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Despite advances inmetastatic colorectal cancer (mCRC) treatment, long-term survival remains poor,
particularly in right-sided colorectal cancer (RCRC), which has a worse prognosis compared to left-
sided CRC (LCRC). This disparity is driven by the complex biological diversity of these malignancies.
RCRC and LCRC differ not only in clinical presentation and outcomes but also in their underlying
molecular and genetic profiles. This article offers a detailed literature review focusing on the
distinctions between RCRC and LCRC. We explore key differences across embryology, anatomy,
pathology, omics, and the tumor microenvironment (TME), providing insights into how these factors
contribute to prognosis and therapeutic responses. Furthermore, we examine the therapeutic
implications of these differences, considering whether the conventional classification of CRC into
right- and left-sided forms should be refined. Recent molecular findings suggest that this binary
classification may overlook critical biological complexities. Therefore, we propose that future
approaches should integrate molecular insights to better guide personalized treatments, especially
anti-EGFR therapies, and improve patient outcomes.

Colorectal cancer (CRC) is one of the most frequent malignancies and
accounts for approximately 9% of cancer-associated deaths worldwide1,2.
Around 20%of CRC cases are diagnosed at advanced stages, where curative
options are limited. Formost of these patients, treatment is palliative, aiming
to improve quality of life and prolong survival. In the last two decades,
targeted therapies have emerged as a transformative approach in the
management of metastatic CRC (mCRC)3, markedly enhancing overall
survival (OS) rates. Agents, such as anti-epithelial growth factor receptor
(EGFR) antibodies cetuximab4 and panitumumab5, as well as anti-vascular

endothelial growth factor receptor (VEGFR) antibodies bevacizumab6,
ramucirumab7, and aflibercept8 have become pivotal components of sys-
temic treatment for mCRC. These targeted therapies exert their effects by
selectively inhibiting key molecular pathways (e.g., MAPK signaling) of
cancer proliferation and progression, and their addition to systemic therapy
results in improved outcomes compared to conventional chemotherapy
regimens9,10. Recent evidence suggests that the efficacy of anti-EGFR anti-
bodies in combination with first-line chemotherapy is notably prolonged in
patients with RAS wild-type (wt) primary tumors originating specifically
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from the left side of the colon (LCRC) compared to those that derive from
the right side (RCRC)11,12. Treatment implications according to sidedness
(e.g., using anti-EGFR in LCRC) has recently been prospectively corrobo-
rated in the randomized phase III PARADIGM trial13. Consequently, the
current European Society of Medical Oncology guidelines support using
anti-EGFR antibodies in patients with RAS wt/BRAF wt newly diagnosed
metastatic LCRCs. In RAS wt RCRC and/or BRAF mutant cases, bev-
acizumab is considered as the preferred upfront option14. However, addi-
tional liquid-biopsy biomarker analyses derived from the PARADIGM and
FIRE-4 trials challenge first-line decision-making solely based on
tumor–tissue results and sidedness15,16, sincemolecularfindings suggest that
this binary classificationmay overlook fundamental biological complexities
and processes. Despite recent insights on treatment optimization according
to the primary’s sidedness, the underlying biological differences between
RCRC and LCRC largely remain uncharacterized. This article will sum-
marize underlying biological discrepancies between RCRC and LCRC,
discussing major physiological and pathological differences between the
right and LCRC. Consequently, the influence of these differences on the
presence of molecular alterations and their implications for further ther-
apeutic refinement will also be discussed.

Embryonic development of large intestine
The large intestine originates from the endodermal layer of the developing
gastrointestinal tract (GIT) during gastrulation in the third week of gesta-
tion. The gut tube forms through complex morphogenetic movements of
the endoderm17,18, later it incorporates tissue from all three germ layers: the
endoderm forms the epithelial layer of the intestinalmucosa; themesoderm
forms the muscular layer, the lamina propria, mesentery, connective tissue,
and blood vessels; the ectoderm creates the enteric nervous system which
develops from neural crest cells19,20. By week 4, the primitive gut tube dif-
ferentiates into the foregut, midgut, and hindgut, each evolving to the dif-
ferent compartments of the GIT21. The foregut gives rise to the esophagus,
stomach, and proximal duodenum (up to papilla of Vater). The midgut
develops to the distal duodenum, jejunum, ileum, cecum, appendix,
ascending colon, and proximal two-thirds of the transverse colon21. The
hindgut to the remaining transverse colon, descending colon, sigmoid
colon, rectum, and the superior part of the anal canal. These three divisions
are later distinguished by their different arterial supply: celiac trunk,
superior mesenteric artery (SMA), and inferior mesenteric artery (IMA)21.
Venous drainage follows arterial supply with superior mesenteric vein and
inferior mesenteric vein. The segment of the colon transversum derived
from the midgut and that originating from the hindgut is indicated by the
change in blood supply from SMA to IMA21.

Altogether, the development of the large intestine involves the coor-
dinated differentiation of the endoderm, mesoderm, and ectoderm during
early gestation, resulting in the formation of its complex structure and
function. The distinct arterial supplies from the SMAand IMAhighlight the
evolutionary division of the large intestine into midgut and hindgut.

Implications of embryonic tissue origin
Studies show that the molecular heterogeneity of CRC does not follow a
strict right–left pattern, but rather a continuum along the foregut-hindgut
axis. Liu et al. 22 demonstrated that MSI tumors with CIMP-H and
MLH1 silencing occur mainly in the proximal colon, while MSS tumors
with CIN and KRAS mutations are more common in the distal colon and
rectum. Importantly, their analysis revealed that thesemolecular alterations
follow a continuous gradient along the gastrointestinal axis rather than an
abrupt transition. RCRC exhibits more gastric-like molecular properties,
while LCRC shares similarities with rectal carcinomas or intestinal-type
gastric cancer, suggesting that the underlying molecular diversity arises
from the foregut-hindgut developmental gradient rather thanbeingdictated
by the anatomical left-right axis22. Joanito et al. refined this classification
using scRNA sequencing, identifying two intrinsic tumor cell states, iCMS2
and iCMS3, with show distinct distributions along the intestine. Unlike the
previous CMS classification, which included tumor and stromal

components, this approach focused solely on epithelial tumor cells and
uncovered a left–right bias that may stem from the type of crypt progenitor
cells giving rise to tumorigenesis23.

