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Patients with ulcerative colitis (UC) have an increased risk of developing colorectal

cancer through inflammation-driven carcinogenesis distinct from sporadic

disease. Although the relative risk remains elevated, contemporary population-

based studies indicate a substantial decline in absolute incidence, likely reflecting

improved disease control, biologic therapies and structured surveillance

colonoscopy. This review synthesizes current evidence on the epidemiology

and determinants of colitis-associated colorectal cancer (CAC), highlighting key

risk modifiers such as disease extent and duration, persistent inflammation, family

history, and primary sclerosing cholangitis. We further summarize advances in

understanding the molecular and immunologic mechanisms underlying CAC,

including genomic instability, immune dysregulation, oxidative stress,

microbiome alterations, and tumor microenvironment remodeling. Emerging

molecular and histologic biomarkers that may enhance risk stratification and

guide precision surveillance are discussed. In addition, contemporary surveillance

approaches and evolving chemoprevention strategies are critically evaluated.

Collectively, this review outlines current challenges and future directions for

individualized CRC prevention in patients with UC.

KEYWORDS
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1 Introduction

Ulcerative colitis (UC) is a chronic, relapsing inflammatory bowel disease (IBD)

characterized by continuous mucosal inflammation of the colon, beginning in the rectum

and extending proximally to a variable extent (1). Beyond its substantial impact on health,

UC is associated with an increased risk of colorectal cancer (CRC), a complication that has

long represented one of the most feared long-term outcomes of the disease (2). Colitis-

associated colorectal cancer (CAC) differs biologically, clinically, and epidemiologically

from sporadic CRC, arising in the context of chronic inflammation and following a distinct

carcinogenic pathway. Consequently, prevention and early detection of CRC have become

central objectives in the long-term management of UC (3). The high cumulative CRC risks

in UC, approaching 18% after 30 years of disease duration (4). The earlier diagnosis,

improved disease control, widespread use of immunomodulators and biologic therapies and
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the implementation of structured surveillance colonoscopy

programs have contributed to a substantial decline in the absolute

risk of CRC among patients with UC (5). Despite these

improvements, the risk of CRC in UC remains higher than in the

general population, underscoring the continued need for effective

prevention and surveillance strategies (6).

The relationship between UC and CRC is complex and

heterogeneous. Cancer risk is not uniform across all patients but is

influenced by multiple disease-related, host-related and

environmental factors (7). Disease extent and duration remain

among the most important determinants with extensive and long-

standing colitis conferring the highest risk. Coexisting primary

sclerosing cholangitis (PSC) represents a particularly high-risk

phenotype and is often associated with earlier onset, right-sided

predominance and more aggressive neoplasia (8). Additional

modifiers include age at UC diagnosis, family history of CRC,

severity and persistence of inflammation and possibly sex and

lifestyle factors (8). Recognition of this heterogeneity has led to a

shift away from uniform surveillance approaches toward

individualized risk stratification and tailored monitoring strategies (9).

At the mechanistic level, CAC develops through an

inflammation-dysplasia-carcinoma sequence that differs from the

classical adenoma-carcinoma pathway observed in sporadic CRC

(10). Chronic mucosal inflammation promotes repeated cycles of

epithelial injury and regeneration, contributing to genomic

instability, epigenetic alterations and field cancerization across

extensive segments of the colon (11). Dysplasia in UC is

frequently flat, multifocal and endoscopically subtle which

presents considerable challenges for detection during routine

endoscopic evaluation (11, 12). At the molecular level, early

alterations in tumor suppressor genes such as TP53 along with

immune dysregulation, oxidative stress, microbiota dysbiosis and

remodeling of the tumor microenvironment contribute to

accelerated carcinogenesis (12). Improved understanding of these

mechanisms is essential for developing more effective surveillance

strategies and identifying potential biomarkers and therapeutic

targets (13).

Surveillance colonoscopy remains the cornerstone of CRC

prevention in UC. Advances in endoscopic imaging technologies,

particularly high-definition colonoscopy and dye-based or virtual

chromoendoscopy have significantly improved dysplasia detection

rates (13). Current international guidelines increasingly

recommend risk-adapted surveillance intervals based on

individual patient characteristics rather than fixed schedules (13).

Nevertheless, several challenges remain in real-world clinical

practice including variability in access to specialized expertise,

inconsistent adherence to surveillance recommendations,

interobserver variability in dysplasia interpretation, and

uncertainty regarding the optimal management of detected

lesions (14).

In parallel, increasing attention has been directed toward

chemoprevention as an adjunct to surveillance (13). Several

conventional UC therapies, particularly 5-aminosalicylates,

immunomodulators and biologics may reduce CRC risk indirectly

by maintaining sustained control of intestinal inflammation (15).

Other potential chemopreventive agents including statins,
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ursodeoxycholic acid and dietary or microbiota-targeted

interventions are also being investigated, although current

evidence remains heterogeneous (16). Balancing potential benefits

with safety considerations, cost and long-term adherence remains

an important challenge in clinical practice (16).

