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SUMMARY

Colorectal cancer (CRC) is a multifactorial disease arising from the complex interplay between genetic 
predisposition and environmental influences. Despite its widespread incidence globally, CRC demon-
strates favorable prognostic outcomes when detected at an early stage. Microsatellite instability (MSI) 
is a common molecular abnormality associated with colorectal tumorigenesis. This review provides a 
comprehensive analysis of the molecular mechanisms, clinical implications, therapeutic approaches, 
and immune system interactions in MSI-associated CRC (MSI-CRC). Molecular changes include DNA 
slippage, dysfunction in the DNA mismatch repair (dMMR) system, and genetic/epigenetic factors 
that contribute to MSI. Clinically, MSI-CRC is characterized by distinct phenotypic features, including 
associations with Lynch syndrome, specific diagnostic methodologies, and prognostic relevance. The 
therapeutic landscape highlights the promising efficacy of immunotherapies and targeted treatments, 
particularly in dMMR–MSI-H-CRC. Immune dynamics within the tumor microenvironment (TME) 
reveal patterns of immune infiltration, immune evasion strategies, and opportunities to enhance the 
effectiveness of immunotherapy. Understanding these interrelated aspects is critical for developing tai-
lored therapeutic strategies and improving patient outcomes in MSI-CRC.
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INTRODUCTION

Colorectal cancer (CRC) presents a significant global 
public health burden, ranking as the third most com-
mon cancer and the second leading cause of cancer-re-
lated mortality.[1] The complexity of CRC stems from 
its diverse molecular pathways and clinical heterogene-
ity. Among the key factors driving CRC pathogenesis, 
microsatellite instability (MSI) has emerged as a cru-
cial biomarker, offering profound insights into tumori-

genesis and therapeutic strategies. MSI results from 
defects in the DNA mismatch repair (MMR) system 
and disrupts the fidelity of DNA replication, leading to 
widespread genomic instability and the accumulation 
of mutations across the genome, resulting in a mutator 
phenotype. These mutations can target critical cancer-
related genes, leading to the activation of oncogenic 
pathways and promoting tumorigenesis.[2] Moreover, 
MSI is a hallmark of approximately 80% of Lynch syn-
drome cases and is also observed in 20% of sporadic 
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CRC cases, highlighting its importance in both heredi-
tary and sporadic forms of the disease. MSI is further 
prevalent in around 20% of early-stage sporadic CRC 
cases (stages I and II) and 12% in stage III disease. 
Conversely, its incidence is lower in metastatic CRC 
settings, where it is found in only 4–5% of cases.[3,4]

In 1993, Aaltonen et al.[5] first described MSI in 
Lynch syndrome, utilizing an arbitrarily primed PCR 
(AP-PCR) approach. Subsequent studies have high-
lighted MSI's prevalence in CRC, particularly in en-
dometrial, gastric, breast, prostate, and bladder can-
cers. With the FDA’s approval of immune checkpoint 
inhibitors for dMMR–MSI-H advanced cancers, MSI 
has gained attention as a key molecular signature, 
driving interest in its diagnostic and therapeutic po-
tential. Clinically, MSI is associated with a favorable 
prognosis in CRC, as patients with MSI-high tumors 
generally experience better outcomes compared to 
those with microsatellite-stable (MSS) tumors.[6] 
MSI tumors tend to be less responsive to conventional 
chemotherapy but demonstrate heightened sensitivity 
to immune checkpoint inhibitors targeting PD-1, of-
fering a promising therapeutic avenue.[7]

Looking ahead, the incorporation of MSI testing 
into clinical practice requires rigorous validation, in-
cluding assessments of analytical validity, clinical va-
lidity, and clinical utility.[8] Current methods for de-
tecting MSI, such as immunohistochemistry (IHC) and 
polymerase chain reaction (PCR), are well-established, 
while emerging techniques like next-generation se-
quencing (NGS) and circulating tumor DNA (ctDNA) 
analysis offer non-invasive alternatives with potential 
clinical relevance.[9,10]

Further research is necessary to fully elucidate the 
clinical implications of MSI in CRC, particularly re-
garding its role in Lynch syndrome screening, prog-
nostic stratification, and therapeutic decision-making. 
Understanding the complex interplay between MSI 
and CRC biology may pave the way for more person-
alized treatment approaches, particularly in leveraging 
immune interactions within the tumor microenviron-
ment (TME) for therapeutic benefit.

