 immunotherapy. However, these MSI-H 
tumors do not typically respond to adjuvant chemotherapy based on 5-Fluorouracil (5-FU) (Kloor et al., 2014; Le et al., 2015; 
Ribic et al., 2003). Despite these intriguing observations, the precise regulation of DNA Mismatch Repair (MMR) in Chinese 
patients with CRC remains an area of active investigation (Li et al., 2017). Understanding the underlying mechanisms 
governing MMR dysregulation could provide valuable insights into CRC pathogenesis and potentially guide personalized 
treatment strategies. 

Long noncoding RNAs (lncRNAs) are a group of noncoding RNAs consisting of more than 200 nucleotides that do 
not encode proteins. These lncRNAs can regulate gene expression at various levels, including epigenetic, transcriptional, 
and post-transcriptional levels (Liu et al., 2018). In Colorectal Cancer (CRC), the reduced expression of the lncRNA SATB2-
AS1 has been found to promote metastasis and influence the tumor microenvironment by regulating SATB2, leading to poor 
overall survival (Xu et al., 2019). On the other hand, overexpression of the lncRNA UCA1 has been shown to contribute to 
immune evasion in cancer cells and protect the expression of PDL1 from repression by miRNAs in gastric carcinoma, making 
it a potential target for immunotherapy (Wang et al., 2019). 

Biological functions and mechanisms 
lncRNAs in gene expression and genomic stability in Colorectal Cancer (CRC): Long non-coding RNAs 
(lncRNAs) have emerged as crucial regulators of gene expression and genomic stability in Colorectal Cancer (CRC). Their 
roles encompass a variety of mechanisms, including transcriptional regulation, post-transcriptional modifications, 
chromatin remodeling, and involvement in signaling pathways that influence tumor progression and metastasis, as 
mentioned in tab. 1, illustrated in fig. 1. 
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Table 1. Key lncRNAs in CRC gene expression and genomic stability. 
lncRNA Mechanism Target/Pathway Impact on CRC Reference 

MIR17G Regulates miR-17-5p Gene expression 
modulation Promotes CRC progression Xu et al., 2019 

HCG18 Sponges miR-1271 Wnt/β-catenin signaling Enhances CRC cell growth and 
invasion Li et al., 2020 

CASC2 Regulates cell cycle progression Tumor suppression Inhibits CRC cell proliferation Dai et al., 2019 

CCAT2 Associated with chromosomal
instability MYC regulation Impairs genomic integrity Ling et al., 

2013 
FENDR
R Reduces stemness of CRC cells Impacts therapeutic 

resistance Promotes genomic stability Zhao et al., 
2021 

Figure 1. This diagram represents the interaction network of various Long non-coding RNAs (lncRNAs) in Colorectal Cancer (CRC). Each 
node and connection highlights relationships between lncRNAs and their miRNA, the large central node, HCG18, reflects its extensive network 
and significant regulatory roles in CRC progression through multiple mechanisms. 

One of the primary functions of lncRNAs in CRC is the regulation of gene expression at multiple levels. For instance, 
lncRNAs can modulate transcription by interacting with transcription factors or chromatin-modifying complexes, thereby 
influencing the expression of oncogenes and tumor suppressor genes. Xu et al. highlights that lncRNA MIR17HG promotes 
CRC progression through the regulation of miR-17-5p, demonstrating the intricate interplay between lncRNAs and 
microRNAs in gene expression modulation (Xu et al., 2019). Similarly, Wei et al. discuss how lncRNAs are involved in 
transcriptional regulation and chromatin modification, which are critical for maintaining proper gene expression profiles 
in cancer cells (Wei et al., 2020). Furthermore, Wang et al. emphasize that lncRNAs can serve as biomarkers for prognosis, 
indicating their potential utility in clinical settings (Wang et al., 2021). 

In addition to transcriptional regulation, lncRNAs also play significant roles in post-transcriptional regulation. For 
example, lncRNA HCG18 has been shown to sponge miR-1271, leading to the upregulation of MTDH and activation of the 
Wnt/β-catenin signaling pathway, which is pivotal in CRC cell growth and invasion (Li et al., 2020). This mechanism 
illustrates how lncRNAs can directly influence the stability and availability of microRNAs, thereby affecting downstream 
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gene expression and cellular behaviors. Moreover, lncRNA CASC2 has been identified as a tumor suppressor that inhibits 
CRC cell proliferation by regulating cell cycle progression (Dai et al., 2019). Such findings underscore the multifaceted roles 
of lncRNAs in modulating cellular processes that contribute to tumorigenesis. 