Therefore, CRC cannot be adequately categorized by a simple right-left
dichotomy but instead follows a molecular continuum along the
foregut–hindgut axis, with significant implications for classification and
therapy.

Tumor localization affects histopathological disease
characteristics and tumor morphology
Compared to LCRC, RCRCs show a tendency toward larger diameter and
therefore higher T-stages upon diagnosis. This might be explained by the
fact that RCRC usually becomes symptomatic at later stages that hinders
earlier detection24,25. Consequently, a higher rate of tumor-infiltrated lymph
nodes24 and more advanced local disease stages24,26 at diagnosis in RCRC is
observed. In addition to the local disease spread, the metastatic pattern
differs considerably: LCRC tumors are associated with a higher prevalence
of synchronous hepatic and pulmonary metastases27,28, whereas peritoneal
metastases are more common in RCRC24, which again is likely a con-
sequence of the higher incidence of advanced T-stages24. RCRCs show a
lower grade of differentiation24,25 and several studies on large CRC cohorts
report of differences in morphologic subtypes distribution according to
tumor localization24,25,29. In RCRC, a higher rate of histomorphologic sub-
types like mucinous carcinoma, signet cell carcinoma, and medullary car-
cinoma are observed compared to LCRC24,25,29–31. Regarding
histomorphologic findings, LCRC is characterized by a higher rate of tumor
necrosis32, and entosis33. Conflicting results exists with respect to tumor
budding, where the majority of studies show an association with LCRC34,35,
although this association cannot be reproduced in all studies36.

Significant differences in the composition of the TME between LCRC
and RCRC were also identified, such as fewer macrophages37 and tumor-
infiltrating lymphocytes in LCRC25,38. This finding is in line with the
observation of higher numbers of inflammatory cells39,40 and an increase in
desmoplastic reaction in RCRCs41. In contrast, other morphological char-
acteristics such as stromal reactive invasion front areas42, tumor-stroma
ratios35,43–45, or vascular and perineural invasion25 do not appear to be
associated with tumor location.

Tumor-sidedness influences pathological diagnosis
Tumor localization should be considered in the pathological examination of
resection specimens. Fewer lymph nodes are examined in LCRC compared
to RCRC24,46,47, which might be explained due to the smaller size of lymph
nodes observed in LCRC46,48 as the distribution of lymph nodes in both
resection specimens is comparable46. Even though a low number of exam-
ined lymph nodes is already considered as a risk factor in stage II CRC
pointing in favor of adjuvant treatment, side-specific cut-offs might
potentially improve treatment selection in this specific treatment setting49.
Another important consideration is the association of Immunohis-
tochemistry markers with primary tumor localization. Commonly
employed markers to secure a primary of colonic origin in metastatic dis-
ease, such asCDX2, SATB2, CK20, andCK7may be differentially expressed
between LCRC and RCRC. For instance, CDX2 is more often positive in
LCRC26,50–52 as is SATB252–54 and CK254. In contrast, the frequency of CK7-
positive tumors is higher in RCRC54.

Molecular alterations based on tumor sidedness
CRC is a genetically and biologically heterogeneous disease, with RCRCand
LCRCpresentingdistinct genomic and transcriptomicpatterns.Attempting
to harmonize a molecular classification, the four consensus molecular
subtypes (CMS)55 were defined based on bulk-RNA sequencing, genomic
variants, and methylation status. While the CMS2 (high somatic copy
number alterations (SCNA) with subsequent WNT, MYC, and SRC acti-
vation) and CMS4 (mesenchymal subtype, associated to epithelial-
mesenchymal transition (EMT), pro-angiogenic pathways and TGF-β
activation) subtypes show higher prevalence in LCRCs, RCRCs are
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characterized by apredominance of theCMS1 subtype (high rates ofMSI-H
and distinct methylation patterns and BRAFV600E mutations) (Fig. 1). No
predominance of side is found for the CMS3 subtype (metabolic dereg-
ulation, low SCNA, and low CIMP, mixed MSI status, high rate of KRAS
mutations). Focusing solely on somatic driver mutations, LCRCs pre-
dominantly follow the prototypical adenoma-carcinoma sequence char-
acterized by the stepwise acquisition of mutations in the tumor-suppressor
APC (60–80%), followedbymutations in theproto-oncogeneKRAS (~40%)
and the tumor-suppressor TP53 (~60–70%). Furthermore, mutations in
PIK3CA (~11–15%), FBXW7 (~12.5%), or SMAD4 (~10%) are frequently
observed56. As comprehensively reviewed by Testa et al., these sequential
genetic alterations underscore the clonal evolution and molecular hetero-
geneity inherent to CRC, providing a basis for its diverse clinical behavior57.
Furthermore, emerging evidence suggests that hormonal signaling—parti-
cularly differential estrogen receptor expression—adds another layer of
molecular heterogeneity in CRC58. Conversely, RCRC has been consistently
associated with higher rates of BRAFmutations (~25%) and lower rates of

APC (~64%) and TP53 (~35–60%) mutations but slightly higher rates of
KRAS (45–50%) mutations59. Additionally, RCRCs are enriched in muta-
tions for RNF43 (14.3% vs 3.1%), PIK3CA (22–27%), FBXW7 (~23%), and
SMAD4 (15%)56 (Fig. 2).

Although genetic differences seem to distinguish right- and left-sided
CRCs,Yamauchi et al.60,61 showed thatmolecular alterations occur gradually
along the colon—a concept termed the colorectal continuummodel. Their
analysis of over 1400CRC samples demonstrated a continuous transition of
molecular alterations instead of a strict division. Similarly, an analysis of 522
CRC fromTheCancerGenomeAtlas revealed continuous gradients in gene
alterations andmetabolite–gene interactions across the colon, underscoring
how anatomic biases in the tumor ecosystem contribute to carcinogenesis62.
These findings support the need for individualized therapy based on
molecular profiles60,61. Additionally, a large-scale survival analysis by Ugai
et al. 63 shows that primary tumor location interacts withmolecular features
(e.g., MSI, CIMP) to shape prognosis. Recent evidence also links high miR-
31 expression with CIMP-high status in serrated lesions harboring BRAF

Fig. 1 |This pie chart illustrates the distribution of CMSby tumor laterality, with right-sidedCRCs predominantly exhibiting the CMS1 subtype and left-sidedCRCs showing
a higher proportion of CMS2 (based on ref. 55).