Molecular Mechanisms of MSI in CRC

DNA Slippage and Mismatch Repair (MMR) System 
Dysfunction
The integrity of genomic stability hinges upon the in-
tricate machinery of DNA mismatch repair (MMR), 
a system designed to rectify errors that arise during 
DNA replication.[11] MMR operates through a me-
ticulous process, represented in Figure 1, involving 

the detection and correction of base mismatches and 
small loops, thereby ensuring replication fidelity and 
preventing the accumulation of mutations.[12] Crucial 
to this process are key components of the MMR path-
way, notably MutS and MutL complexes. In human 
cells, MutSα and MutSβ complexes, comprising various 
combinations of MSH proteins, detect mismatches and 
short loops, while MutLα, MutLβ, and MutLγ, formed 
by different pairs of MLH proteins, orchestrate the sub-
sequent repair process.[13] However, when the MMR 
system malfunctions, the consequences can be dire, 
leading to genomic instability and predisposition to 
cancer. Deficiencies in essential MMR proteins, partic-
ularly MSH2 and MLH1, result in severe phenotypes, 
underscoring the indispensability of these factors in 
maintaining genomic integrity.[14]

Genetic and Epigenetic Factors Contributing to 
MSI
The three major molecular pathways of colorectal can-
cer (CRC) are the conventional chromosomal insta-
bility (CIN) pathway, the serrated pathway, and the 
microsatellite instability (MSI) pathway (Table 1). The 
CIN pathway is initiated by APC mutation, followed by 
mutations in KRAS, PIK3CA, and SMAD4, and loss of 
heterozygosity of TP53, commonly associated with low 
CpG island methylation, high CIN, and microsatellite 
stability.[15] The serrated pathway can be subdivided 
into CIMP-low-MSS tumors with KRAS mutations, 
BRAF mutant CIMP-high-MSS tumors, and BRAF 
mutant CIMP-high-MSI tumors, often involving the si-
lencing of MGMT, CDKN2A, or MLH1. Lastly, the MSI 
pathway results from the dysfunction of DNA mis-
match repair genes encoding MLH or MSH proteins, 
leading to high levels of microsatellite instability.[16]

Genetic factors play a significant role in the devel-
opment of MSI in colorectal cancer. Lynch syndrome 
(OMIM#120435), which is caused by mono-allelic 
germline MMR pathogenic variants, stemming from 
mutations in MMR genes such as MLH1, MSH2, MSH6, 
and PMS2, stands as a prominent genetic cause of MSI.
[17] Specifically, inactivation of the MLH1 or PMS2 
alleles is the most frequent cause of Lynch syndrome 
and is associated with approximately 80% of cases.
[17] Mutations in MMR genes associated with Lynch 
syndrome frequently precipitate the onset of cancer at 
earlier ages, typically between 40 and 60 years. These 
mutations are implicated in a diverse spectrum of can-
cers, predominantly found in the gastrointestinal and 
genitourinary tracts, most frequently colorectal cancer 
and endometrial cancer.[3]
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On the other hand, constitutional mismatch repair 
deficiency (CMMRD), a rare condition compared to 
Lynch syndrome, is caused by bi-allelic germline patho-
genic variants in MMR genes.[18] It has an estimated 
birth incidence of one in a million. Typically, CMMRD 
manifests with hematological, brain, and intestinal 
cancers during childhood or adolescence, with a me-
dian age of onset under 10 years.[19] MSI-H tumors 
frequently harbor mutations in key CRC-related genes 
like APC, KRAS, and TP53, signifying a convergence 
of genetic alterations in these malignancies.[20] Addi-
tionally, RNF43 mutations, a negative feedback regula-
tor of the Wnt/β-catenin pathway, have been observed 

in CRCs with a high prevalence of MSI-H, suggesting 
their potential involvement in MSI development.[21]

On the other hand, epigenetic factors also play a sig-
nificant role in MSI, where the CpG island methylator 
phenotype (CIMP) is characterized by hypermethyl-
ation in tumor suppressor gene promoters, leading to 
functional loss.[22] A recently identified subgroup of 
patients with MSI tumors is referred to as having "Lynch-
like syndrome" (LLS). These patients were diagnosed 
with cancers related to Lynch syndrome, with their tu-
mors showing an MSI phenotype and/or loss of MMR 
gene expression. Cases with loss of MLH1 expression 
were confirmed to lack MLH1 promoter hypermethyl-