Genomic stability is another critical aspect influenced by lncRNAs in CRC. For instance, lncRNA CCAT2 has been 
implicated in chromosomal instability, a hallmark of many cancers, including CRC. It is associated with the regulation of 
MYC levels, which is known to affect genomic integrity (Ling et al., 2013). Additionally, lncRNAs like FENDRR have been 
shown to inhibit the stemness of CRC cells, potentially impacting their ability to maintain genomic stability and resist 
therapeutic interventions (Zhao et al., 2021). The dysregulation of lncRNAs can lead to aberrant signaling pathways that 
promote tumor growth and metastasis, highlighting their importance in maintaining genomic stability. 

lncRNAs and DNA mismatch repair pathways in CRC: Long non-coding RNAs (lncRNAs) have been increasingly 
recognized for their roles in modulating DNA Mismatch Repair (MMR) pathways, particularly in the context of Colorectal 
Cancer (CRC). The MMR system is crucial for maintaining genomic stability by correcting base pair mismatches that occur 
during DNA replication. Deficiencies in this pathway can lead to Microsatellite Instability (MSI), a characteristic feature of 
certain CRCs, which is associated with a higher mutation rate and tumorigenesis (Xie et al., 2021; Li et al., 2016). 

One significant lncRNA implicated in the regulation of DNA repair mechanisms is HOTAIR. Research indicates that 
HOTAIR promotes DNA damage repair by targeting key proteins involved in the MMR pathway, such as ATR (Ataxia 
Telangiectasia and Rad3-related protein) (Hu et al., 2024). This lncRNA has been shown to enhance the cellular response to 
DNA damage, thereby influencing the efficacy of DNA repair processes. Specifically, HOTAIR's interaction with ATR 
suggests a mechanism by which lncRNAs can modulate the activity of critical repair proteins, thus affecting the overall 
efficiency of the MMR system in CRC cells. 

Moreover, the expression of certain lncRNAs has been correlated with the status of MMR in CRC. For instance, a 
study highlighted that six lncRNAs (HOTAIR, BANCR, GK-IT1, LINC01602, CECR7, and LINC02188) are involved in 
pathways related to DNA replication and mismatch repair, indicating their potential role in CRC metastasis and progression 
(Li et al., 2020). This suggests that lncRNAs may not only influence the MMR directly but also interact with other cellular 
pathways that contribute to genomic stability and cancer progression. 

The interplay between lncRNAs and the MMR pathway is further underscored by findings that demonstrate how 
lncRNAs can affect the expression of MMR genes. For example, alterations in lncRNA FAM83H-AS1 and VPS9D1-AS1 
expression profiles have been associated with the dysregulation of MMR genes, leading to impaired DNA repair mechanisms 
and increased susceptibility to genomic instability (Yang et al., 2016). This dysregulation can result in the accumulation of 
mutations, which is a hallmark of cancer development, particularly in CRC where MMR deficiencies are prevalent (Tab. 2). 

Table 2. lncRNAs influencing DNA mismatch repair in CRC. 
lncRNA Role in MMR Pathway Associated Proteins/Genes Impact on CRC Reference 

HOTAIR Promotes DNA damage repair ATR Enhances DNA repair 
efficiency Hu et al., 2024 

BANCR Involved in MMR-related pathways DNA replication genes Linked to CRC metastasis Li et al., 2020 
FAM83H-
AS1 Dysregulates MMR genes Impaired MSH2, MSH6 

expression 
Contributes to genomic 
instability 

Yang et al., 
2016 

VPS9D1-
AS1 

Alters expression of mismatch repair 
genes MMR gene downregulation Drives mutation 

accumulation 
Yang et al., 
2016 

Pathological relevance 

Dysregulated lncRNAs and microsatellite instability in CRC: Dysregulated long non-coding RNAs (lncRNAs) 
have been implicated in the development of Mismatch Repair (MMR) deficiencies in Colorectal Cancer (CRC), particularly 
in cases characterized by Microsatellite Instability (MSI). MSI is a consequence of defective MMR pathways, which are 
critical for correcting DNA replication errors. The presence of MSI is often associated with a higher mutational burden and 
distinct clinicopathological features, making it a significant focus in CRC research. 

One of the mechanisms by which lncRNAs contribute to MMR deficiencies is through the regulation of MMR gene 
expression. For instance, lncRNAs can modulate the expression of key MMR proteins such as MLH1, MSH2, MSH6, and 
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PMS2, which are essential for the MMR process (Qu et al., 2022; Mei et al., 2022). Dysregulation of these lncRNAs can lead 
to the downregulation or silencing of MMR genes, resulting in impaired DNA repair capabilities. This phenomenon is 
particularly evident in MSI-High (MSI-H) tumors, where epigenetic changes, including promoter hypermethylation of 
MMR genes, are frequently observed (Sibilio et al., 2022). Such alterations can lead to a loss of function in the MMR system, 
thereby contributing to the accumulation of mutations characteristic of MSI tumors. 

Furthermore, lncRNAs may also influence the MMR pathway through their interactions with various signaling 
molecules and pathways involved in DNA repair. For example, some lncRNAs have been shown to interact with proteins 
involved in the DNA damage response, potentially modulating the cellular response to DNA damage and influencing the 
efficiency of MMR (Qu et al., 2022; Mei et al., 2022). This interaction can create a feedback loop where the dysregulation of 
lncRNAs exacerbates MMR deficiencies, leading to further genomic instability. 

In addition to their regulatory roles, lncRNAs can also be involved in the formation of RNA-DNA hybrids at sites of 
DNA damage, which can affect the recruitment of repair proteins to these sites (Lu et al., 2018). This mechanism highlights 
the multifaceted roles of lncRNAs in modulating the MMR process and their potential contribution to the development of 
MSI in CRC. 

