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Molecular targets for the treatment of metastatic colorectal cancer
Colorectal cancer (CRC) accounts for approximately 10% of all cancer cases and

represents the third most common cancer worldwide. Most importantly, it is the second

leading cause of cancer-related deaths worldwide. The disease is often diagnosed at an

advanced stage, when treatment options are limited (1, 2).

From the 1990s on, fluorouracil-based chemotherapy was used to treat metastatic CRC

(mCRC), improving overall survival (OS) to 14 months. Later, the combination regimens

with oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) prolonged the OS to about 20 months

(3). From the early 2000s targeted drugs, like anti-epidermal growth factor receptor

[EGFR] or anti-vascular endothelial growth factor [VEGF] antibodies, have entered clinical

practice, significantly increasing patients’ OS to approximately 36 months (4).

Antiangiogenic agents, such as Bevacizumab and Aflibercept, are widely used in

combination with first and second line chemotherapy for mCRC (4). Despite several

years of translational research in this field, no validated predictive markers have been found

to select patients more likely to benefit from these agents. A multidisciplinary group from

University Hospital of Parma, Italy, performed an interesting trial to investigate the role of

the Notch intracellular domain (NICD) and its ligand Jagged-1 expression, as well as

radiomics in the prediction of the efficacy of bevacizumab in treatment-naive metastatic

CRC patients. Study results, presented in this Research Topic, suggested that high NICD

and Jaged-1 expression levels were associated with early disease progression (Negri et al.).

Moreover, the integration of quantitative information combined with clinical and

histologic characteristics helped predict patient outcomes. This seems to be a promising

field of research, which needs validation in larger cohorts of patients. Vanucizumab

(RO5520985), a humanised immunoglobulin G-1-like bispecific monoclonal antibody

targeting both VEGF-A and Angiopoietin-2, has been recently evaluated In the phase II

McCAVE trial in combination with FOLFOX first line chemotherapy, showing similar

efficacy in terms of PFS and OS compared to bevacizumab. In the attempt to find new

predictors for outcome related to the anti-angiogenic treatment, Ferreira et al. explored the

potential predictive and prognostic role of baseline tissue and plasma levels of

Angiopoietin-2 in a subgroup of patients enrolled into the Mc Cave trial. Overall, low
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tissue baseline levels of Angiopoietin-2 were associated with longer

PFS. Moreover, patients with KRAS wild-type mCRC and high

levels of Angiopoietin-2 had higher PFS when treated with

vanucizumab with respect to bevacizumab.

EGFR plays a key role in colorectal tumorigenesis, and acts to

activate several intracellular signalling pathways, such as the RAS-

RAF-MAP kinase and the PI3K-PTEN-Akt pathway, thus

favouring cell proliferation, migration and differentiation. Anti-

EGFR antibodies, cetuximab and panitumumab, are widely used for

mCRC patients, in particular in combination with first line

chemotherapy in patients with left sided RAS/BRAF WT tumors

(4). In this subgroup of patients, in addition to significantly

increasing OS, these combination therapies may allow conversion

of unresectable to resectable liver metastases, thus expanding the

possibilities of cure in mCRC. The LM02 trial, presented in this

Research Topic, evaluated FOLFIRI plus panitumumab regimen as

perioperative therapy in untreated RAS WT mCRC patients with

liver limited disease [Piringer et al.]. Among the 36 patients

included, 91.4% completed the preoperative therapy. The

objective response rate and R0 resection rate were 65.7% and

82.7%, respectively. Noteworthy, The OS rates at 12 and 24

months were 85.6% and 73.3%, respectively. Unfortunately,

despite great efforts to select patients addicted to anti-EGFR

blockade, treatment efficacy suffers from either innate or acquired

mechanisms of resistance, largely driven by RAS or BRAF

mutations. Liquid biopsy analysis with the detection of such and

other mutations might help monitor tumour spatial and temporal

heterogeneity and predict resistance to anti EGFR agents. It has

recently been recommended to select patients for the use of anti-

EGFR drugs beyond progression or as rechallenge strategy. The

phase II CAPRI 2 GOIM trial, a proposal, presented in this Research

Topic by Martini et al., is a clinical trial designed to follow RAS/

BRAF wild type mCRC cases, as determined on initial FFPE

diagnostic tissue, through three lines of therapy to include

FOLFIRI, Cetuximab, Folfox and bevacizumab in various

combinations, depending on dynamic mutation changes with

time, as measured by Liquid Biopsy analyses, after each line of

treatment. Endpoints will include Response rate (RR), PFS and OS.