This review provides a comprehensive and contemporary

overview of colorectal cancer in patients with UC. The authors

summarize current evidence on epidemiology and risk

stratification, examine the molecular and immunologic

mechanisms underlying CAC and evaluate emerging biomarkers

that may improve early detection and risk prediction. In addition,

the review critically discusses modern surveillance approaches and

evolving chemoprevention strategies.
2 Epidemiology and risk stratification

Ulcerative colitis (UC) elevates colorectal cancer (CRC) risk

compared to the general population, though absolute risks have

declined in the biologic’s era. Recent meta-analyses report a pooled

CRC incidence rate is1.47 cases per 1000 person-years, standardized

incidence ratio (SIR) is 2.48 per 1000 person-years and prevalence

of 1.70% among UC patients (17). Cumulative risks remain low:

approximately 1-2% at 10 years, 3-5% at 20 years, and 7% at 30

years post-diagnosis, far below historical estimates of 18% at 30

years (5, 17) (Figure 1).

This decline reflects widespread maintenance therapies,

surveillance colonoscopy and treat-to-target strategies with SIRs

dropping to 1.0-2.75 in recent cohorts. Compared with left-sided

colitis, extensive colitis is associated with an approximately

threefold higher risk of CAC (SIR 3.95, 95% CI 2.56–6.09), while

PSC confers a 4.8-fold increase in risk. Family history of CRC

independently increases susceptibility, irrespective of IBD extent.

Age at UC diagnosis strongly predicts outcomes: patients over 70

years face 15-fold higher CRC hazard than those under 40. Sex

differences are minimal (SIR ~2.1-2.2 for both), though some data

suggest slightly higher male risk (4, 18–20).
3 Pathogenesis: from chronic
inflammation to carcinoma

Chronic inflammation in UC fuels CAC via a unique

inflammation dysplasia carcinoma sequence bypassing the

adenoma precursor typical of sporadic CRC. Repeated mucosal

injury promotes field cancerization, genetic/epigenetic instability,

immune dysregulation and microenvironmental remodeling which

accelerate transformation (21, 22).

3.1 Inflammation-dysplasia-carcinoma
sequence

Chronic inflammation in UC establishes the CAC pathway,

fundamentally differing from sporadic CRC’s adenoma-carcinoma
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sequence. Sporadic CRC begins with APC-mutated adenomas

progressing slowly via chromosomal instability or microsatellite

instability; CAC skips adenomas, following a rapid inflammation-

dysplasia-carcinoma model driven by mucosal injury (10, 21).

Repeated cycles of epithelial damage and repair create “field

cancerization,” where broad inflamed regions accumulate

mutations, fostering multifocal, flat dysplasia. Aneuploidy appears

early in non-dysplastic mucosa, predicting dysplasia risk, with

clonal expansion under inflammatory pressure. Progression

advances from indefinite dysplasia (reactive changes) to low-grade

dysplasia (LGD), high-grade dysplasia (HGD), and invasive

carcinoma. LGD confers ~4-15% 5-year CRC risk; HGD nears

50% (10, 22, 23).

Key drivers include reactive oxygen/nitrogen species causing

DNA adducts, defective repair, and p53 stabilization early (50% in

dysplasia vs. late in sporadic CRC). Inflammation sustains

proliferation via cytokines, selects apoptosis-resistant clones, and

impairs immune surveillance. CAC lesions arise proximally,

younger (median 45–50 years), and synchronously, complicating

detection (18, 21).

3.2 Genetic and epigenetic alterations

Genetic and epigenetic instability is a central feature of CAC.

Unlike sporadic CRC, where APC mutations are early initiating

events, CAC is characterized by early and frequent alterations in

TP53, often detectable in non-dysplastic mucosa (24). TP53

mutations confer resistance to apoptosis and promote clonal

survival under inflammatory stress. In contrast, APC alterations
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typically occur later in CAC progression highlighting fundamental

differences in tumor initiation (25).

Chronic inflammation accelerates the accumulation of somatic

mutations through increased epithelial turnover and impaired DNA

repair mechanisms (26). Copy number alterations, chromosomal

instability and aneuploidy are common and may precede histologic

dysplasia (26). Epigenetic changes, including DNA methylation

abnormalities and histone modifications further contribute to

gene silencing and oncogenic activation (27). Hypermethylation

of tumor suppressor genes and dysregulation of non-coding RNAs

such as microRNAs, modulate pathways involved in cell cycle

control, immune signaling and barrier integrity (28). Together,

these genetic and epigenetic alterations create a permissive

landscape for malignant transformation and offer potential

avenues for biomarker development (29).

3.3 Inflammatory and immune pathways

Persistent immune activation is a key driver of carcinogenesis in

UC. Proinflammatory cytokines such as tumor necrosis factor

(TNF), interleukin-6 (IL-6), IL-1b and IL-23 sustain epithelial

proliferation, inhibit apoptosis and promote angiogenesis (30).

Activation of transcription factors including NF-kB and STAT3

links inflammation directly to oncogenic signaling by upregulating

genes involved in survival, proliferation and invasion (31).

The adaptive immune response also plays a dual role.