The clinical implications of lncRNA dysregulation in MSI CRC are significant. Tumors with MMR deficiencies often 
exhibit a high mutational burden, which can lead to the generation of neo antigens that make them more susceptible to 
immunotherapy, particularly immune checkpoint inhibitors (Le et al., 2019; Diaz et al., 2022). Understanding the role of 
lncRNAs in this context may provide insights into novel therapeutic strategies aimed at targeting these regulatory RNAs to 
restore MMR function or enhance the efficacy of immunotherapy in MSI CRC patients. 

lncRNAs modulating key MMR proteins- MLH1, MSH2, and PMS2: Long non-coding RNAs (lncRNAs) have 
emerged as crucial regulators in various biological processes, including the modulation of DNA Mismatch Repair (MMR) 
components such as MLH1, MSH2, and PMS2. Recent studies have identified specific lncRNAs that influence the expression 
and function of these MMR proteins, thereby impacting genomic stability and cancer progression. 

One notable lncRNA is FOXD2-AS1, which has been shown to inhibit the progression of gallbladder cancer by 
mediating the methylation of MLH1, a key component of the MMR system (Wu et al., 2024). This suggests that FOXD2-AS1 
may play a significant role in regulating MLH1 expression, thereby influencing the MMR pathway and its associated 
functions in DNA repair. Additionally, lncRNA RP11-241J12.3 has been implicated in hepatocellular carcinoma, where it 
disrupts pyruvate metabolism and the DNA mismatch repair system, further highlighting the connection between lncRNAs 
and MMR components (Cheng et al., 2022). 

Moreover, lncRNA-JADE has been identified as a critical player in linking DNA damage signaling to histone 
modifications, specifically histone H4 acetylation, which can affect the transcription of MMR genes (Wan et al., 2013). This 
regulatory mechanism underscores the potential of lncRNAs to modulate not only the expression of MMR components but 
also their post-translational modifications, which are essential for their functional activity in DNA repair processes. 

In the context of specific MMR proteins, MSH2 has been shown to interact with various lncRNAs that regulate its 
expression and activity. For instance, convergent transcription-induced cell death has been linked to the activation of 
MSH2, suggesting that lncRNAs may influence MSH2's role in DNA repair and cellular responses to DNA damage 
(Chatterjee et al., 2016; Lin et al., 2012). Furthermore, the interplay between lncRNAs and MMR components like PMS2 
remains an area of active research, with emerging evidence suggesting that lncRNAs can modulate the expression of PMS2 
in response to cellular stress and DNA damage (Cheng et al., 2022; Wan et al., 2013). 

Overall, the involvement of lncRNAs in the modulation of MMR components such as MLH1, MSH2, and PMS2 
highlights their significance in maintaining genomic integrity and their potential as therapeutic targets in cancer 
treatment. Continued exploration of lncRNA functions in the context of DNA repair mechanisms will provide deeper 
insights into their roles in cancer biology and therapeutic interventions. 
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Clinical implications 

lncRNA biomarkers for MMR status in CRC: Long non-coding RNAs (lncRNAs) have gained attention as potential 
biomarkers for Microsatellite Instability (MSI) and Mismatch Repair (MMR) status in Colorectal Cancer (CRC) patients. The 
expression profiles of lncRNAs can provide insights into the underlying molecular mechanisms of CRC and serve as 
diagnostic or prognostic indicators. 

Several studies have demonstrated that specific lncRNA expression profiles correlate with MSI status in CRC. For 
instance, a study by Wang et al. identified a panel of six lncRNA pairs that effectively distinguished between Microsatellite-
Stable (MSS) and Microsatellite-Instability-High (MSI-H) tumors, achieving approximately 95% accuracy for MSS and 82% 
for MSI-H CRCs (Wang et al., 2022). This suggests that lncRNA expression profiles can serve as reliable biomarkers for 
determining MMR status in CRC patients. 

Moreover, the relationship between lncRNA expression and the features of MSI in CRC has been further explored. 
Research has indicated that lncRNAs may be involved in the regulation of genes associated with the MMR pathway, thereby 
influencing the MSI phenotype (Li et al., 2020). The expression of certain lncRNAs has been linked to the methylation status 
of MMR genes, such as MLH1, which is a critical factor in the development of MSI (Hughes et al., 2012). This connection 
implies that lncRNAs not only reflect the MMR status but may also play an active role in the epigenetic regulation of these 
genes. 

Additionally, the presence of MSI in CRC is associated with distinct clinical outcomes and responses to treatment. 
For instance, tumors exhibiting MSI-H are often more responsive to immunotherapy, making the identification of MSI 
status crucial for treatment decisions (Hsu et al., 2020; Zhao et al., 2019). The ability of lncRNA profiles to predict MSI status 
could thus enhance the stratification of CRC patients for targeted therapies, including immune checkpoint inhibitors. 