Fig. 2 | This figure presents a comparative overview
of themost frequent genetic alterations found in left-
sided (LCRC) and right-sided colorectal cancer
(RCRC), displaying the relative frequencies for key
genes associated with each subtype. By showcasing
these genetic distinctions, the figure emphasizes the
uniquemolecular characteristics betweenLCRC and
RCRC, providing insights into how these differences
may affect tumor behavior and treatment options.
Data based on the study by Tokunaga et al.162. LCRC
Left-sided colorectal cancer, RCRC Right-sided
colorectal cancer.
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mutations, with frequencies increasing from the rectum to the cecum64. An
important molecular marker in this context is KRAS, whose mutations are
associated not only with tumor location but also with specific signaling
pathway alterations. In KRAS-mutated CRC, mutations are predominantly
observed in Exon 12 (~60%). The most common single nucleotide poly-
morphism variants identified are G12D (40%), G12V (35%), and G12C
(10%). KRASG13 (17.5%) or KRASQ61 (5.5%) mutations are found at a much
lower frequency65. Mutations in Exon 12 or 13 affect glycine residues in the
GTP-binding pocket, ultimately resulting in a constitutively active kinase
enhancing downstream signaling66. Importantly, to date, there has been no
comprehensive large-scale analysis conducted on the frequency and dis-
tribution of distinct KRASmutations comparing RCRCs and LCRCs. Such
an investigation would provide crucial insights for patient stratification,
particularly in light of the advent of mutant selective KRAS inhibitors67,68.

In the context of theMAPK signaling upstreamof KRAS,mutations in
EGFR are rarely observed in CRC. Instead, the deregulation of the EGFR
signaling pathway is more commonly represented by protein over-
expression, which appears to be more prevalent in RCRCs compared to
LCRCs69. Conversely, HER2 amplification and HER2 overexpression are
more prevalent in more distant LCRCs69.

Direct comparisons of bulk- and single-cell RNA-Seq between RCRC
and LCRC are limited but reveal key differences between sides. One bulk
RNA-Seq study found genes involved in carcinogen breakdown down-
regulated in RCRC, suggesting a more genotoxic environment. Such an
environment could result in a more aggressive phenotype, potentially
explaining the differences in the mutational landscape, but mechanistic
studies are lacking70. Using at higher resolution, a single-cell RNA
Sequencing analysis directly comparing LCRCs and RCRCs identified dif-
ferences in regulation of genes involved in cell adhesion, innate immune
functions, and immune cell composition, such as an enrichment in naïve
CD4+ T cells and exhausted CD8+T-Cells in RCRCs70.

Enhanced T-cell function, marked by increased infiltration of
CD8+ cytotoxic T-cells and Th1 cells into the TME, improves clinical
outcomes in CRC. CD8+ T cells directly kill malignant cells, while
Th1 cells bolster anti-tumor immunity, contributing to better survival
rates and lower relapse risks71. Another single-cell study found tran-
scriptomic signatures associated with higher T-cell function in LCRCs,

suggesting an explanation for better clinical outcomes in LCRCs.
Focusing on the gene regulation level, microRNA profiling found
miRNAs associated with regulation of mTOR, WNT, and PI3K/AKT
signaling predominantly in LCRCs, while RCRCs were enriched in
miRNAs associated with MSI-H or BRAF signaling, corroborating the
CMS classification72 (Fig. 3).

In conclusion, RCRCs and LCRCs differ not only by anatomical
location but also through distinct molecular patterns, influencing their
clinical behavior and response to treatments. Recent advances in meth-
odologies, such as single-cell analysis of genomic variants combined with
transcriptomic or proteomic data, could offer promising avenues for deeper
insights into the underlying mechanisms of these cancers, potentially
guiding more precise therapeutic approaches.

Anatomic location of CRC influences metabolic and
proteomic profile
Tumor cells rely on dynamic metabolic and proteomic processes for pro-
liferation and metastasis, with alterations in these pathways being a hall-
mark of cancer73. Recent studies highlight significant metabolomic
differences between RCRC and LCRC. Research suggests significant
metabolic heterogeneity in CRC, including differences in amino acid levels
that vary within traditional right- and left-sided classifications. This het-
erogeneity may influence the clinical presentation and treatment
responses74. Another study using ultra-performance liquid
chromatography-mass spectrometry found six potential diagnostic bio-
markers specific to cancerous tissue, which could help differentiate early-
stage LCRC from RCRC75. Additionally, in liver metastases—the most
common site of spread—RCRC showed increased levels of reactive oxygen
species and bile acids76. Elevated primary bile acids and secondary bile acids
like glycodeoxycholic acid were noted, indicating a connection to tumor
growth and therapeutic resistance76. While these findings suggest distinct
metabolic features between RCRC and LCRC, reliance on peripheral blood
analyses rather than tumor tissue limits conclusions. Future studies should
incorporate tumor sidedness to enhance understanding and inform treat-
ment strategies targeting metabolic pathways77.

Proteomics, the large-scale study of proteins, is essential for under-
standing cancer biology, as proteins play key roles in cellular functions and

Fig. 3 | The figure compares the primary tumorigenic characteristics of left-sided
and right-sided colorectal cancer, highlighting distinct molecular features that
differentiate these subtypes.Understanding these differences is crucial, as they can
influence the development of tailored therapeutic strategies. For instance, variations

in genetic mutations, signaling pathways, and tumormicroenvironments may affect
treatment responses and prognoses, underscoring the need for personalized
approaches in managing colorectal cancer effectively. CRC colorectal cancer, MSI
microsatellite instability, TMB tumor mutational burden.
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disease progression. By identifying and quantifying protein biomarkers,
proteomics offers insights into cancer pathophysiology, aiding in early
detection, risk classification, and treatment monitoring78. In CRC, the first
proteomic studies highlight significant molecular differences between
LCRC and RCRC tumors79. While both show hyperproliferation driven by
pre- and post-transcriptional changes, proteins linked to tumor growth are
more expressed in LCRC, whereas immune-related pathways are more
active in RCRC70. These findings underscore distinct biological behaviors
between LCRC and RCRC, offering potential targets for personalized
therapies.