Table 1 The three major molecular pathways of colorectal cancer

Pathway Key Mutations/Alterations Features Notes

CIN pathway APC, KRAS, PIK3CA, SMAD4, TP53 High chromosomal instability, Observed in 65%–70% of sporadic 
  low CpG island methylation CRCs, develops slowly over decades
Serrated pathway BRAF, KRAS, MGMT, CDKN2A, MLH1 Subdivided into CIMP-low-MSS, Involves epigenetic silencing, 
  CIMP-high-MSS and CIMP-high-MSI prevalent in 15% of CRCs
MSI pathway MLH1, MSH2, MSH6, PMS2 High microsatellite instability Common in Lynch syndrome,  
   hypermutation MSI-H tumors often hypermutated

CIN: Conventional chromosomal instability; CRC: Colorectal cancer; CIMP: Island methylator phenotype; MSS: Microsatellite-stable; MSI: Microsatellite instability

Fig. 1. Diagram of Mismatch Repair (MMR) pathway. 
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ation. However, no germline mutations in MMR genes 
were detected. Compared to LS patients, individuals 
with LLS exhibit a lower standardized incidence ratio of 
LS-related tumors. The mechanisms behind LLS remain 
unclear, but it is known that acquired MMR deficiency 
accounts for a significant portion of these cases.[23,24]

CIMP-positive CRCs, often arising via a serrated 
pathway, exhibit frequent association with MSI-H tu-
mors, emphasizing the interplay between genetic and 
epigenetic alterations in CRC development.[25]

Detecting MMR Dysfunction: Microsatellite In-
stability Analysis
In clinical settings, the diagnosis of dysfunctional 
MMR is often achieved by assessing microsatellite in-
stability (MSI), a hallmark of MMR failure.[26] MSI is 
characterized by alterations in the lengths of microsat-
ellite loci, serving as an indirect indicator of MMR de-
ficiency. Typically, this is detected through PCR-based 
assays targeting specific microsatellite repeats.[27] The 
Bethesda panel, comprising mononucleotide and di-
nucleotide repeats, is commonly employed for MSI as-
sessment, with instability at multiple loci indicative of 
MSI-high status.[12] Currently, the standard diagnostic 
methods for MSI and MMR deficiency include penta-
plex PCR-based methods, incorporating five mononu-
cleotide and quasi-monomorphic microsatellite regions 
(such as BAT-25 and BAT-26), and MMR immunohis-
tochemistry on tumor tissue samples.[27] Advances in 
alternative systems, such as next-generation sequenc-
ing (NGS) and real-time PCR-based methods, offer im-
proved accuracy and efficiency for MSI detection.[28]

Notably, the development of liquid biopsy tech-
niques allows for the determination of MSI from cell-
free DNA (cfDNA) in plasma, facilitating non-invasive 
testing and real-time monitoring of disease progression. 
These assays are often developed based on whole-ge-
nome sequencing (WGS) or whole-exome sequencing 
(WES) data from tumor tissue samples, which can be 
refined to large and customized gene panels.[27] A well-
validated example is the FDA-authorized Integrated 
Mutation Profiling of Actionable Cancer Targets (MSK-
IMPACT) gene panel, developed at the Memorial Sloan 
Kettering Cancer Center. Initially designed as a hybrid 
capture-based NGS assay for targeted deep sequenc-
ing of key cancer genes in formalin-fixed paraffin-em-
bedded (FFPE) tumor specimens, this assay was used 
to study DNA from over 10,000 tumor specimens and 
patient-matched germline DNA from peripheral blood, 
identifying clinically relevant mutations and mutation 
signatures.[29] The panel has since expanded to interro-

gate 468 cancer-related genes, analyzing tumor-derived 
and matched germline DNA samples in a CLIA-certi-
fied laboratory. It is FDA-approved as a tumor profiling 
test to provide information on somatic alterations and 
MSI for use by qualified healthcare professionals.[30]

One significant advantage of these newer techniques 
is their ability to analyze multiple microsatellite loci si-
multaneously, enhancing the sensitivity and specific-
ity of MSI detection. For instance, the Promega MSI 
analysis system employs a panel of five mononucleotide 
markers and two pentanucleotide markers to detect MSI 
with high precision. Additionally, the Idylla MSI assay, 
a fully automated PCR-based system, delivers rapid and 
reliable results with minimal hands-on time, providing 
automated interpretation of MSI status.[31] These ad-
vancements in MSI analysis not only facilitate the diag-
nosis of MMR dysfunction but also offer insights into 
the mutational landscape of tumors, guiding therapeu-
tic strategies and prognostic assessments. The impor-
tance of MSI testing has increased in personalized med-
icine, helping identify patients who might benefit from 
specific treatments like immune checkpoint inhibitors 
and informing decisions about adjuvant chemotherapy.