Furthermore, the heterogeneity of CRC, characterized by varying molecular markers and genetic alterations, 
underscores the potential of lncRNAs as biomarkers. Studies have shown that lncRNA expression patterns differ 
significantly between MSS and MSI-H tumors, which may reflect the underlying biological differences between these 
subtypes (Bittoni et al., 2018; Vilar et al., 2010). This variability suggests that lncRNAs could be integrated into existing 
diagnostic frameworks to improve the accuracy of MSI detection and enhance personalized treatment strategies. 

In conclusion, lncRNA expression profiles hold promise as biomarkers for assessing MMR status and MSI in 
colorectal cancer patients. Their ability to reflect the molecular characteristics of tumors and predict clinical outcomes 
positions them as valuable tools in the management of CRC. 

Targeting lncRNAs to improve MMR and enhance CRC therapies: Targeting long non-coding RNAs (lncRNAs) 
presents a promising strategy for restoring Mismatch Repair (MMR) functionality and enhancing therapeutic efficacy in 
Colorectal Cancer (CRC) treatment. The dysregulation of lncRNAs has been implicated in various aspects of cancer biology, 
including tumor progression, metastasis, and resistance to chemotherapy, making them attractive targets for therapeutic 
intervention. 

One of the key mechanisms by which lncRNAs influence CRC is through their role as competing endogenous RNAs 
(ceRNAs). For instance, lncRNA CRNDE has been shown to promote CRC cell proliferation and metastasis by sponging 
microRNA-136, thereby preventing it from downregulating its target genes (Gao et al., 2021). This ceRNA mechanism 
highlights the potential of targeting lncRNAs to modulate miRNA activity and restore the expression of tumor suppressor 
genes, which could enhance MMR functionality and improve treatment responses. 

Additionally, lncRNAs such as TP53TG1 have demonstrated tumor-suppressive activities in CRC. Studies indicate 
that TP53TG1 can increase sensitivity to DNA-damaging agents like 5-fluorouracil and oxaliplatin, suggesting that restoring 
or enhancing the expression of this lncRNA could improve the efficacy of conventional chemotherapy (Masoumi et al., 2021). 
This approach could be particularly beneficial for patients with MMR-deficient tumors, where traditional therapies often 
show limited effectiveness. 

Moreover, the targeting of specific lncRNAs has been proposed as a therapeutic strategy to overcome drug resistance 
in CRC. For example, lncRNA UCA1 has been implicated in 5-fluorouracil resistance, and its downregulation has been 
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associated with enhanced sensitivity to this chemotherapeutic agent (Bian et al., 2016). By inhibiting lncRNAs that 
contribute to drug resistance, it may be possible to restore the effectiveness of existing treatments and improve patient 
outcomes. 

The development of novel therapeutic modalities, such as Antisense Oligonucleotides (ASOs) and RNA interference 
(RNAi), provides tools for specifically targeting lncRNAs in CRC. These strategies have shown promise in preclinical models, 
where they effectively reduced the expression of oncogenic lncRNAs and inhibited tumor growth. For instance, the 
knockdown of lncRNA DLEU1 has been associated with reduced proliferation and migration of CRC cells, indicating that 
targeting this lncRNA could hinder tumor progression (Liu et al., 2018). 

Furthermore, the integration of lncRNA expression profiles into clinical practice could aid in the stratification of CRC 
patients for personalized therapies. By identifying lncRNAs associated with MMR status or treatment response, clinicians 
could tailor therapeutic approaches to individual patients, potentially improving efficacy and reducing adverse effects (Wu 
et al., 2023). 

In summary, targeting lncRNAs holds significant potential for restoring MMR functionality and enhancing 
therapeutic efficacy in colorectal cancer treatment. By modulating the expression and activity of lncRNAs, it may be possible 
to improve the effectiveness of existing therapies, overcome drug resistance, and provide personalized treatment options 
for CRC patients. 

Interactions and crosstalk 

lncRNAs, microRNAs, and non-coding RNA networks in MMR regulation: The interplay between long non-
coding RNAs (lncRNAs), microRNAs (miRNAs), and other non-coding RNAs is crucial in regulating Mismatch Repair (MMR) 
mechanisms, particularly in the context of Colorectal Cancer (CRC). This relationship underscores the complexity of gene 
regulation and the potential for these non-coding RNAs to serve as therapeutic targets or biomarkers in cancer treatment. 

LncRNAs have been shown to interact with miRNAs, functioning as competing endogenous RNAs (ceRNAs). This 
interaction can modulate the availability of miRNAs to their target mRNAs, thereby influencing gene expression related to 
MMR. For instance, lncRNA MALAT1 has been implicated in various cancers, including CRC, where it regulates downstream 
miRNAs that affect cell proliferation and migration (Huang et al., 2021). By sequestering specific miRNAs, lncRNAs can 
prevent these miRNAs from repressing their target genes, which may include those involved in the MMR pathway. 

Moreover, lncRNAs can directly influence the expression of MMR genes. For example, lncRNA LINP1 has been shown 
to promote the repair of DNA double-strand breaks by interacting with key proteins involved in the Non-Homologous End 
Joining (NHEJ) pathway (Zhang et al., 2016). This suggests that lncRNAs not only serve as regulatory molecules but also play 
active roles in the DNA Damage Response (DDR) by facilitating the repair processes that are critical for maintaining genomic 
stability. 