While immune surveillance can eliminate transformed cells,

chronic inflammation promotes immune exhaustion and

tolerance allowing dysplastic clones to escape detection (32).
FIGURE 1

Epidemiology and risk stratification in UC and CRC.
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Regulatory T cells, myeloid-derived suppressor cells and

alternatively activated macrophages (M2 macrophages) contribute

to an immunosuppressive tumor microenvironment (32).

Moreover, long-standing inflammation disrupts antigen

presentation and cytotoxic T-cell function further facilitating

tumor progression (33). These insights provide a mechanistic

rationale for the observed association between cumulative

inflammatory burden and CRC risk and help explain the

protective effect of sustained mucosal healing (34).

3.4 Oxidative stress, barrier dysfunction
and microenvironment

Oxidative and nitrosative stress represents a critical link

between inflammation and DNA damage in CAC. Activated

neutrophils and macrophages generate reactive oxygen and

nitrogen species that induce DNA adducts, base modifications

and strand breaks (35). In the setting of defective repair, these

insults lead to mutational accumulation and chromosomal

instability. Oxidative stress also alters signaling pathways

governing cell proliferation and apoptosis, reinforcing

carcinogenic processes (36).

Concomitantly, chronic inflammation disrupts epithelial

barrier integrity. Loss of tight junction proteins and mucus layer

depletion increase intestinal permeability, amplifying exposure to

luminal antigens and microbial products (37). This perpetuates

inflammation and fosters microbiota-driven genotoxicity. The
Frontiers in Oncology 04
tumor microenvironment in CAC is further shaped by stromal

fibroblasts, endothelial cells and extracellular matrix remodeling

which collectively support angiogenesis, invasion, and metastatic

potential (38).

CAC emerges from the convergence of chronic inflammation,

genetic and epigenetic instability, immune dysregulation, oxidative

stress and microenvironmental remodeling (39). Understanding

these interrelated mechanisms is essential for refining risk

stratification, improving surveillance and identifying novel targets

for chemoprevention and precision medicine in ulcerative colitis

(5, 39).
4 Role of the intestinal microbiota

The intestinal microbiota plays a central role in maintaining

colonic homeostasis and has emerged as a critical modulator of

inflammation and carcinogenesis in UC (40). The role of

microbiota in UC is represented in Figure 2.

The healthy colon harbors a diverse and metabolically

active microbial ecosystem that contributes to epithelial barrier

integrity, immune tolerance and nutrient metabolism (40). In UC,

this balanced ecosystem is disrupted, leading to dysbiosis

characterized by reduced microbial diversity, loss of beneficial

commensals and expansion of potentially pathogenic species (41).

Growing evidence indicates that microbiota alterations not only
FIGURE 2

Role of microbial dysbiosis in the progression from ulcerative colitis to colorectal cancer. This schematic illustration summarizes the proposed
mechanisms linking gut microbiota alterations to carcinogenesis in UC. In healthy individuals, the intestinal microbiota is characterized by high
bacterial diversity, predominance of beneficial commensal bacteria and preservation of epithelial barrier integrity. In UC, microbial dysbiosis is
marked by reduced microbial diversity, depletion of protective commensals and expansion of pathogenic bacteria which contribute to chronic
mucosal inflammation. Dysbiosis may promote carcinogenesis through multiple mechanisms including genotoxic effects, activation of pro-
inflammatory immune responses, oxidative stress and disruption of epithelial barrier function, ultimately facilitating the development of CAC.
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perpetuate chronic inflammation but also directly contribute to the

development of CAC through genotoxic, immunologic and

metabolic mechanisms (40, 41).

4.1 Dysbiosis in UC and CAC

Patients with UC consistently exhibit a reduction in overall

microbial diversity with a depletion of Firmicutes particularly short-

chain fatty acid (SCFA) producing taxa such as Faecalibacterium

prausnitzii and Roseburia species and an enrichment of

Proteobacteria and Actinobacteria (42). This dysbiotic signature is

more pronounced in patients with long standing disease and those

who develop dysplasia or CRC (42). Importantly, dysbiosis in UC is

not merely a consequence of inflammation but also an active driver

of disease chronicity and carcinogenesis (43).

In CAC, microbial communities show distinct compositional

and functional changes compared with both healthy controls and

sporadic CRC. Studies have demonstrated enrichment of bacteria

with pro-inflammatory or genotoxic properties, suggesting a

microbiota-driven “oncogenic niche” (44). These alterations may

occur early, preceding histologic dysplasia and can extend across

large areas of inflamed mucosa, reinforcing the concept of field

cancerization (44).