Proteomics and metabolomics represent emerging members of the
“OMICS” family, offering significant potential to expand the biological
understanding ofCRCbeyond the scope of genomics and transcriptomics80.
However, the current body of research on CRC, particularly regarding
proteomic and metabolomic distinctions between RCRC and LCRC
tumors, remains sparse80. Comprehensive investigations are required to
elucidate these molecular differences and their implications for tumor
biology and therapeutic strategies.

Differences in the TMEaccording to primary sidedness
The TME is composed of a wide variety of cell types including cancer cells,
immune cells, and ECM components. These components influence tumor
progression, outcome and therapeutic response through altering the sig-
naling pathways (such as chemokines and proteins)81. Consequently, a
comprehensive understanding of the genetic, transcriptional, and post-
transcriptional impact on tumor development and progression is essential
to draw a detailed outline of the TME landscape and to identify potential
differences in individual tumor entities. The individuality of tumors
environment becomes even clearer when taking a closer look at CRCs.
Comprehensive genome- and transcriptome-wide analyses have shown that
theTMEshowskeydifferencesbetweenRCRCandLCRCs70,82. For instance,
Hong et al. found that the TME of LCRC patients harbors more antitumor
immune subsets, likeM1macrophages and CD8+T cells, whereas in RCRC
patients the TME displays stronger pro-tumor functions by showing a
higher abundance of M0 macrophages and CD4+ naive T-cells. These dif-
ferences in tumor immunity may also contribute to the poorer clinical
prognosis of RCRC patients83. Guo et al. showed that high infiltration of
plasma cells, dendritic cells, and mast cells, coupled with low infiltration of
activatedmemory CD4+T cells andM1/M2macrophages, correlated with
better prognosis in CRC. These findings led to the development of an
immune cell infiltration (ICI) score. Patientswith a low ICI scoreweremore
likely to have a LCRC and showed a better prognosis than patients with a
high ICI score whichwasmore abundant in the RCRC cohort84. In high-ICI
patients, upregulation of cell cycle progression and DNA damage repair
pathways was noted. Furthermore, the tumor mutational burden (TMB)
was significantly higher in patients with a high ICI score and was associated
with poor prognosis. The authors suggest that the ICI scoremay provide an
independent predictor of prognosis in patients with LCRC and RCRC, and
subsequently may predict TMB and treatment sensitivity to immune
checkpoint inhibitors84.

In conclusion, the TME significantly influences tumor progression,
therapeutic response, and clinical outcomes in CRC. Distinct immune cell
compositions and signaling pathways between RCRC and LCRC tumors
underscore the need for individualized treatment approaches. Tools like the
ICI score provide insights into patient prognosis and potential responses to
immunotherapies, emphasizing the importance of further research to
optimize personalized treatment strategies in CRC.

Changes between RCRC and LCRC in terms of gut
microbiota
The gut microbiota, a complex microbial ecosystem comprising bacteria,
fungi, archaea, protozoa, and viruses, is located close to the colorectal epi-
thelium and exerts a substantial influence on the development and pro-
gression of CRC85–87. The microbiome’s impact on CRC outcomes is
multifaceted: microbes can directly promote carcinogenesis, influence

cancer signaling pathways, and interact with other cancer hallmarks,
thereby (positively or negatively)modulating tumor inflammation, genome
instability, and response to anticancer therapies88.

Numerous studies have revealed a global shift in the microbiome
composition among patients with CRC, characterized by a reduction in
butyrate-producing commensal species and an enrichment of opportunis-
tic, often pro-inflammatory pathogens, including oralmicrobes87. Common
microbial signatures enriched in CRC include genera, such as Fusobacter-
ium, Porphyromonas, Parvimonas, Peptostreptococcus, Gemella, Prevotella,
and Solobacterium89,90, alongside a reduction in potentially protective taxa
like Bifidobacterium and Roseburia91. However, many microbiome studies
have predominantly relied on fecal samples, reflecting the luminal micro-
biota, thereby precluding site-specific distinctions. Notably, while fecal
microbiota can indicate disease status compared to healthy controls, it only
partially reflects the mucosa-associated microbial composition in CRC
patients92,93. Indeed, comparative analyses of tumor-associated micro-
biomes in CRC patients have unveiled significant differences among rectal,
distal, and proximal microbiota92,93. These analyses unveiled three distinct
oncomicrobial community subtypes, with differential representation of oral
pathogens including Fusobacterium nucleatum (Fn) in RCRC, and tumor-
enriched Proteobacteria species, including Escherichia/Pseudescherichia/
Shigella spp., in LCRC94. Additionally, the role of the ileum, serving as the
site of intestinal immune surveillance and establishing a microbiome-
dependent immune tonus, might be relevant for CRC outcomes, particu-
larly RCRC, and response to therapy93,95,96.

The strongest link between CRC development and specific bacterial
species indeed arises from studies focusing on Fn, enterotoxigenic Bacter-
oides fragilis (ETBF), and polyketide synthase (pks)+ Escherichia (E.)
coli87,97,98. Fn, a common constituent of the oral microbiome linked to
periodontitis99 but not typically found in the healthy colon, selectively
colonizes CRC tumor tissue100–103, with multiple studies suggesting the oral
cavity as its source104,105. Fn engages with epithelial and immune cells via its
lectins Fap2, thereby facilitating tumorigenesis100,106. Several studies have
associated increased Fn abundance with proximal CRC, and Fn has also
been correlated with shorter survival94,107,108. Recent studies have identified a
distinct Fn subtype, Fn subspecies animalis clade C2, prevalent in the CRC
tumor niche, characterized by enhanced virulence attributes and Patho
adaptation109.