The relationship between lncRNAs and miRNAs extends to the regulation of signaling pathways that are essential for 
MMR. For instance, lncRNA-DDSR1 has been shown to enhance Homologous Recombination (HR) repair through its 
interaction with BRCA1 and other repair proteins, which is regulated by the ATM-NF-κB signaling pathway (Xie et al., 2019). 
This highlights how lncRNAs can integrate signals from various pathways to modulate the cellular response to DNA damage. 

In addition to lncRNAs and miRNAs, other non-coding RNAs, such as Circular RNAs (circRNAs), also play significant 
roles in regulating MMR mechanisms. CircRNAs can act as sponges for miRNAs, similarly to lncRNAs, thereby influencing 
the expression of MMR-related genes (Gu et al., 2023). This adds another layer of complexity to the regulatory networks 
involving non-coding RNAs in CRC. 

In conclusion, the relationship between lncRNAs, miRNAs, and other non-coding RNAs is integral to the regulation 
of MMR mechanisms in colorectal cancer. Their interactions and regulatory functions highlight the potential for these non-
coding RNAs to serve as biomarkers for MMR status and as therapeutic targets to enhance the efficacy of cancer treatments. 

lncRNAs and the tumor microenvironment in MMR-deficient CRC: Long non-coding RNAs (lncRNAs) play a 
pivotal role in the interaction between tumor cells and the Tumor Microenvironment (TME), significantly influencing 
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Colorectal Cancer (CRC) progression, particularly in the context of Mismatch Repair (MMR) deficiencies. The TME consists 
of various cell types, including immune cells, fibroblasts, and endothelial cells, as well as extracellular matrix components, 
all of which can be modulated by lncRNAs as illustrated in fig. 2. 

Figure 2. This diagram showcases the interaction network between long non-coding RNAs (lncRNAs) and specific microRNAs (miRNAs), 
highlighting the regulatory relationships crucial in cancer progression, particularly colorectal cancer (CRC). 

One of the mechanisms through which lncRNAs influence the TME is by regulating immune cell infiltration and 
activity. For instance, lncRNA NKILA has been shown to modulate T cell apoptosis, enhancing the cytotoxic activity of T cells 
within the TME (Zhou et al., 2022). This regulatory effect can be particularly important in MMR-deficient CRC, where the 
immune response may be altered due to the accumulation of mutations and the resulting neoantigens. By promoting T cell 
survival and function, lncRNAs can potentially enhance the anti-tumor immune response, making them attractive targets 
for immunotherapy. 

Moreover, lncRNAs can affect the angiogenic properties of the TME. For example, lncRNA H19 has been implicated 
in the modulation of endothelial behavior through exosome-mediated communication, promoting angiogenesis in liver 
cancer (Conigliaro et al., 2015). This suggests that lncRNAs can influence the vascularization of tumors, which is critical for 
tumor growth and metastasis. In CRC, the ability of lncRNAs to regulate angiogenesis could have significant implications 
for tumor progression, particularly in the context of MMR deficiencies, where the tumor microenvironment may become 
more permissive to growth and spread. 

Another important aspect is the role of lncRNAs in metabolic reprogramming within the TME. LncRNA LINRIS, for 
instance, has been shown to stabilize IGF2BP2 and promote aerobic glycolysis in CRC cells (Wang et al., 2019). This 
metabolic shift can create a more favorable environment for tumor growth and survival, particularly in MMR-deficient 
tumors that may already exhibit altered metabolic pathways due to their genetic instability. 
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Additionally, lncRNAs can interact with other non-coding RNAs, such as miRNAs, to modulate the TME. For 
example, lncRNA SNHG7 has been reported to sponge miR-216b, leading to increased expression of GALNT1, which 
promotes CRC cell proliferation and liver metastasis (Shan et al., 2018). This interaction not only highlights the regulatory 
complexity involving lncRNAs and miRNAs but also underscores the potential for lncRNAs to influence the TME through 
their effects on miRNA activity. 

Furthermore, lncRNAs can also affect the expression of key proteins involved in MMR. For instance, lncRNA DLEU1 
has been shown to contribute to CRC progression by activating KPNA3, which may indirectly influence MMR pathways and 
the tumor's response to DNA damage. This connection suggests that lncRNAs may play a dual role in modulating both the 
TME and the intrinsic properties of tumor cells, including their MMR capabilities. 

In summary, lncRNAs interact with the tumor microenvironment in multiple ways, influencing immune cell 
dynamics, angiogenesis, metabolic reprogramming, and the expression of MMR-related proteins. These interactions are 
particularly relevant in the context of MMR deficiencies in CRC, as they can significantly impact tumor progression and 
therapeutic responses. Targeting lncRNAs may offer novel strategies for enhancing the efficacy of existing treatments and 
improving patient outcomes in CRC. 

Therapeutic opportunities in targeting lncRNAs for CRC with MMR deficiencies 

The development of lncRNA-targeted therapies for Colorectal Cancer (CRC) with Mismatch Repair (MMR) 
deficiencies presents both significant challenges and promising opportunities. Understanding these dynamics is crucial for 
advancing therapeutic strategies that can improve patient outcomes. 