4.2 Microbial induced genotoxicity

One of the most compelling links between the microbiota and

CAC is the capacity of certain bacteria to directly induce DNA

damage (45). Several microbial species harbor virulence factors or

metabolic pathways that generate genotoxins which can promote

mutagenesis in colonic epithelial cells (45). For example, E. coli

strains carrying the polyketide synthase (pks) island produce

colibactin (46). These pks+ E. coli strains are enriched in inflamed

mucosa and have been implicated in both sporadic CRC and CAC

(47). Recent mechanistic studies have demonstrated that colibactin

produced by pks+ E. coli induces DNA interstrand crosslinks and

double-strand breaks, generating distinct mutational signatures that

have been identified in a subset of colorectal cancers, thereby

providing direct molecular evidence linking bacterial genotoxicity

to tumorigenesis (48, 49). Recent work also highlights regulatory

pathways influencing colibactin activity and potential strategies to

mitigate its genotoxic effects in the intestinal environment (50, 51).

Other microbes contribute indirectly to genotoxic stress by

generating reactive oxygen and nitrogen species or by stimulating

host immune cells to do so (52). In the inflamed UC colon, activated

neutrophils and macrophages release reactive intermediates in

response to microbial stimuli, amplifying oxidative DNA damage

(52). Repeated exposure to these insults, coupled with impaired

DNA repair in chronically inflamed epithelium, accelerates the

accumulation of oncogenic mutations (52).

4.3 Microbiota-immune interactions and
chronic inflammation

The intestinal microbiota exerts profound effects on mucosal

immunity shaping both innate and adaptive immune responses
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(53). In UC, dysbiosis disrupts immune tolerance and promotes

sustained inflammatory signaling a key driver of CAC (54). Pattern

recognition receptors, such as Toll-like receptors (TLRs) and

nucleotide-binding oligomerization domain (NOD)-like receptors

detect microbial-associated molecular patterns and activate

downstream pathways including NF-kB and inflammasomes (55).

Persistent activation of these pathways leads to chronic cytokine

production, epithelial proliferation and resistance to apoptosis (55).

Specific microbial taxa have been shown to skew immune

responses toward pro-tumorigenic phenotypes (56). For instance,

enrichment of Fusobacterium nucleatum has been associated with

increased expression of inflammatory cytokines, recruitment of

myeloid-derived suppressor cells and suppression of cytotoxic T-

cell activity (56). Although F. nucleatum is best studied in sporadic

CRC, emerging evidence suggests a similar role in CAC, particularly

in advanced lesions (57). Conversely, loss of anti-inflammatory

commensals reduces regulatory T-cell induction and SCFA-

mediated immune regulation, further tipping the balance toward

carcinogenic inflammation (58).

4.4 Microbial metabolites and
carcinogenesis

Beyond microbial composition, functional alterations in

microbial metabolism are increasingly recognized as key

determinants of CAC risk (59). SCFAs, particularly butyrate, play

a protective role by serving as an energy source for colonocytes,

reinforcing epithelial barrier function and exerting anti-

inflammatory and anti-proliferative effects (59). Butyrate also acts

as a histone deacetylase inhibitor, influencing gene expression and

promoting apoptosis of transformed cells (60). In UC, depletion of

butyrate-producing bacteria leads to reduced SCFA availability and

weakening these protective mechanisms (59, 60).

In contrast, dysbiotic microbiota may produce metabolites that

promote carcinogenesis. Secondary bile acids such as deoxycholic

acid, can induce oxidative stress, DNA damage and pro-

inflammatory signaling (61). Patients with UC, particularly those

with concomitant PSC exhibit altered bile acid pools that interact

with the microbiota to enhance epithelial injury and tumorigenesis

(62). Additional microbial metabolites, including hydrogen sulfide

and polyamines can impair mitochondrial function, disrupt DNA

integrity and stimulate epithelial proliferation (63).

4.5 Barrier dysfunction and microbial
translocation

Intestinal barrier dysfunction is both a cause and consequence

of microbiota alterations in UC. Chronic inflammation leads to

disruption of tight junctions, mucus layer thinning and goblet cell

depletion allowing increased microbial contact with the epithelium

(64). This enhanced exposure facilitates bacterial translocation and

amplifies immune activation creating a self-reinforcing cycle of

inflammation and dysbiosis (65).

Barrier defects also enable microbial products such as

lipopolysaccharide and flagellin, to penetrate the lamina propria

and activate oncogenic signaling pathways (66). In experimental
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models, increased microbial translocation accelerates dysplasia and

carcinoma development, whereas barrier restoration mitigates

tumor risk (66). These findings underscore the importance of

epi thel ia l integr i ty in modulat ing microbiota-driven

carcinogenesis (67).

4.6 Interactions with host genetics and
epigenetics

The impact of the microbiota on CAC is modulated by host

genetic and epigenetic factors (68). Variants in genes involved in

microbial sensing, autophagy and barrier function influence

susceptibility to dysbiosis and inflammation-driven cancer (68).

Conversely, microbial metabolites can shape the host epigenome

through DNA methylation and histone modification, thereby

altering gene expression programs relevant to carcinogenesis (70).

This bidirectional interaction highlights the microbiota as an

interface between environmental exposures and host biology in

UC associated CRC (69).

4.7 Therapeutic and preventive
implications

Recognition of the microbiota’s role in CAC has important

clinical implications (71). Effective control of mucosal inflammation

through medical therapy indirectly restores microbial balance and

reduces cancer risk (71). Emerging strategies aimed at directly

modulating the microbiota including dietary interventions,

probiotics, prebiotics, postbiotics and fecal microbiota

transplantation are being actively investigated, although robust

evidence for CRC prevention in UC remains limited (72).