Bacterial biofilms, dense microbial aggregates embedded in an extra-
cellular polymeric matrix110, have also been implicated in colon cancer
pathogenesis and are enriched in right-sided tumors, suggesting a site-
specific effect111,112. Invasive polymicrobial biofilms, composed of Fuso-
bacterium spp., Lachnospiraceae, Bacteroidetes, and Proteobacteria exhibit
pro-cancerogenic potential by activating epithelial signaling pathways
relevant to tumorigenesis113–115. In patients with familial adenomatous
polyposis, colonic biofilms primarily consist of ETBF and pks+ E. coli, the
latter capable of producing genotoxic colibactin116. Studies have demon-
strated the mutagenic potential of these E. coli strains by inducing DNA
damage, thereby promoting CRC117,118. Although biofilms are more pre-
valent in the right-sided colon, an increased abundance of pks+ E. coli has
also been observed in LCRC119,120. Thus, whether E. coli promotes CRC in a
site-specific manner, needs to be further investigated.

In contrast to the mutagenic properties of pks+ E. coli, the contribu-
tions of ETBF to CRC are less clear. Besides its implication in diarrheal
disease and colitis, ETBF enrichment in colonic mucosa has been linked to
both, early and late-stage CRC121–123. Notably, there is no direct evidence
suggesting a site-specific induction of CRC by ETBF, as it colonizes various
regions of the colon without tumors necessarily co-localizing with its
abundance123. Instead, ETBF appears to foster a tumor-permissive envir-
onment by potently inducing TH17-based mucosal inflammation, thereby
promoting colonic tumorigenesis, albeit through yet to be fully
understood87.

Furthermore, other microbial species have been linked to CRC,
although their precise mechanistic roles in colon tumorigenesis remain
poorly understood85,87. In essence, while the significance of the microbiome
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in CRC is undeniable, the specific regional variations and metabolic cap-
abilities influencing the development of site-specific CRC represent sig-
nificant gaps in our current knowledge. Nevertheless, unraveling this
information holds immense importance for the advancement of targeted
and personalized therapeutic strategies to combat CRC.

Implication of sidedness on systemic treatment
in mCRC
As described above, the behavior of metastatic mCRC is significantly
influenced by its anatomical location,which in turn affects itsmolecular and
immunological properties. Accordingly, the response to treatment is highly
variable between LCRC and RCRC. In recent years, several randomized
phase II and III studies, including CALGB/SWOG 8040512, FIRE-3124,
TRIBE125, CRYSTAL126, PARADIGM13, PEAK127, and PRIME128 trials, have
aimed to investigate the efficacy of different therapeutic approaches in
mCRC, with a focus on the combination of chemotherapy and targeted
therapies.

The CALGB/SWOG 8040512, CRYSTAL126, and FIRE-3124 trials
compared the efficacy of standard chemotherapy (5-FU, leucovorin, and
irinotecan or oxaliplatin) in combination with either the anti-EGFR anti-
body cetuximab or with the anti-VEGF antibody bevacizumab as first-line
therapy in patients with mCRC irrespective of the pan-RAS status. Retro-
spective post-hoc analyses of these studies revealed that the OS in patients
with LCRC was significantly prolonged with the addition of cetuximab to
doublet chemotherapy compared to doublet chemotherapy in combination
with bevacizumab (38.3months vs. 28.0 months, hazard ratio (HR) = 0.63;
P = 0.002)11,129. Similarly, in theCRYSTALandCALGB/SWOG80405 trials
an improvement of PFS was also observed for patients with LCRC vs.
patients with RCRC who were treated with anti-EGFR-based therapy11,126.

The PRIME, PEAK and PARADIGM studies investigated the efficacy
of the anti-EGFR antibody panitumumab in combination with che-
motherapy (PRIME: FOLFOX4; PEAK+ PARADIGM: mFOLFOX6)
compared to chemotherapy alone (PRIME) or in combinationwith an anti-
VEGF antibody (PEAK, PARADIGM) in patients with mCRC. All three
studies have shown that first-line treatment with panitumumab plus che-
motherapy results in longer PFS andOS compared to chemotherapywith or
without bevacizumab in the subgroup of patients with pan-RAS wt LCRC
(PEAK: PFS 14.6 vs. 11.5 months HR = 0.65, P = 0.0514; OS: 43.4 vs.
32months; HR = 0.77, P = 0.3125; PRIME: PFS: 12.9 vs. 9.2 months HR =
0.72, P = 0.0048; OS: 30.3 vs. 23.6months HR = 0.73, P = 0.0112)130. Of
note, the PARDIGM trial represents the first study prospectively evaluating
sidedness as a stratification factor in mCRC undergoing chemotherapy+
anti-EGFR treatment13. Collectively, these studies have shown that anti-
EGFR therapy in combination with double chemotherapy should be the
preferredchoice forpatientswithRAS/BRAFwtmetastatic LCRC12,131. Post-
hoc analyses of the FIRE-3 and CRYSTAL trials revealed that patients with
RCRC derived less benefit from an anti-EGFR blockade compared to anti-
VEGF therapy (FIRE-3: 18.3months vs. 23.0 months, HR = 1,44;
P = 0,28)11. The latter findings were corroborated in a real-world cohort of
the KRAS Registry of the Austrian Group of Medical Tumor Therapy30.
Moreover, the CALGB/SWOG 80405 study retrospectively suggested that
FOLFIRI or FOLFOX in combination with an anti-VEGF antibody sig-
nificantly improved OS in patients with RCRC compared to FOLFIRI/
FOLFOX plus anti-EGFR therapy129. In the PEAK and PRIME studies, the
additive effects of panitumumab in combinationwith chemotherapyonPFS
and OS were less pronounced in RCRC patients than in the control
group13,127.

For this reason, doublet chemotherapy plus anti-EGFR treatment is
considered as the preferred option in fit patients with RAS/BRAF wt
LCRC131,132. In patients with RCRC, the inherently poor prognosis and the
lack of benefit in terms of PFS andOS from anti-EGFR therapy in particular
argue in favor of treatment with doublet or triplet chemotherapy plus
bevacizumab131. The addition of bevacizumab should therefore be preferred
in patients with RCRC tumors irrespective of pan-RAS status131,133. How-
ever, caution is warranted when interpreting these treatment

recommendations due to study limitations. In the FIRE‑4 trial15, only a
subset of patients initially received FOLFIRI alone before cetuximab was
added, which may have reduced statistical power, and the follow‑up dura-
tion might not capture long‑term survival. Likewise, in PARADIGM13,
although the overall samplewas large, key subgroups—such as patientswith
RCRCor particular ctDNAprofiles—were relatively small, resulting inwide
confidence intervals. These factors call for a careful interpretation of the
treatment benefits.