Challenges in therapeutic development 

Heterogeneity of MMR deficiencies: MMR-deficient tumors harbor different genetic changes, making the search for 
common lncRNA targets difficult. In addition, variability in the expression of MMR proteins, such as MLH1, MSH2, and 
PMS2, adds complexity to therapeutic approaches (McCarthy et al., 2019; Rajarajan et al., 2020).  

Complexity of regulatory networks: LncRNAs can bind to microRNAs (miRNAs) and other non-coding RNAs, leading 
to highly complex regulatory networks. Hence, targeting a specific lncRNA in isolation may not consider its broader 
interactions with the potential for unintended effects (Liu et al., 2018).  

Delivery mechanisms: The effective administration of lncRNA-targeted treatments remains a big challenge because of 
the large size and low stability inherent in lncRNAs. Innovative delivery mechanisms are being investigated, such as 
nanoparticles and exosomes; however, these technologies require refinement (He et al., 2020).  

Resistance mechanisms: CRC cells can develop resistance to therapies, including those targeting lncRNAs. For 
example, lncRNA UCA1 has been shown to be involved in resistance to 5-fluorouracil. Overcoming such resistance 
mechanisms is critical for effective treatment. 

Opportunities for therapeutic advancements 

Biomarker development: LncRNAs have been promising candidates as biomarkers for MMR status and responses to 
CRC treatment. For instance, certain lncRNA expression patterns are correlated with MSI status, which could help stratify 
patients for better treatment decisions (Zhao et al., 2019; Yang et al., 2018). Incorporating lncRNA biomarkers into clinical 
diagnostics can improve the potential for early detection and prognosis. 

Combination therapies: Combining lncRNA-targeted approaches with existing treatments, such as Immune 
Checkpoint Inhibitors (ICIs) or chemotherapy, may improve therapeutic outcomes. MMR-deficient tumors, especially MSI-
H subtypes, show an encouraging response to ICIs like pembrolizumab. Targeting the lncRNAs in charge of immune evasion 
and drug resistance might further enhance these responses (McCarthy et al., 2019; Siraj et al., 2021).  

Exosome-based delivery: Exosome-mediated delivery of lncRNAs is a new approach in enhancing specificity while 
reducing off-target effects. They can carry therapeutic lncRNAs, thus stabilizing them and improving the efficiency of their 
delivery in vivo (He et al., 2020).   
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Research and development: The growing body of research on lncRNAs in CRC provides a rich foundation for 
developing targeted therapies. Studies have identified various lncRNAs that play roles in CRC progression and MMR 
deficiencies, such as lncRNA PVT1 and its involvement in tumorigenesis (Wu et al., 2020). Continued exploration of these 
lncRNAs could lead to the identification of novel therapeutic targets. 

Influence of lncRNAs on the efficacy of current CRC treatments: Immune checkpoint inhibitors and 
chemotherapy 

Long non-coding RNAs (lncRNAs) have emerged as significant regulators in the response of Colorectal Cancer (CRC) 
to existing treatments, including immune Checkpoint Inhibitors (ICIs) and chemotherapy. Their influence on treatment 
efficacy is multifaceted, involving modulation of immune responses, tumor microenvironment dynamics, and interactions 
with other non-coding RNAs. 

Influence on immune checkpoint inhibitors 

Immune microenvironment modulation: LncRNAs can significantly impact the immune microenvironment of CRC, 
which is crucial for the effectiveness of ICIs. For instance, lncRNAs associated with immune cell infiltration can determine 
whether a tumor is classified as "immune-hot" or "immune-cold" (Huang et al., 2022). Immune-hot tumors, characterized 
by high levels of immune cell infiltration, are more likely to respond favorably to ICIs. Conversely, immune-cold tumors 
may exhibit resistance due to a lack of pre-existing anti-tumor immune responses. Targeting lncRNAs that influence 
immune cell dynamics could enhance the efficacy of ICIs by converting immune-cold tumors into immune-hot ones. 

Regulation of immune checkpoint expression: Some lncRNAs have been shown to regulate the expression of 
immune checkpoints such as PD-1 and CTLA-4. For example, lncRNA signatures that correlate with immune checkpoint 
expression may predict responses to ICIs (Shi et al., 2017). By modulating the expression of these checkpoints, lncRNAs can 
influence the effectiveness of therapies designed to block these pathways, potentially enhancing anti-tumor immune 
responses (Oliveira et al., 2019). 

Combination therapies: The integration of lncRNA-targeted therapies with ICIs presents an opportunity to improve 
treatment outcomes. For instance, combining ICIs with agents that target specific lncRNAs associated with immune 
evasion could restore immune reactivity and enhance tumor cell killing. This approach could be particularly beneficial in 
CRC patients with MMR deficiencies, who often exhibit high levels of Microsatellite Instability (MSI-H) and may respond 
better to ICIs (Zhong et al., 2023). 