More recent acquisitions include the use of immunocheckpoint

inhibitors (ICIs), i.e. Pembrolizumab or Nivolumab/Ipilimumab

combination, in mCRC patients with Microsatellite instability or

deficient Mismatch Repair. However, approximately 95% of mCRC

are microsatellite-stable/mismatch-repair-proficient, and this

condition involves resistance to ICIs (5). The molecular

mechanism of ICI resistance is largely unknown and clinical

research is addressing the complex issue of transforming tumors

from the immune “cold” state to the immune “hot” state. Insufficient

CD8+ T cell infiltration or loss of CD8+ T cell function might

restrict the efficiency of immunotherapy in CRC. In this context, Tan

et al. found that matrix remodelling associated protein 8 (MXRA8)

was over expressed in CRC, significantly affecting tumor

malignancy, metastasis and recurrence. Moreover, MXRA8 seemed

to correlate with CRC immunity, reflecting an abnormal immune

status, characterized by less infiltration or dysfunction of CD8+ T

cells. Therefore, MXRA8 might be implemented as a potential

immunotherapeutic and prognostic biomarker for CRC.
Frontiers in Oncology 026
An increasing number of patients with mCRC are able to receive

3 or more lines of therapy and in recent years the therapeutic

armamentarium in this setting has significantly expanded. In

particular, regorafenib, an oral multikinase inhibitor, and

trifluridine/tipiracil, an oral fluoropyrimidine, represent the

standard treatment options for chemorefractory mCRC patients. In

the Correct and Recourse trials, Regorafenib and trifluridine/tipiracil

showed a significant OS improvement in comparison to best

supportive care [HR 0.77 (IC 95% 0.64-0.94), p 0.0052; HR 0.66

(IC 95% 0.56-0.78), p<0.001, respectively] (6, 7). Another option in

this setting includes (even if with evidence from only phase 2 trials),

the rechallenge with EGFR inhibitors in RAS/BRAF WT tumors.

Salvatore et al. present here a retrospective trial to assess the efficacy,

according to tumor site, of the different treatment regimens (anti-

EGFR-based therapy versus regorafenib or trifluridine/tipiracil) in

refractory RAS/BRAF wt mCRC patients. They found a significant

benefit in terms of OS in favour of anti-EGFR therapy in the left sided

tumor group, whereas no differences were observed in the right sided

tumor group. These results suggest an opportunity, to be confirmed

in randomized trials, to select left side tumors for antiEGFR treatment

in later lines. Therapeutic options in refractory disease will further

increase in the coming years, thanks to the introduction of

Fruquintinib and the combination of trifluridine/tipiracil with

bevacizumab, the efficacy of which has recently been demonstrated

in phase III studies. Furthermore, combination therapies of these

drugs are underway, especially with ICIs, which could take a further

step forward in the fight against CRC. Xue et al. carried out a meta-

analysis of 22 studies including 1,866 patients with refractory mCRC

treated with targeted therapies as third or later line of treatment. The

pooled ORRs for VEGF and EGFR inhibitors were 4% and 19%,

respectively. More favourable objective response and disease control

rates were reported for patients treated with combined treatments

with respect to monotherapy. Larger well-designed clinical trials are

expected to better analyze efficacy and safety of VEGF and EGFR

inhibitors, as well as combined strategies (in particular with ICIs), in

the treatment of refractory mCRC.