Moreover, the traditional dichotomous classification of mCRC into
right- and left-sided tumors has been increasingly challenged due to its
oversimplification of tumor biology. Further research highlights the con-
tinuousdisadvantageof anti-EGFR therapy along a spectrumfromdistal left
to proximal right, emphasizing the need for more refined strategies to
optimize patient selection133. This understanding naturally leads to the
concepts of liquid biopsy and negative hyperselection, which provide a
framework for identifying right-sided patients who may benefit from anti-
EGFR therapy and left-sided patients for whom such therapies may be less
effective133.

To address this complexity, molecular diagnostics tailored to tumor
location can provide actionable insights, as illustrated in Fig. 4. It illustrates
potential future directions for molecular testing in mCRC stratified by
tumor location. These suggestions aim to provide a framework for diag-
nostics, with a focus on key markers, such as RAS, BRAF, and MSI. By
aligning molecular testing with tumor location, this approach seeks to
support precision medicine strategies and improve patient outcomes, par-
ticularlywhen considering the selection between anti-EGFRandanti-VEGF
therapies. However, as treatment progresses to second-line therapy and
beyond, the clear distinction between LCRC and RCRC becomes less clear.
Evidence suggests that anti-EGFR therapy may also be appropriate for a
subset of RCRC14,134 cases, highlighting that anatomical location alone is not
a decisive factor for selecting patients for anti-EGFR or anti-VEGF(R)
therapeutics.

Consequently, current research is shifting towards understanding
primary resistance mechanisms to anti-EGFR therapy, which are likely to
provide a more accurate explanation for treatment response.

The paradoxical shift in prognosis of MSI-H tumors
The prognostic significance of MSI-H status in CRC presents a notable
paradox. While MSI-H in stages II and III are associated with improved
survival and a lower risk of recurrence, this advantage is reversed in meta-
static disease, where MSS demonstrate better outcomes55,135–137. In early
stages, MSI-H tumors, characterized by high tumor mutation burden and
strong immune infiltration, are associatedwith improved survival and lower
recurrence rates, largely due to robust CD8+T-cell, NK cell, and Th1
responses137. The CMS classification by Guinney et al. 55 confirmed this
pattern. MSI-H CRC tumors, which are predominantly assigned to the
CMS1 subtype, have a significantly better prognosis in early stages of the
disease and better survival rate than those with CMS4. The HR for OS
indicates thatCMS4 is associatedwith a55%highermortality risk compared
to CMS1 (HR= 1.55, 95% CI: 1.19–2.01, p = 1.03 × 10⁻³). Similarly, recur-
rence rates are significantly higher in CMS4 (HR = 1.77, 95%CI: 1.34–2.34,
p = 5.25 × 10⁻⁵), highlighting the strong early-stage survival advantage of
CMS155. However, in the metastatic stage, this pattern reverses. While
CMS4 tumors are linked to the poorest prognosis in early stages, post-
relapse survival data reveal that CMS1 tumors have the worst survival
outcome after recurrence. Compared to CMS4, CMS1 tumors show a 40%
higher risk of death post-relapse (HR = 0.60, 95% CI: 0.40–0.88,
p = 9.04 × 10⁻²)55. This shift is attributed to several factors, including
immune evasion via increased expression of immune checkpointmolecules
(e.g. PD-1, PD-L1, CTLA-4), stromal reorganization with enhanced fibro-
blastic activation andTGF-β signaling55,135,136. Also,molecular cofactors play
a role:MSI-H tumors aremore frequently associated withBRAFmutations,
which correlatewithmore aggressive tumorbiology andworse survival rates
in the metastatic disease135. In addition, stromal factors and the micro-
environment of metastases can modulate the immune response, leading to
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reduced effectiveness of immune mechanisms81. Another relevant aspect is
therapy resistance. MSI-H responds less well to standard therapies, espe-
cially chemotherapy and anti-EGFR therapies, while MSS in the metastatic
stage benefit more from targeted therapies135. In this context, dual check-
point inhibition, as shown in the CheckMate 8HW study, significantly
improved progression-free survival in metastatic MSI-H/dMMR CRC138.
After a median follow-up of 31.5 months, the combination of nivolumab
plus ipilimumab demonstrated significantly improved outcomes: the 24-
month PFS rate was 72% versus 14% for chemotherapy (p < 0.001), and the
restricted mean survival time was extended by 10.6months.

In summary, immune evasion, stromal changes, therapy resistanceand
molecular cofactors contribute to MSI-H tumors having a favorable prog-
nosis in early stages but a worse chance of survival in the metastatic stage.
These mechanisms are crucial for clinical decision-making and the devel-
opment of new therapeutic approaches.

Exploring resistancemechanisms inanti-EGFRtherapy
Both genomic and non-genomicmechanisms both play roles in anti-EGFR
resistance. However, mutations in KRAS, NRAS, BRAF, MAP2K1, or the
EGFR ectodomain, which collectively account for around 40–50% of cases,
do not fully explain this resistance. These points suggest to the existence of
additional (in part unidentified) resistance mechanisms139–141. For instance,
the formation of EGFR-HER3 heterodimers are known to cause secondary
anti-EGFR treatment resistance by activatingdownstreamPI3KandMAPK
signaling pathways142. Another example for EGFR resistance is the MET
signaling pathway via activation of hepatocyte growth factor143. These and
other mechanisms allow tumors to bypass EFGR signaling pathway. Given
this complexity, a promising strategy is to target multiple resistance routes
simultaneously. A promising approach to specifically break these resistance
mechanisms is the dual inhibition of KRASG12C and EGFR. The study by
Fakih et al. 67 investigates the efficacy of sotorasib (specific KRASG12C inhi-
bitor) in combinationwith panitumumab (EGFR inhibitor) in patients with
mCRCharboring aKRASG12Cmutation.WhileKRASG12Cmutations occur in
~3–4%ofmCRC cases,monotherapywithKRAS inhibitors has had limited
success due to reactivation of the EGFR signaling pathway leading to
resistance67. To address this issue, the study compared sotorasib plus
panitumumab with standard treatments such as trifluridine-tipiracil or
regorafenib in patients with a chemorefractory disease. Combination