Clinical Implications of MSI in CRC

Clinical Features and Prognosis of MSI-CRC
MSI-CRCs exhibit distinct clinical features and prognosis 
compared to microsatellite stable (MSS) tumors. Patients 
with MSI-CRCs tend to belong to specific demographic 
groups, such as females and the elderly, and are common-
ly located in the proximal colon.[32] Previous studies in-
dicated that colorectal cancer (CRC) with microsatellite 
instability (MSI) in elderly patients (aged 60–70 years and 
over 87 years) is often linked to MLH1 inactivation and 
MLH1 promoter methylation.[33] In contrast, tumors in 
younger patients (under 45 years) are typically associated 
with MSH2 inactivation.[34] This study revealed that pa-
tients aged 50 years and older showed a lower propen-
sity for having MSH2 and/or MSH6-MSI.[35] Notably, 
CRC associated with MSH2-MSI commonly occurs at a 
younger age.[36] MSI-CRCs are also associated with mu-
cinous histology and poor differentiation (Table 2).[37]

Although MSI-CRCs typically exhibit aggressive 
histopathological features, they often show a lower re-
sponse to 5-fluorouracil (5-FU) chemotherapy com-
pared to MSS tumors,[6] which has led to the explo-
ration of other therapeutic avenues for these patients. 
Later it was discovered that MSI-H CRCs are notably 
more responsive to immune checkpoint inhibitors, such 
as pembrolizumab or other PD-1 inhibitors, compared 
to their MSS counterparts. Despite their aggressive his-
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topathological features, MSI-CRCs have been linked to 
better overall prognosis, particularly in early-stage dis-
ease.[38] This improved prognosis is attributed to the 
enhanced immune response against the high number 
of neoantigens present in MSI-H tumors, leading to an 
immunogenic tumor microenvironment.[39] Impor-
tantly, MSI status serves as a predictive biomarker for 
response to immunotherapy, which has resulted in FDA 
approval of pembrolizumab and nivolumab for treat-
ments targeting MSI-H and MMR-deficient CRCs.[40]

Immune Interactions in the Tumor Microenvi-
ronment

Role of Immune Infiltration in MSI-CRC
In colorectal cancer, the tumor microenvironment 
(TME) orchestrates disease progression and therapeu-
tic responses. Particularly in MSI-H CRCs, the TME is 
characterized by dense immune infiltration owing to the 
high mutational burden resulting from somatic hyper-
methylation of MMR genes.[41] This leads to the gener-
ation of numerous immunogenic neopeptide antigens, 
attracting various immune cell populations, including 
CD8+ T cells, B cells, and macrophages. This influx cre-
ates an immunologically active milieu that influences 
disease behavior and therapeutic outcomes.[42] Recent 
studies have uncovered significant heterogeneity within 
MSI-H CRCs. While MSI-H tumors generally exhibit 
better overall survival compared to MSS CRCs, sub-
groups within MSI-H CRCs demonstrate distinct im-
mune profiles and clinical behaviors.[43]

The molecular classifications primarily designed to 
predict colorectal cancer prognosis and recurrence risk 
have been proposed. The most well-known of these is 
the “consensus molecular subtype (CMS) classifica-
tion,” which has enhanced the understanding of the ge-
nomic and epigenomic landscapes of colorectal cancer, 

aiding in better patient management. This classifica-
tion divides colorectal cancer into four CMS categories 
(CMS1–4), each with different prognoses. This manu-
script places the CMS classification in various contexts, 
exploring its relationships with precursor lesions, tu-
mor immunophenotype, and gut microbiota. It also ex-
amines the CMS classification's role in predicting prog-
nosis and/or response to pharmacological treatments, 
marking a crucial step toward precision medicine.[44] 
Some MSI-H tumors display heightened T-cell activ-
ity, associated with improved prognosis (classified as 
CMS1 subtype), while others exhibit diminished T-cell 
activity and poorer prognosis (classified as MSI-H in 
CMS3 and CMS4 subtypes). The differential presence 
of specific immune cell subpopulations, such as mem-
ory CD4+/CD8+ cells, γδ T cells, and regulatory T cells, 
contributes to this heterogeneity, influencing overall 
immune dynamics and disease outcomes.[45,46]