Certain medications used in UC may exert chemopreventive

effects partly through microbiota modulation. For example, 5-

aminosalicylates and biologics can reduce pro-inflammatory

microbial signatures by inducing mucosal healing (73).

Ursodeoxycholic acid, particularly in UC with PSC alters bile acid

microbiota interactions and has been associated with reduced

dysplasia risk in some studies (73, 74).
5 Molecular and histologic biomarkers

Accurate risk stratification and early detection of CAC remain

major challenges in UC given the often flat, multifocal and

inflammation-masked nature of dysplasia (75). While surveillance

colonoscopy is the cornerstone of prevention, there is growing

recognition that histologic and molecular biomarkers can

complement endoscopic assessment by identifying patients at

heightened cancer risk, predicting progression and guiding

personalized surveillance and chemoprevention strategies (76).

5.1 Histologic biomarkers

The presence and grade of dysplasia are the strongest predictors

of CRC risk. LGD is associated with a substantially increased risk of

progression to HGD or CRC, particularly when lesions are non-
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polypoid, multifocal, or invisible endoscopically (77). HGD carries a

high likelihood of synchronous or imminent carcinoma and often

warrants colectomy (77).

Recent international consensus statements and updated

guideline discussions have also emphasized the importance of

recognizing nonconventional dysplasia in inflammatory bowel

disease-associated neoplasia (78). These morphologic subtypes

including hypermucinous, crypt cell, goblet cell deficient and

serrated-like dysplasia may be underrecognized but are

increasingly considered clinically relevant due to their potential

association with neoplastic progression and diagnostic challenges in

routine pathology practice (78, 79). Updated guidance aligned with

recent SCENIC recommendations highlights the need for careful

histologic evaluation and multidisciplinary correlation when these

patterns are identified during surveillance (78, 79).

Beyond overt dysplasia, chronic inflammatory burden itself is a

powerful histologic biomarker. Multiple cohort studies have

demonstrated that cumulative histologic inflammation assessed

across serial biopsies over time is independently associated with

CRC risk, even after adjustment for disease duration and extent

(80). Persistent neutrophilic activity, basal plasmacytosis, crypt

architectural distortion and ulceration reflect ongoing epithelial

injury and regenerative stress that promote carcinogenesis (80).

Consequently, histologic remission is increasingly recognized as a

meaningful therapeutic target with potential chemopreventive

implications (77, 80).

Additional histologic features, such as mucin depletion, Paneth

cell metaplasia in the distal colon and epithelial aneuploidy detected

by flow cytometry or image analysis, have been linked to neoplastic

risk (81). Aneuploidy can be detected in non-dysplastic mucosa and

may precede visible dysplasia, making it an attractive early warning

marker, although its use remains largely confined to research

settings (82).

5.2 Molecular biomarkers

Molecular alterations precede histologic dysplasia in CAC

offering opportunities for earlier risk prediction (83). Among

genetic biomarkers, TP53 mutations are the most consistently

identified and clinically relevant (84). Unlike sporadic CRC,

where TP53 alterations occur late, TP53 mutations and protein

overexpression can be detected in non-dysplastic or inflamed

mucosa in UC and are strongly associated with progression to

dysplasia and carcinoma. Immunohistochemical staining for p53 is

widely available and increasingly used as an adjunct in dysplasia

assessment (84).

Chromosomal instability and copy number alterations represent

additional molecular hallmarks of CAC. Detection of DNA

aneuploidy, loss of heterozygosity and broad copy number changes

correlates with future neoplasia risk (85). Advances in next-

generation sequencing (NGS) have enabled more comprehensive

mutational profiling, revealing early involvement of genes related to

cell cycle control, DNA repair, and immune signaling (85).

Epigenetic biomarkers are also gaining prominence. Aberrant

DNA methylation patterns, including hypermethylation of tumor

suppressor genes and global hypomethylation, accumulate with
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disease duration and inflammatory burden (86). Panels of

methylated genes detectable in tissue or stool samples have shown

promise for identifying high-risk patients, although standardization

and validation are ongoing (87). Dysregulated microRNAs further

contribute to carcinogenesis by modulating inflammatory and

oncogenic pathways and may serve as minimally invasive

biomarkers (87).

5.3 Emerging multimodal and non-invasive
biomarkers

Recent efforts have focused on integrating molecular biomarkers

with histology, endoscopy and clinical features to improve predictive

accuracy (88). Stool-based biomarkers, including methylated DNA,

microbial signatures and inflammatory mediators offer a non-

invasive approach to risk assessment and surveillance augmentation

(89). Similarly, transcriptomic and proteomic profiling of mucosal

biopsies may identify high-risk inflammatory states even in the

absence of dysplasia (88, 89).

Despite their promise, most molecular biomarkers are not yet

ready for routine clinical use due to cost, technical complexity and

limited prospective validation. However, rapid advances in

sequencing technologies and bioinformatics are likely to

accelerate their translation into practice (90).