therapy significantly improved PFS, with amedian of 5.6months compared
to 2.0 months in the standard treatment group (95% CI, 4.2–6.3 vs 95%CI,
1.9–3.9)67. These results underline that dual inhibition of KRASG12C and
EGFR improves outcomes in KRASG12C-mutated mCRC and effectively
overcomes the resistance observed with KRAS inhibitor monotherapy. At
the same time, however, it must also be taken into account that temporal
heterogeneity—i.e., the genetic changes that occur during tumor develop-
ment—represents another dimension of resistance that can significantly
influence therapy outcomes67. Although temporal heterogeneity has been
investigated as a resistance factor, mutational analyses of KRAS, NRAS,
BRAF, and PIK3CA in primary and metastatic samples show a high con-
cordance of over 90%144.

The analysis of circulating tumor DNA (ctDNA) represents a critical
approach for elucidating tumor progression and the development of resis-
tancemechanisms to anti-EGFR and other targeted therapies145,146. Findings
from the PRESSING(2) study147,148, and an exploratory biomarker analysis
within the PARADIGM study149 indicate that hyperselection and ultra-
selection strategies can further refine the identification of patients with RAS
wt mCRC who are most likely to benefit from anti-EGFR therapy.

Insights from the FIRE-4 trial15 further underscore the importance of
upfront liquid biopsy for evaluating biomarker status, enabling the cir-
cumvention of temporal and spatial heterogeneity and supporting ther-
apeutic optimization through dynamic patient selection. Hyperselection
and ultraselection are strategies to optimize patient selection for anti-EGFR
therapy in RAS wt mCRC by excluding individuals unlikely to respond
based on molecular and clinical criteria150. Hyperselection focuses on
excluding patients with well-established negative predictive biomarkers,
such as RAS and BRAF mutations16,150. In contrast, ultraselection incorpo-
rates additional molecular alterations like HER2 amplifications, EGFR
ectodomain mutations, PIK3CA exon 20 mutations, PTEN loss, MET
amplifications, and AKT1 mutations, as well as clinical factors like tumor
sidedness (LCRC),MSS, andMSI-H status150. Contrastingly, PARADIGM16

highlighted tumor sidedness as a key clinical factor, demonstrating the
importance of integrating both molecular and clinical factors to improve
therapeutic outcomes.

These strategies align with the results of the PARADIGM trial, which
demonstrated a significantly longer OS in the negatively hyperselected
population treated with anti-EGFR therapy compared to those receiving

Fig. 4 | Potential future recommendations for molecular testing in MSS-mCRC stratified by tumor location. This figure outlines a proposed framework for molecular
diagnostics in mCRC, focusing onmarkers like RAS, BRAF tailored to tumor location (e.g., right- vs. left-sided). mCRCmetastatic colorectal cancer; CRC colorectal cancer.
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anti-VEGF therapy (40.7 vs. 34.4 months; p = 0.037), particularly inpatients
with LCRC149. The PRESSING studies147,148 developed a PRESSING gene
panel, which includes genetic alterations previously associatedwith primary
resistance to anti-EGFR therapies. Furthermore, the study showed that
PRESSING-negative patients with LCRC receiving first-line FOLFOX plus
panitumumabachieved an impressive response rate of 77.3%,with amedian
PFS of 13.2 months and a 2-year OS rate of 69.7%150.

In contrast, patients with confirmed genetic alterations exhibited
comparable or inferior survival outcomes under anti-EGFR therapy com-
pared to anti-VEGF therapy, regardless of tumor location147,148. In the
PARADIGMstudy, patientswith LCRCand genetic alterations treatedwith
anti-EGFR therapy had a median OS of 24.2months, compared to
26.4months with anti-VEGF treatment. For patients with RCRC, OS was
14.1months with anti-EGFR therapy and 18.5 months with anti-VEGF
therapy149. Similarly, the PRESSING2 study revealed that patients with a
positive PRESSING2 status had significantly worse PFS and OS compared
to thosewith a negative status (medianPFS: 7.4 vs. 13.0months;OS: 22.6 vs.
48.8months)150. In patients with LCRC,median PFSwas 6.5months versus
12.9months, while median OS was 28.0months vs 51.2 months150. For
RCRC,median PFSwas 6.3 months versus 9.4months, andmedianOSwas
18.1months versus 27.7months150.

Liquid biopsy data suggest that monitoring molecular changes in the
ctDNA following the removal of EGFR inhibitor pressure could potentially
indicate renewed sensitivity to anti-EGFR therapies, supporting its role in
evaluating patients for retreatment16,151. This observation underpinned the
rationale for the FIRE-4 study, which adopted a novel “switchmaintenance
concept”15. In the first-line setting, after an initial response to anti-EGFR
therapy, an early switch to anti-VEGF treatment was implemented to
achieve and sustain deep remission. In patients treatedwithin the third-line,
the efficacy of re-exposing patients to cetuximab after a period of EGFR-free
therapy is being explored15.

Studies such as the CHRONOS151 and CRICKET152 trials have inves-
tigated this re-challenge strategy, demonstrating that patients who initially
responded well to cetuximab may experience renewed benefit from this
therapy following the development of resistance.Moreover, the rationale for
using liquid biopsy has emerged to identify the subpopulation of patients
who are more likely to respond again upon re-induction, by detecting
ctDNA and monitoring RAS mutation status. This approach helps tailor
treatment by selecting patients who may derive the most benefit from
cetuximab reintroduction151,152.

The results of the FIRE-415, PRESSING147,148, and PARADIGM149

studies highlight the growing importance of molecular analyses in opti-
mizing treatment strategies for patients with mCRC. Genetic alterations
associated with resistance to anti-EGFR therapies are more frequently
observed in RCRC than in LCRC (approximately 49.7% vs. 26%)149. These
studies prospectively demonstrated that hyper- and ultraselection can
identify RCRC patients who may still benefit from anti-EGFR therapies.
This patient subset can be identified through comprehensive molecular
profiling, incorporating genome-based ultraselection, elevated AREG/
EREGexpression, or theCMS2/epithelial subtypebasedon transcriptomics.
In LCRC, the evaluation of PRESSING(2) alterations can further refine
patient selection for anti-EGFR therapies, particularlywhen alternativefirst-
line options are considered. Nevertheless, further studies are necessary to
validate this approach.