Another key molecular target in CRC is BRAF. In particular,

BRAFV600E mutations are present in about 12% of mCRC and are

associated with right sidedness, poor differentiation, and mucinous-type

tumors, but above all with a poor disease prognosis and a poor response

to standard therapies. The European Medicines Agency (EMA) has

recently approved doublet therapy with encorafenib, a kinase inhibitor

of BRAF, and cetuximab as second or third line treatment for

BRAFV600E mCRC, according to the results of the phase III Beacon

trial. This targeted treatment is under investigation in combination with

both first line chemotherapy and ICIs in MSI mCRC patients.

Moreover, other BRAF inhibitors, such as vemurafenib and

dabrafenib are being evaluated in clinical trials. Piringer et al. report,

in this Research Topic a patient case with an impressive therapeutic

result (i.e. a complete remission still persisting after several years) in a

52-year-old woman with advanced BRAFV600E mutated, MSS mCRC,

treated with dabrafenib, trametinib, and cetuximab as later-line therapy.

There is a growing need for clinical and preclinical research aimed

at identifying new targets for the selective treatment of mCRC. Among

the new tumor targets under development, abnormal gene splicing is

emerging as a process able to promote tumor cell proliferation and
frontiersin.org
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invasion, resistance to apoptosis and probably resistance or sensitivity

to chemotherapy. Numerous splicing isoforms have been identified,

that are appropriate candidates for targeted treatment, even in mCRC

(Zheng et al.). Zhou et al. deeply investigated the role of Anoikis and

epithelial-mesenchymal transition (EMT) in the occurrence of distant

metastasis of CRC. In particular, they focused on the understanding of

their crosstalk and the identification of key genes. Besides the

prognostic role, these findings could help in developing novel

therapeutic targets for patients with mCRC. A further new frontier

in the selective treatment of solid tumors, including mCRC, is

nanomedicine. Nanoparticles are able to maximize treatment

efficacy, by directly targeting cancer cells and regulating drug release

[Jain and Bhattacharya]. The review by Jain and Bhattacharya

carefully describes the nanomaterials that can be employed, as well

as the preparation techniques and targeting mechanisms. Even though

this field of research seems promising, more data from preclinical and

clinical studies are eagerly awaited to bring this technology to

the market.
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MXRA8 is an immune-relative
prognostic biomarker
associated with metastasis
and CD8+ T cell infiltration
in colorectal cancer
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Background: Colorectal cancer (CRC) is the second most common cause of

cancer-related deaths worldwide. Tumormetastasis and CD8+ T cell infiltration

play a crucial role in CRC patient survival. It is important to determine the

etiology and mechanism of the malignant progression of CRC to develop more

effective treatment strategies.

Methods: We conducted weighted gene co‐expression network analysis

(WGCNA) to explore vital modules of tumor metastasis and CD8+ T cell

infiltration, then with hub gene selection and survival analysis. Multi-omics

analysis is used to explore the expression pattern, immunity, and prognostic

effect of MXRA8. The molecular and immune characteristics of MXRA8 are

analyzed in independent cohorts, clinical specimens, and in vitro.

Results: MXRA8 expression was strongly correlated with tumor malignancy,

metastasis, recurrence, and immunosuppressive microenvironment.

Furthermore, MXRA8 expression predicts poor prognosis and is an

independent prognostic factor for OS in CRC.

Conclusion: MXRA8 may be a potential immunotherapeutic and prognostic

biomarker for CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer

and the second most common cause of cancer-related deaths

worldwide (1). Approximately 20% of CRC patients have been

reported to have progressed to a metastatic state at presentation,

and up to 50% of localized CRC patients eventually present with

metastatic disease (2, 3). The prognosis of metastatic CRC

(mCRC) patients remains poor, with a three-year survival rate

of less than 30% (4). Therefore, it is important to determine the

etiology and mechanism of the malignant progression of CRC to

develop more effective treatment strategies.

Immunotherapy, especially immune checkpoint inhibitors

(ICIs), has become one of the effective therapeutic options for

mCRC (5). ICIs have shown promising success in non-small cell

lung cancer, metastatic melanoma, metastatic bladder cancer

and prostate cancer (6, 7). However, ICIs demonstrated very

limited clinical activity in mCRC. An important molecular

mechanism of ICIs resistance is insufficient CD8+ T cell

infiltration or loss of CD8+ T cell function (8). Studies have

shown that the extent and activity of CD8+ T cells can affect

tumor prognosis and immunotherapy response rates (9, 10).