Mechanisms of Immune Evasion and Check-
point Inhibitor Resistance
Despite robust immune infiltration in MSI-H CRCs, 
certain tumors develop sophisticated mechanisms to 
evade immune surveillance and resist checkpoint in-
hibitor therapy. Common strategies involve alterations 
in the human leukocyte antigen (HLA) complex and 
antigen-processing machinery (APM), critical for ef-
fective antigen presentation and T-cell recognition.[47] 
Mutations in genes encoding components of the HLA 
complex and APM machinery, such as beta-2-micro-
globulin (B2M) and HSPA5, are prevalent in MSI-H 
CRCs, impairing tumor antigen presentation, hamper-
ing T-cell recognition, and enabling tumors to evade im-
mune detection and elimination.[48] Moreover, emerg-
ing evidence implicates the gut microbiota, particularly 
Fusobacterium nucleatum, in CRC pathogenesis and 
treatment response. F. nucleatum, frequently associated 

Table 2 Clinical features and prognosis of MSI-CRC

Feature MSI-CRC MSS-CRC

Demographic groups Females,  Varies
 Elderly
Tumor location Proximal colon Distal colon,
  Rectum
Histology Mucinous, Non-mucinous,   
 Poor differentiation Well-differentiated
Response to 5-FU treatment Favorable Variable
Response to immunotherapy Enhanced sensitivity Limited response
Prognosis Better overall prognosis Worse prognosis (advanced stages)

MSI: Microsatellite instability; CRC: Colorectal cancer; MSS: Microsatellite-stable
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with MSI-H CRCs, exerts profound effects on the TME 
and immune response. It can induce pro-inflammatory 
environments, foster immunosuppression, and inhibit 
T-cell activity, thereby promoting tumor progression 
and conferring resistance to immunotherapy.[49,50]

Therapeutic Landscape of MSI-CRC

Immunotherapy and Targeted Therapies for MSI-H 
CRC
Immunotherapy has emerged as a promising approach 
for the treatment of mismatch repair-deficient MSI-H 
colorectal cancer (CRC). Initial studies exploring im-
mune checkpoint inhibitors (ICIs) in CRC demonstrated 
limited clinical activity in unselected patients. However, 
subsequent investigations focusing on dMMR–MSI-H 
CRC revealed remarkable responses to PD-1 inhibitors. 
The CheckMate 142 trial investigated nivolumab, a PD-1 
inhibitor, in patients with dMMR–MSI-H metastatic 
CRC. The study reported an objective response rate of 
31% and a disease control rate of 69%, with promising 
progression-free survival (PFS) and overall survival 
outcomes.[51] In the phase II CheckMate 142 study, 
nivolumab plus low-dose ipilimumab as first-line ther-
apy for patients with dMMR–MSI-H metastatic colorec-
tal cancer (mCRC) demonstrated a 69% objective re-
sponse rate and an 84% disease control rate, with a 13% 
complete response rate. The treatment showed robust 
and durable clinical benefit, with a median progression-
free survival and median overall survival not reached 
at the median follow-up of 29.0 months. Additionally, 
74% of responders had ongoing responses at data cut-
off, and the treatment was well tolerated, with grade 3–4 
treatment-related adverse events occurring in 22% of 
patients.[52] Based on these promising results, further 
randomized studies are warranted.

Similarly, in the phase III KEYNOTE 177 trial, 
pembrolizumab, an anti-PD-1 antibody, demonstrated 
superiority over chemotherapy in first-line treatment 
of dMMR–MSI-H mCRC, with significantly improved 
PFS and OS. The trial highlighted a 45.1% objective 
response rate in the pembrolizumab arm compared to 
33.1% in the chemotherapy arm, leading to its approval 
as the new standard of care.[53]