5.4 Clinical implications

The incorporation of histologic and molecular biomarkers into

clinical decision-making has the potential to transform CRC

prevention in UC (91). Biomarker-informed risk stratification

could identify patients who benefit from intensified surveillance

or early surgery, while sparing low-risk individuals from
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unnecessary procedures (91). Ultimately, combining biomarkers

with precision endoscopy and effective inflammation control may

enable a more personalized and proactive approach to CAC

prevention (91). The key histologic and molecular biomarkers in

CAC are represented in Table 1.
6 Surveillance strategies in ulcerative
colitis

Surveillance for CRC is a cornerstone of long-term

management in UC aiming to detect dysplasia at an early, curable

stage and thereby reduce CRC-related morbidity and mortality (22).

Owing to the unique biology of CAC characterized by flat,

multifocal and inflammation associated lesions surveillance

strategies in UC differ substantially from those applied to the

general population (22). Advances in endoscopic technology and

a growing emphasis on individualized risk stratification have

reshaped contemporary surveillance paradigms (22).

6.1 Contemporary surveillance techniques

High quality colonoscopy is the foundation of CRC surveillance

in UC. Key procedural elements include excellent bowel

preparation, careful inspection during withdrawal and biopsies

obtained under conditions of quiescent disease whenever possible

(101). High-definition white-light endoscopy (HD-WLE) has

largely replaced standard-definition colonoscopy and significantly

improves mucosal visualization and dysplasia detection (101).

Dye-based chromoendoscopy (CE) using topical application of

indigo carmine or methylene blue is now considered the preferred
TABLE 1 Key histologic and molecular biomarkers in CAC cancer.

Biomarker
category

Specific
marker

Clinical significance
Current
clinical
use

References

Histologic LGD
Moderate-high risk of progression to HGD or CRC; risk higher when lesions are non-
polypoid, multifocal, or endoscopically invisible

Routine
pathology

(92)

Histologic HGD
Very high risk of synchronous or imminent CRC; often indicates need for colectomy or
advanced endoscopic management

Routine
pathology

(93)

Histologic
Cumulative
inflammatory
burden

Independent predictor of CRC risk; persistent moderate-severe histologic inflammation
across surveillance biopsies associated with increased long-term neoplasia risk

Increasingly
recognized

(94)

Histologic Aneuploidy
Early marker of genomic instability; may precede visible dysplasia and indicate increased
neoplastic potential

Research/
limited use

(95)

Genetic
TP53 mutation/
p53 overexpression

Early molecular alteration in CAC; associated with dysplasia progression and field
cancerization

Adjunctive
pathology

(96)

Genetic
Copy number
alterations

Reflect chromosomal instability and clonal expansion associated with dysplasia
progression

– (97)

Epigenetic
DNA methylation
panels

Potential early detection and risk stratification biomarker; may identify high-risk mucosa
before morphologic dysplasia

Emerging (98)

Epigenetic
MicroRNA
dysregulation

Regulates inflammatory and oncogenic signaling pathways linked to CAC development Research (99)

Non-invasive
Stool DNA/
microbial markers

Potential non-invasive adjunct for detecting neoplastic or dysplastic changes during
surveillance

Investigational (100)
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surveillance technique by many international guidelines (102). CE

enhances visualization of subtle mucosal abnormalities and

improves detection of flat and non-polypoid dysplasia, which are

common in UC (103). Randomized trials and meta-analyses have

demonstrated superior dysplasia detection rates with CE compared

with conventional white-light endoscopy particularly in

experienced hands (103). As a result, targeted biopsies of visually

abnormal areas during CE have largely supplanted the historical

practice of extensive random biopsies (102, 103).

Virtual chromoendoscopy techniques including narrow-band

imaging (NBI), i-scan, and blue light imaging offer an alternative to

dye-based methods (104). These technologies enhance mucosal and

vascular patterns without the need for dye application reducing

procedure time and increasing practicality (105). While early

studies suggested inferior performance compared with dye-based

CE, more recent data using high-definition platforms indicate

comparable dysplasia detection rates, leading some guidelines to

endorse virtual chromoendoscopy as an acceptable alternative when

dye-based CE is unavailable (105).

Targeted biopsies of visible lesions are now favored over

random sampling in most surveillance settings (104, 106).

Random biopsies may still have a role in selected high-risk

populations such as patients with PSC or those with a history of

invisible dysplasia, where lesions may be particularly subtle or

multifocal (106). Endoscopic resection of well-demarcated

dysplastic lesions is increasingly feasible, provided complete

excision can be achieved and surrounding mucosa is carefully

assessed (106).

6.2 Risk-adapted surveillance intervals and
practical challenges

Contemporary surveillance guidelines advocate a risk-adapted

approach to colonoscopy intervals reflecting the heterogeneity of

CRC risk among UC patients (107). Surveillance typically begins 8–

10 years after disease onset in patients with colitis extending beyond

the rectum or immediately at diagnosis in those with concomitant

PSC (107). Interval recommendations range from annual to five-

yearly colonoscopy, depending on individual risk factors (107).