Future perspective and conclusion
Recent advancements in understanding the molecular and immunological
differences between RCRC and LCRC offer promising avenues for refining
treatment approaches. Moving forward, the binary classification of CRC
based on anatomical location is likely to be further nuanced by more
sophisticated molecular profiling methods. As recent studies have shown,
the introduction of CMS and the increasing availability of advanced geno-
mic and proteomic tools allow for a deeper understanding of the distinct
tumor behaviors that transcend anatomical distinctions55,79,83,153,154. In this
context, the studies by Yamauchi et al.60,61 challenge the traditional

dichotomy between proximal and distal CRC and instead proposes a con-
tinuous spectrum of molecular changes along the colon (Colorectal Con-
tinuumModel).When thismodel is combinedwith spatialmulti-omics and
single-cell RNA sequencing, the model captures tumor molecular diversity
and cellular context in exceptional detail. This integration precisely maps
cell types and reveals spatial heterogeneity of CMS and key intercellular
communication events at the tumor–stroma interface. Such insights chal-
lenge traditional binary classifications and pave the way for personalized
CRC therapies155. Building on this enhanced resolution, landmark studies
have introduced the concept of a colorectal continuum, challenging the
traditional binary classification and laying a robust foundation for numer-
ous subsequent investigations into the molecular and clinical hetero-
geneity of CRC.

Such insights are paving the way for personalized therapies that go
beyond the traditional categorization, potentially optimizing patient out-
comes through more targeted approaches.

Despite these promising developments, translating molecular knowl-
edge into clinical practice remains a significant challenge, particularly in
RCRC, where outcomes, such as OS and response to therapies lag behind
those of LCRC13.

While the application of targeted therapies, such as anti-EGFR and
anti-VEGF agents, has shown clear efficacy in LCRC, particularly in RASwt
cases, the same level of success has not been achieved for RCRC11,126. One
area of ongoing interest is in understanding the mechanisms driving this
differential response, particularly regarding resistance to anti-EGFR ther-
apy. A promising strategy to overcome this resistance is the dual inhibition
of KRAS G12C and EGFR with anti-KRAS and anti-EGFR inhibitors (i.e.,
sotorasib and panitumumab)67.

Liquid-biopsy technologies and ctDNA analysis are shedding light on
the temporal evolution of resistance, providing opportunities to refine
treatment strategies dynamically15,151.However, these approaches are not yet
fully integrated into standard of care, likely due to technical, financial, and
accessibility limitations. In particular, when we delve deeper into the
implementation of dynamic ctDNA monitoring, two main technical chal-
lenges become evident:first, the sensitivity of current assays is limited due to
the very low concentrations of ctDNA and the small number of genome
equivalents in plasma samples. Second, the high costs associated with ultra-
deep sequencing and extensive bioinformatic analyses further complicate its
routine implementation. To overcome these obstacles, promising solutions
include integrating combined multi-omics approaches—which merge
genomic, transcriptomic, proteomic, and epigenetic data—to enhance
diagnostic accuracy, and optimizing ultra-deep sequencing methods to
improve sensitivity while reducing costs156. Building on these technological
advancements that enhanceour diagnostic capabilities, there is also growing
interest in translating these insights into novel therapeutic strategies. At the
same time, immunotherapy represents a promising but underdeveloped
frontier in CRC, particularly for RCRC. High MSI-H tumors have shown
responsiveness to immune checkpoint inhibitors157,158, but the vast majority
of RCRC cases do not fall into this category. However, MSI-H tumors
present a prognostic paradox: while they demonstrate a survival advantage
in early-stage disease due to strong immune surveillance, this reverses in
metastatic settings where they exhibit poorer outcomes. Immune evasion,
stromal reorganization, and therapy resistance contribute to this shift,
making MSI-H tumors in stage IV particularly challenging to treat55,135–137.
The immunosuppressive microenvironment83 observed in RCRC poses a
considerable challenge for immune-based treatments, and overcoming this
will require innovative approaches - possibly through combination thera-
pies that enhance immune activation within the TME159. In this context, the
Immunoscore shows great potential as a prognostic tool. As highlighted in
the Atezo-Tribe160 study, paying attention to the Immunoscore may offer
valuable insights for improving treatment strategies by identifying patients
who are most likely to benefit from immune-based therapies. The study
observed that patients with high Immunoscore Immune-Checkpoint (IC)
and/or high TMB derived greater benefits from the addition of atezolizu-
mab, improvingOS inpatientswithmCRC160. This suggests that integrating
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the Immunoscore into clinical practice could help tailor treatments more
effectively.

Another critical factor shaping future treatments is the role of the gut
microbiome. Recent discoveries regarding its influence on both tumor
progression and therapeutic resistance, particularly in RCRC, suggest that
modulating the microbiome could complement existing systemic
treatments88. Building on this, phage-based approaches offer promising
perspectives in RCRC by not only modulating the gut microbiome to alle-
viate bacterial dysbiosis and enhance the tumor immunemilieu, but also by
leveraging a continuous spectrum model refined by spatial multi-omics
technologies to capture molecular tumor profiles and interactions with
pathogenic bacteria161.

Looking ahead, the nextwave ofCRC treatment is likely to emphasize a
more integrated approach - one that combines molecular profiling, real-
time monitoring through liquid-biopsies, immune modulation, and possi-
bly microbiome-targeted therapies. While the path to clinical application is
fraughtwith challenges, particularly regarding cost, accessibility, andpatient
stratification, these advances hold great promise for personalizing treatment
strategies and improving outcomes, especially for patients with right-sided
tumors, who have historically faced poorer prognoses. Ongoing clinical
trials and technological developments will continue to redefine the treat-
ment landscape, potentially shifting the focus from anatomical tomolecular
determinants of CRC progression. As our understanding deepens, the
prospect of a more tailored, effective approach to CRC treatment appears
within reach, heralding a new era of personalized oncology.

Data availability
No datasets were generated or analysed during the current study.
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