Ongoing studies are evaluating PD-1 or PD-L1 in-
hibition in various settings, including first-line therapy, 
with the aim of further improving outcomes for patients 
with dMMR–MSI-H CRC. In another study, which 
aimed to evaluate the safety and efficacy of neoadju-
vant PD-1 blockade immunotherapy with sintilimab, 
another PD-1 inhibitor, for locally advanced dMMR–
MSI-H CRC, researchers focused on patients treated at 

the Sixth Affiliated Hospital of Sun Yat-sen University 
from June 2020 to June 2022, aiming to provide insights 
into the clinical and pathological responses to this 
treatment. By retrospectively analyzing the clinical data 
of 11 patients who received six injections of sintilimab 
before radical laparoscopic resection, the study sought 
to determine the pathological complete response (pCR) 
rates and the occurrence of immunotherapy-related 
adverse events. Their findings suggest that single-agent 
neoadjuvant PD-1 antibody immunotherapy could be 
a promising treatment approach for locally advanced 
dMMR–MSI-H CRC, warranting further validation in 
phase II and III clinical trials.[54]

In contrast, patients with proficient mismatch repair/
microsatellite stable (pMMR–MSI-L) CRC have not ben-
efited significantly from immunotherapy alone. Limited 
responses were observed in patients with pMMR–MSI-L 
CRC treated with immune checkpoint inhibitors.[55]

The study investigated in 2023 showed the efficacy 
of combining PD-1, BRAF, and MEK inhibitors in 
treating BRAFV600E-CRC, given the limited success 
of BRAF inhibitor combinations alone. Conducted as a 
single-arm phase II trial, 37 patients received the PD-1 
inhibitor spartalizumab and kinase inhibitors designed 
for BRAF V600E mutations, dabrafenib and trametinib. 
The primary endpoint, overall response rate (ORR), was 
met with a 24.3% response rate overall and 25% in MSS 
patients. Notably, MSI patients exhibited better and 
more durable responses, with approximately one-third 
showing responses lasting over a year. These results 
suggest that BRAF pathway inhibition may enhance the 
immune response in BRAFV600E CRC, particularly in 
MSI patients,[56] although further research is needed 
to optimize treatment strategies for this subtype.

FDA-Approved Treatments for MSI-H/MMR CRC 
Patients
Recognizing the immunological landscape within 
dMMR–MSI-H colorectal cancer tumors is crucial for 
therapeutic success. These tumors are characterized by 
elevated immune cell infiltration and upregulated im-
mune checkpoints such as PD-1, PD-L1, and CTLA4.
[55] This understanding has paved the way for the devel-
opment and FDA approval of pioneering immunother-
apy agents like pembrolizumab and nivolumab, signif-
icantly reshaping treatment paradigms and providing 
new hope for patients who were previously difficult to 
treat. Key trials such as KEYNOTE-177 and Check-
Mate-142 have demonstrated remarkable improvements 
in PFS and ORR with these agents, both as monother-
apy and in combination regimens.[51–53] Further-
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more, neoadjuvant immunotherapy approaches show 
promise for curative interventions in select cases, while 
ongoing research into tumor-specific antigens, DNA 
polymerase mutations (POLD1/POLE), and immune 
evasion mechanisms seeks to refine treatment selection 
and overcome resistance.[40,57–59] Biomarkers like 
tumor mutational burden (TMB), immunoscore, and 
PD-L1 expression are under scrutiny to tailor treatment 
decisions and predict response to immunotherapy. The 
identification of predictive markers and elucidation of 
underlying mechanisms are vital for optimizing patient 
outcomes in dMMR–MSI-H CRC.

Challenges and Future Directions in MSI-Tar-
geted Therapy
While the advent of FDA-approved treatments has 
propelled MSI-targeted therapy into the spotlight, sig-
nificant challenges persist, necessitating a multifaceted 
approach to optimize patient outcomes. One pressing 
concern is the heterogeneity within dMMR–MSI-H 
CRC, underscored by variations in treatment response 
and resistance mechanisms.[60] Despite promis-
ing clinical trial results, identifying robust predictive 
biomarkers remains elusive. BRAF status and PD-L1 
expression, once thought to hold predictive value, have 
shown inconsistent correlations, highlighting the com-
plex interplay of molecular factors influencing treat-
ment response.[61,62] Additionally, the clinical history 
of Lynch syndrome has emerged as a potential modi-
fier of treatment outcomes, emphasizing the need for 
comprehensive patient stratification strategies.[63]