Influence on chemotherapy 

Modulation of drug resistance: LncRNAs have been implicated in the development of resistance to chemotherapy in 
CRC. For example, lncRNA UCA1 has been associated with 5-fluorouracil resistance, suggesting that targeting this lncRNA 
could sensitize tumors to chemotherapy (Zhong et al., 2023). By understanding the role of lncRNAs in drug resistance 
mechanisms, it may be possible to develop combination therapies that enhance the efficacy of existing chemotherapeutic 
agents. 

Impact on tumor metabolism: LncRNAs can also influence metabolic pathways within tumors, affecting their 
response to chemotherapy. For instance, lncRNA signatures related to glycolysis have been shown to correlate with 
treatment outcomes in CRC (Zhong et al., 2023). By targeting lncRNAs that regulate metabolic pathways, it may be possible 
to enhance the sensitivity of CRC cells to chemotherapy, particularly in MMR-deficient tumors that may exhibit altered 
metabolic profiles. 

Predictive biomarkers: The expression levels of specific lncRNAs may serve as predictive biomarkers for chemotherapy 
response. Identifying lncRNA signatures associated with treatment outcomes could help stratify patients for more 
personalized treatment approaches, allowing for the selection of therapies that are more likely to be effective based on the 
tumor's lncRNA profile (Chen et al., 2023; Mahoney et al., 2015). 
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Emerging technologies and research directions 

Technological advances in lncRNA research- CRISPR and RNA-seq: Recent advancements in technologies 
such as CRISPR and RNA sequencing (RNA-seq) have significantly enhanced our understanding of long non-coding RNAs 
(lncRNAs) and their functions in Colorectal Cancer (CRC). These technologies provide powerful tools for investigating the 
roles of lncRNAs in cancer biology, particularly in the context of CRC. 

CRISPR technologies 

CRISPR/Cas13d for RNA targeting: The development of CRISPR/Cas13d technology has enabled researchers to 
specifically target and knock down lncRNAs with high efficiency. This RNA-targeting system allows for the precise depletion 
of lncRNAs, facilitating the study of their functional roles in CRC (Zhang et al., 2021). By utilizing this technology, 
researchers can investigate the impact of lncRNAs on tumor growth, metastasis, and treatment responses. 

High-throughput screening: CRISPR-based high-throughput screening methods have emerged as a powerful 
approach for identifying lncRNAs that function as oncogenes or tumor suppressors. These screens can systematically 
evaluate the effects of lncRNA knockouts on cancer cell behavior, providing insights into their roles in CRC progression 
(Esposito et al., 2019; Lucere et al., 2020). This capability is particularly valuable for uncovering novel therapeutic targets 
among the vast array of lncRNAs. 

Functional characterization: CRISPR/Cas9 technology has been adapted for the functional characterization of 
lncRNAs by enabling the manipulation of their expression levels. This allows researchers to explore the biological functions 
of specific lncRNAs in CRC, including their interactions with other non-coding RNAs and their influence on gene expression 
(Hazan et al., 2021). Such studies can reveal the complex regulatory networks involving lncRNAs in CRC. 

RNA sequencing (RNA-seq) 

Comprehensive transcriptome analysis: RNA-seq has revolutionized the study of lncRNAs by providing a 
comprehensive view of the transcriptome. This technology allows for the identification and quantification of lncRNAs in 
CRC samples, facilitating the discovery of novel lncRNAs associated with tumorigenesis and progression (Zheng et al., 2019; 
Yamada et al., 2018). The ability to analyze the entire transcriptome enhances our understanding of lncRNA expression 
patterns and their potential as biomarkers. 

Benchmarking and standardization: Recent studies have focused on benchmarking lncRNA quantification methods 
in RNA-seq, ensuring reliable and reproducible results. This is crucial for accurately assessing lncRNA expression levels in 
cancer samples, which can inform the development of lncRNA-based diagnostic and therapeutic strategies (Zheng et al., 
2019). Improved methodologies enhance the robustness of findings related to lncRNAs in CRC. 

Integration with other omics data: RNA-seq data can be integrated with other omics data, such as genomics and 
epigenomics, to provide a more comprehensive understanding of lncRNA functions. This integrative approach can reveal 
how lncRNAs interact with genomic and epigenetic factors to influence CRC biology (Gao et al., 2021). Such insights are 
essential for elucidating the mechanisms by which lncRNAs contribute to cancer development and progression. 

Opportunities for future research 

The advancements in CRISPR and RNA-seq technologies present numerous opportunities for future research on lncRNAs 
in CRC: 

Targeted therapeutics: The ability to manipulate lncRNA expression using CRISPR technologies opens avenues for 
developing targeted therapies that could inhibit oncogenic lncRNAs or restore the function of tumor-suppressive lncRNAs 
(Esposito et al., 2019; Lucere et al., 2020. This could lead to novel treatment strategies for CRC patients. 

Biomarker discovery: RNA-seq can facilitate the identification of lncRNAs that serve as biomarkers for CRC diagnosis, 
prognosis, or treatment response. The integration of lncRNA profiles with clinical data could enhance personalized 
medicine approaches in CRC (Zheng et al., 2019; Yamada et al., 2018). 
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Understanding mechanisms of action: Continued research utilizing these technologies will deepen our 
understanding of the molecular mechanisms by which lncRNAs influence CRC. This includes their roles in regulating gene 
expression, interacting with miRNAs, and modulating the tumor microenvironment (Zhang et al., 2018; Xiang et al., 2022). 