High risk patients such as those with PSC, prior dysplasia,

extensive colitis with moderate to severe ongoing inflammation or a

strong family history of CRC generally require annual surveillance.

Intermediate-risk individuals including those with extensive colitis

in sustained remission or left-sided colitis with additional risk

modifiers are often advised surveillance every 2–3 years (108).

Low-risk patients with limited disease extent and long-standing

histologic remission may safely undergo less frequent surveillance at

3-5-year intervals (108).

Despite clear guideline frameworks that real world

implementation of risk adapted surveillance faces several

challenges. Accurate assessment of cumulative inflammatory

burden requires longitudinal histologic data that may not always

be readily available (108, 109). Interobserver variability in dysplasia

interpretation, particularly for low grade or indefinite lesions which

can complicate clinical decision making and underscores the

importance of expert gastrointestinal pathology review. Access to
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chromoendoscopy expertise and advanced imaging technologies

varies widely across healthcare settings which potentially limiting

equitable care (109).

Patient related factors including adherence to surveillance

recommendations, procedural tolerance and competing

comorbidities which further influence surveillance effectiveness

(111). In older patients or those with significant comorbidity, the

balance between surveillance benefit and procedural risk must be

carefully considered. Additionally, uncertainty persists regarding

optimal management after endoscopic resection of dysplasia and

the duration of intensified follow-up (111).

Overall, surveillance strategies in UC are evolving toward a

more personalized model that integrates endoscopic advances with

individualized risk assessment (14). Continued efforts to

standardize practice, improve access to high quality surveillance

and incorporate emerging biomarkers are essential to further

reduce CRC risk in this population (5, 14).
7 Chemoprevention: current agents
and emerging strategies

Chemoprevention represents an important adjunct to

surveillance colonoscopy in reducing the risk of CAC in UC

(110). While sustained control of inflammation remains the

central preventive strategy and accumulating evidence suggests

that several pharmacologic and non-pharmacologic agents may

modify CRC risk through anti-inflammatory, immunomodulatory

and molecular mechanisms (110). However, much of the evidence

derives from observational studies with heterogeneous designs,

variable follow-up durations, and potential confounding factors

such as disease severity, treatment adherence, and surveillance

intensity. These limitations should be considered when

interpreting reported chemopreventive effects.
7.1 Conventional UC therapies with
chemopreventive effects

Conventional UC therapies may exert chemopreventive effects

primarily by achieving durable mucosal healing and reducing

cumulative inflammatory burden (110). Among these, 5-

aminosalicylates (5-ASA) are the most extensively studied.

Multiple observational studies and meta-analyses suggest that

long-term 5-ASA use is associated with a reduced risk of CRC in

UC, particularly at higher cumulative doses and with good

adherence (73). Proposed mechanisms include inhibition of

cyclooxygenase-2, scavenging of reactive oxygen species and

modulation of nuclear factor-kB signaling (73). However, the

magnitude of this protective effect remains debated. Some cohort

studies and systematic reviews have reported inconsistent results,

and the apparent benefit may partly reflect confounding by

indication, differences in surveillance practices, or improved

adherence among patients with milder disease. Consequently,

although 5-ASA remains widely considered to have potential
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chemopreventive properties, the strength of causal evidence

remains uncertain (112).

Immunomodulators such as thiopurines may indirectly reduce

CAC risk by maintaining steroid-free remission and limiting

chronic inflammation (113). Some population-based studies

demonstrate a modest reduction in CRC incidence among

thiopurine exposed patients (114). Nevertheless, these findings

must be interpreted cautiously because long-term thiopurine

therapy is also associated with increased risks of lymphoma and

non-melanoma skin cancer, which complicates their risk-benefit

profile in chemoprevention. Biologic therapies, including anti-

tumor necrosis factor (TNF) agents, integrin inhibitors and

interleukin-12/23 antagonists have transformed UC management

(114). Emerging real-world data suggest that sustained biologic-

induced mucosal healing may translate into lower CRC risk,

although direct evidence linking biologic therapy to reduced CAC

incidence remains limited and long-term cancer-specific outcomes

are still under investigation (3) (Table 2).

7.2 Non-conventional and adjunctive
chemoprevention

Beyond standard UC therapies, several non-conventional and

adjunctive agents have been explored for CRC risk reduction.

Ursodeoxycholic acid (UDCA) has been studied extensively in

UC patients with PSC (119). By modifying bile acid composition

and reducing epithelial exposure to carcinogenic secondary bile

acids, UDCA has been associated with a reduced risk of dysplasia

and CRC in some observational studies. Although results are

inconsistent and dose-dependent effects have been reported (119).

Statins have attracted interest due to their pleiotropic anti-

inflammatory, pro-apoptotic and anti-proliferative properties

(120). Several population-based studies suggest a lower CRC risk

among statin users with IBD, but randomized data are lacking

(120). Nonsteroidal anti-inflammatory drugs (NSAIDs) and aspirin

are effective chemopreventive agents in sporadic CRC (119, 120).
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However, their role in UC is limited by gastrointestinal toxicity and

the risk of disease exacerbation (120).