The management of immune-related adverse events 
(IRAEs) poses another challenge, particularly in pa-
tients with pre-existing autoimmune disorders. While 
immunotherapy offers unprecedented therapeutic po-
tential, the risk of exacerbating autoimmune condi-
tions necessitates vigilant monitoring and a multidis-
ciplinary approach to IRAE management.[64] Looking 
ahead, elucidating alternative actionable genes and 
exploring combination therapies represent promising 
avenues for enhancing treatment efficacy and over-
coming resistance. Molecular profiling, coupled with 
advances in gut microbiome modulation, holds po-
tential for refining patient stratification and optimiz-
ing treatment selection in dMMR–MSI-H CRC.[65] 
Moreover, neoadjuvant immunotherapy strategies 
offer the possibility of curative interventions in select 
cases, highlighting the evolving landscape of MSI-tar-
geted therapy beyond conventional approaches.[40] 
Harnessing the synergy between immunotherapy and 
other treatment modalities, such as targeted therapies 

and chemotherapy, presents an opportunity for per-
sonalized treatment regimens tailored to individual pa-
tient profiles. As research continues to unravel the in-
tricacies of MSI-targeted therapy, collaboration across 
disciplines and innovative trial designs will be crucial 
for translating scientific insights into clinical practice.

Potential Strategies to Enhance Immunother-
apy Efficacy in MSI-CRC
To augment the efficacy of immunotherapy in MSI-H 
CRCs, several innovative strategies have been proposed:
• Targeting Immune Evasion Mechanisms: Thera-

peutic interventions aimed at restoring HLA ex-
pression or enhancing antigen presentation hold 
promise for improving T-cell recognition and re-
sponse to immunotherapy.[66]

• Modulating the Gut Microbiota: Interventions tar-
geting specific microbial populations, such as F. 
nucleatum, have the potential to enhance treatment 
response by reshaping the TME and fostering anti-
tumor immune responses.[67]

• Combination Therapies: Combinations of check-
point inhibitors with agents targeting alternate im-
mune checkpoints or pathways involved in immune 
evasion could synergistically overcome resistance 
mechanisms and bolster anti-tumor immunity.[68]

• Patient Stratification: Precision medicine ap-
proaches, including subtyping CRCs based on their 
genetic characteristics and immune landscape, may 
enable the identification of patients most likely to 
benefit from immunotherapy, guiding personalized 
treatment strategies for optimal outcomes.[69]

Recent Insights into Genetic Factors

Werner Syndrome Helicase as a Synthetic Lethal 
Target in MSI-CRC
Recent studies have broadened our knowledge of the 
genetic factors involved in the development of micro-
satellite instability (MSI) in CRC, in addition to well-es-
tablished mechanisms such as DNA slippage and dys-
function in the MMR system. Among these factors, the 
WRN gene, encoding the Werner syndrome ATP-de-
pendent helicase, has emerged as a significant player.
[70] WRN, a multifunctional enzyme with helicase 
and exonuclease activities, plays essential roles in mul-
tiple cellular processes vital for genome stability, such 
as DNA replication, transcription, DNA repair, and 
telomere maintenance. Depletion of WRN leads to cell 
cycle arrest, DNA damage, mitotic anomalies, chromo-
some fragmentation, and apoptosis. The frequent loss 
of heterozygosity at the WRN loci on chromosome 
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8p11.2-p12 in various cancers underscores its function 
as a tumor suppressor gene.[71,72]

This factor is a synthetic lethal target in microsatellite 
unstable cancers. Synthetic lethality is a phenomenon 
where the simultaneous occurrence of two genetic events 
results in cell death, whereas each event alone does not 
have this effect.[73] WRN deficiency has been associat-
ed with the promotion of MSI-H phenotypes, exacerbat-
ing replication stress and DNA damage, particularly in 
cells already harboring MMR defects.[74] The concept 
of synthetic lethality in MSI-H CRC has gained traction, 
with emerging experimental data highlighting a synthet-
ic lethal phenomenon driven by expansion mutations in 
numerous (TA)n dinucleotide repeats. The elongation of 
(TA)n repeats increases the likelihood of secondary DNA 
structure formation, requiring WRN intervention for 
resolution. However, in the absence of functional WRN 
helicase activity, these unresolved DNA structures im-
pede the progression of DNA replication forks, resulting 
in substantial DNA damage (Fig. 2).[75]