Bridging knowledge gaps in lncRNA-MMR interactions in CRC 

Understanding the connection between Long non-coding RNAs (lncRNAs) and Mismatch Repair (MMR) mechanisms in 
Colorectal Cancer (CRC) is crucial for developing targeted therapies and improving patient outcomes. However, several key 
knowledge gaps and future research priorities remain in this area. 

Key knowledge gaps 

Functional characterization of LncRNAs: While numerous lncRNAs have been identified in CRC, their specific roles 
in regulating MMR pathways are not fully understood. For instance, lncRNAs like ZNFX1-AS1 and DANCR have been 
implicated in CRC progression, but their direct involvement in MMR mechanisms remains to be elucidated (Shi et al., 2019; 
Wang et al., 2018). Comprehensive functional studies are needed to clarify how these lncRNAs interact with MMR proteins 
and influence DNA repair processes. 

Mechanistic insights: The precise molecular mechanisms by which lncRNAs regulate MMR are still unclear. For 
example, while some lncRNAs have been shown to act as competing endogenous RNAs (ceRNAs) for miRNAs, the 
downstream effects of these interactions on MMR gene expression and activity need further investigation (Shi et al., 2019; 
Wang et al., 2018). Understanding these mechanisms will be essential for identifying potential therapeutic targets. 

Tissue and context-specific roles: LncRNAs may exhibit tissue-specific expression patterns and functions. For 
instance, lncRNA ZNFX1-AS1 has been reported to have different roles in various cancers, indicating that its function in 
CRC may differ from its role in other malignancies (Shi et al., 2019). Future research should focus on characterizing the 
context-dependent roles of lncRNAs in CRC, particularly in relation to MMR status. 

Integration with other regulatory networks: LncRNAs do not operate in isolation; they are part of complex regulatory 
networks involving other non-coding RNAs, transcription factors, and signaling pathways. The interplay between lncRNAs 
and these factors in the context of MMR deficiencies is not well understood. Investigating these interactions could provide 
insights into the broader regulatory landscape of CRC (Wang et al., 2021). 

Clinical relevance and biomarker development: Although some lncRNAs have shown promise as biomarkers for 
CRC prognosis, their specific association with MMR status and treatment response needs to be established. For example, 
while lncRNA u50535 has been linked to CRC growth and metastasis, its correlation with MMR status and potential as a 
therapeutic target requires further validation (Yu et al., 2018). Research should prioritize the identification of lncRNA 
biomarkers that can predict MMR status and guide treatment decisions. 

Future research priorities 

High-throughput screening: Utilizing CRISPR and RNA-seq technologies for high-throughput screening of lncRNAs 
in CRC could accelerate the identification of novel lncRNAs involved in MMR pathways. These approaches can help elucidate 
the functional roles of lncRNAs and their interactions with MMR proteins (Zhang et al., 2021). 

Mechanistic studies: Future studies should focus on dissecting the molecular mechanisms by which lncRNAs influence 
MMR. This includes investigating their interactions with MMR proteins, their effects on gene expression, and their roles in 
modulating the tumor microenvironment (Shi et al., 2019; Wang et al., 2018).  

Therapeutic targeting: Research should explore the potential of targeting specific lncRNAs to restore MMR functionality 
in CRC. This could involve developing lncRNA inhibitors or utilizing RNA-based therapies to modulate lncRNA expression 
(Esposito et al., 2019). Preclinical studies are needed to assess the efficacy of these approaches in MMR-deficient CRC 
models. 

Clinical trials: Conducting clinical trials to evaluate the efficacy of lncRNA-targeted therapies in CRC patients, 
particularly those with MMR deficiencies, will be essential for translating research findings into clinical practice. These 
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trials should also assess the potential of lncRNAs as biomarkers for predicting treatment responses (Siraj et al., 2021; Wang 
et al., 2021). 

Integration of omics data: Integrating lncRNA expression profiles with genomic, transcriptomic, and proteomic data 
could provide a comprehensive understanding of their roles in CRC. This system’s biology approach may reveal novel 
insights into the interplay between lncRNAs and MMR mechanisms, facilitating the identification of new therapeutic 
targets (Gao et al., 2021; Zhang et al., 2018). 

Conclusions 
Long non-coding RNAs (lncRNAs) have come to be recognized as playing important roles in Colorectal Cancer (CRC) 

through the regulation of gene expression, genomic stability, and DNA Mismatch Repair (MMR) pathways, thus being 
promising biomarkers and therapeutic targets. Their interactions with signaling networks, microRNAs, and the tumor 
microenvironment underline even more their complexity and clinical relevance, especially in MMR-deficient CRC. Despite 
challenges in delivery mechanisms and regulatory intricacies, advancements in technologies such as CRISPR and RNA-seq 
have opened up new opportunities for targeted therapies and precision medicine. Future mechanistic insight-driven and 
clinically validating research will be instrumental in tapping the full potential of lncRNAs for improving CRC diagnosis, 
treatment, and patient outcomes. 
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