Dietary interventions, probiotics and microbiota-directed

therapies represent emerging areas of interest (121). Diets rich in

fiber and nutrients containing anti-inflammatory may indirectly

reduce CRC risk through microbiota modulation and SCFA

production, though high-quality evidence is limited (121, 122).

Experimental agents targeting oxidative stress, immune

checkpoints, or epigenetic pathways are under investigation but

remain far from clinical application (122) (Table 3).

7.3 Balancing benefits, risks, and
adherence

The implementation of chemoprevention in UC requires

careful balancing of potential benefits against drug-related risks,

patient preferences and long-term adherence (126). While 5-ASA

agents are generally safe and well tolerated, adherence declines over

time, potentially diminishing their protective effect (126).

Thiopurines and biologics offer potent inflammation control but

carry risks of infection and malignancy that must be weighed

against their indirect chemopreventive benefits (127).

Importantly, no chemopreventive agent can substitute for

effective surveillance colonoscopy. Instead, chemoprevention

should be viewed as a complementary strategy within a

comprehensive, risk-adapted prevention framework (128). Shared

decision-making is essential, particularly when considering

adjunctive agents with limited or conflicting evidence (128).
8 Precision medicine and future
directions

The paradigm of CRC prevention in UC is progressively

shifting toward precision medicine, integrating clinical,
TABLE 2 Conventional UC therapies with potential chemopreventive effects.

Agent class Examples Proposed mechanisms Evidence strength References

5-ASA Mesalamine, sulfasalazine Anti-inflammatory, COX-2 inhibition, antioxidant Moderate–strong 115

Thiopurines Azathioprine, 6-MP Inflammation control, immune modulation Moderate 116

Anti-TNF biologics Infliximab, adalimumab Mucosal healing, cytokine suppression Emerging 117

Other biologics Vedolizumab, ustekinumab Targeted immune modulation Limited/emerging 118
TABLE 3 Non-conventional and adjunctive chemopreventive strategies.

Strategy Target population Proposed mechanism Current status References

UDCA UC with PSC Bile acid modulation Selective use (123)

Statins UC ± cardiovascular risk Anti-inflammatory, pro-apoptotic Observational evidence (124)

Aspirin/NSAIDs Selected patients COX inhibition Limited by toxicity (125)

Diet/microbiota All UC patients Barrier and immune modulation Emerging (54)
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endoscopic, molecular and microbial data to individualize risk

assessment and preventive strategies. Traditional surveillance

models based largely on disease duration and extent are

increasingly recognized as insufficient to capture the

heterogeneity of CAC risk. Precision approaches aim to identify

high-risk patients earlier, optimize surveillance intensity and tailor

therapeutic and chemopreventive interventions (69, 129).

Advances in multi-omics technologies have accelerated

progress in this field. Genomic and epigenomic profiling of

colonic mucosa can detect early oncogenic alterations, such as

TP53 mutations, chromosomal instability and aberrant DNA

methylation, even in histologically non-dysplastic tissue.

Transcriptomic and proteomic signatures reflecting cumulative

inflammatory burden and immune dysregulation may further

refine risk prediction. In parallel, microbiome-based profiling is

emerging as a promising tool with specific microbial taxa and

metabolite patterns linked to dysplasia and CRC development

(11, 17, 40).

Artificial intelligence and machine learning are poised to enhance

both endoscopic detection and risk stratification. AI-assisted image

analysis can improve real time dysplasia recognition during

colonoscopy while predictive models integrating longitudinal clinical

and molecular data may support personalized surveillance intervals.

Additionally, digital pathology and centralized expert review may

reduce interobserver variability in dysplasia interpretation.

Future preventive strategies are likely to combine precision

surveillance with targeted chemoprevention and optimized

inflammation control. Biomarker-guided therapy selection,

adaptive surveillance intervals, and microbiota-modulating

interventions represent key areas of ongoing research. Robust

prospective validation and cost-effectiveness analyses will be

essential before widespread clinical adoption.
9 Conclusions

CRC remains a serious but increasingly preventable complication

of UC. Contemporary evidence demonstrates that while the relative

risk of CRC in UC persists. The absolute risk has declined markedly

due to improved disease control, advanced endoscopic surveillance

and evolving preventive strategies. CAC arises through a distinct

inflammation-driven pathway, underscoring the importance of

sustained mucosal healing and cumulative inflammatory control.

Advances in chromoendoscopy, risk-adapted surveillance intervals

and endoscopic management of dysplasia have refined clinical

practice; while emerging molecular, histologic and microbiota-

based biomarkers offer new avenues for early risk stratification.

Chemoprevention, particularly through effective anti-inflammatory

therapy, provides an important adjunct to surveillance. Although

careful consideration of benefits, risks and adherence is essential.

Looking forward, precision medicine approaches integrating clinical,

endoscopic and multi-omics data hold promise for individualized

surveillance and prevention. Continued translational research and

prospective validation are critical to further reducing CRC morbidity

and mortality in patients with UC.
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