In another investigation, it was discovered that 
WRN loss in MMR-deficient cells triggers DNA dou-
ble-strand breaks (DSBs), leading to the activation 
of ATM and CHK2 signaling kinases. This activation 
induces the tumor suppressor p53 and the pro-apop-
totic protein PUMA, thereby promoting mitochon-
dria-mediated apoptosis. The study identifies PUMA 
as a crucial mediator of apoptosis following WRN 
loss. Specifically, inhibition of WRN results in the 
activation of PUMA, which is essential for inducing 
cell death in MMR-deficient CRC cells.[76] More-
over, in MMR-deficient cells, the genome relies more 
on alternative DNA repair mechanisms to avoid 
exceeding the tolerable mutation threshold, which 
would otherwise lead to cell death. Consequently, 
any loss of function in the WRN gene disrupts these 
compensatory repair mechanisms, such as homolo-
gous recombination (HR) and non-homologous end 
joining (NHEJ), ultimately causing programmed cell 
death in the cancerous cell.[77]

Fig. 2. The WRN RECQL helicase influences the choice of double-strand break (DSB) repair pathways. WRN is essential 
for promoting canonical nonhomologous end joining (c-NHEJ) and inhibiting alternative NHEJ (alt-NHEJ). In 
homologous recombination repair (HRR), WRN is vital for late-stage DSB resection and for CHK1-driven RAD51 
loading. When WRN is absent, control shifts to p38-MAPK-mediated RAD51 loading during HRR in cancer cells. 
Key terms: DSB (double-strand break), SSB (single-strand break), NHEJ (nonhomologous end joining), alt-NHEJ 
(alternative NHEJ), HRR (homologous recombination repair), CHK (checkpoint kinase 1), RAD51 (DNA repair 
protein RAD51 homolog 1), MRE (meiotic recombination 11), CTIP (CtBP-interacting protein), ATM (ataxia-
telangiectasia mutated), and ATR (ataxia-telangiectasia and Rad3-related).
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The discovery of WRN's role in MSI-H cancers has 
opened exciting avenues for targeted therapy. Research-
ers are developing specific WRN inhibitors and em-
ploying gene-editing techniques such as CRISPR-Cas9 
to selectively kill MSI-H cancer cells while leaving 
healthy cells unharmed.[78–80] Understanding the 
interplay between WRN and MSI-H in CRC provides 
valuable insights into potential therapeutic targets and 
strategies for personalized treatment approaches.

CONCLUSION

The multifaceted landscape of microsatellite instability 
(MSI) in colorectal cancer (CRC) presents a rich tapes-
try of clinical implications, therapeutic opportunities, 
and challenges. Through this comprehensive review, 
we have explored the clinical features and prognostic 
significance of MSI CRCs, delved into the intricate 
mechanisms underlying immune interactions within 
the tumor microenvironment, and discussed the evolv-
ing therapeutic landscape of MSI-targeted therapy.

MSI CRCs exhibit distinct clinical behaviors and re-
sponses to treatment, driven by their unique molecular 
characteristics and immune microenvironment. MSI-H 
tumors demonstrate heightened immune infiltration and 
favorable responses to immunotherapy. However, chal-
lenges such as tumor heterogeneity and immune evasion 
mechanisms underscore the need for precision medicine 
approaches and innovative therapeutic strategies.

The advent of immunotherapy, particularly im-
mune checkpoint inhibitors, has revolutionized the 
treatment paradigm for MSI-H CRCs, offering new-
found hope and improved outcomes for patients pre-
viously considered therapeutically challenging. FDA-
approved agents like pembrolizumab and nivolumab 
have reshaped clinical practice, with ongoing research 
exploring novel combinations and neoadjuvant ap-
proaches to further enhance treatment efficacy.

Significant challenges remain, including the hetero-
geneity within MSI-H CRCs, the complexity of immune 
evasion mechanisms, and the management of immune-
related adverse events. Addressing these challenges will 
require collaborative efforts across disciplines, innova-
tive trial designs, and the integration of emerging tech-
nologies and biomarkers into clinical practice.

As we navigate the complexities of MSI CRCs, fueled 
by advancements in understanding tumor biology and 
immunology, the future holds promise for personalized 
and precise therapeutic interventions tailored to individ-
ual patient profiles. By unraveling the intricacies of im-

mune interactions in the TME and leveraging the power 
of targeted therapy, we can strive toward improved out-
comes and a paradigm shift in CRC management.

In essence, the journey towards optimizing 
MSI-targeted therapy is multifaceted. However, with 
collaboration and innovation, we can continue to push 
the boundaries of possibility, reshaping the standard of 
care and improving the lives of patients affected by col-
orectal cancer.
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