Less infiltration of CD8+ T cells in the center of tumor focus, has

restricted the efficiency of immunotherapy in CRC (11).

Therefore, identifying biomarkers and mechanisms of reduced

infiltration and dysfunction of CD8+ T cells in CRC is critical for

mCRC immunotherapy.

This study explored potential prognostic biomarkers and their

biological functions in CRC, identifying matrix remodeling

associated protein 8 (MXRA8) as a target gene. MXRA8 is a

receptor for various articular viruses (12), but its role in cancer

development and progression remains unsolved. Studies have

demonstrated that MXRA8 is highly expressed in most solid

tumor tissues compared to adjacent normal tumors (13), and it

can modulate iron death and promote glioma progression (14).

High MXRA8 expression is associated with poorer overall survival

in clear cell renal cell carcinoma (15), but the potential function of

MXRA8 in CRC has not been elucidated. In current study, highly

expressed of MXRA8 was first determined in CRC tissues, and

verified to promote invasion and metastasis in CRC cell.

Furthermore, the expression level of MXRA8 reflects abnormal

immune status in CRC, including infiltration and dysfunction of

CD8+ T cells. Therefore, MXRA8 can be used a potential

immunotherapeutic and prognostic biomarker for CRC.
Materials and methods

Data preprocessing

The expression profile of CRC tissues in GSE87211,

GSE39582, GSE38832, GSE16158 and GSE16537 datasets were
Frontiers in Oncology 02
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downloaded from GEO database (http://www.ncbi.nlm.nih.gov/

geo/). GSE87211 dataset was used for module and gene selection

significantly associated with CRC metastasis and weighted gene

co-expression networks analysis (WGCNA) establishment.

GSE39582 dataset was used as the training cohort to construct

the prognostic prediction model. TCGA-COAD normalized

data and clinical information were downloaded from UCSC

Xena website (https://xenabrowser.net). GSE38832, GSE16158

and GSE16537 dataset were used as validation cohort. All gene

expression profiles were normalized by R software.
Weighted gene co-expression
networks analysis

The top 25% of genes with the largest variance in GSE87211

were selected for further co-expression network construction. To

ensure the reliability of the results, an outlier was removed.

Module identification was accomplished with the dynamic tree

cut method. This study aims to set soft-thresholding power to 4

(scale-free R2 = 0.93). Each module contains at least 30 genes,

and Pearson correlation analysis was conducted to identify the

module with the strongest association with metastasis CRC and

examine the relationship among gene modules.
Differentially expressed genes analysis
and enrichment analysis

DEGs in CRC and normal tissue in GSE87211 were screened

by the “limma” package in R, with an adjusted p-value < 0.05 and

|log2FC| > 1 considered statistically significant. Gene ontology

(GO) and Kyoto encyclopedia of genes and genomes (KEGG)

enrichment analyses were performed on the overlapping genes

of DEGs and metastasis-related modules.
Nomogram construction

Univariate Cox analysis was performed to determine the

association between the expression of metastasis-related DEGs

and patients’ recurrence-free survival (RFS). Lasso penalized

Cox regression analysis was used to select metastasis-related

genes associated with prognosis. Based on prognostic

importance, MXRA8 was identified as an important prognostic

molecule, so MXRA8 expression and relevant clinical

parameters were used to construct a nomogram. Calibration

curves and a receiver operating characteristic (ROC) curve were

used to estimate the accuracy and efficiency of the nomogram in

a time‐dependent manner.
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Gene set variation analysis and gene set
enrichment analysis

GSE39582 and TGA datasets were divided into high and low

groups according to the median MXRA8 expression level.

Hallmark gene sets were used as a reference gene set. The

GSVA package in R was used for GSVA analysis of MXRA8

high and low groups to identify common activation/inhibition

pathways. All samples in GSE39582 were divided into two

groups according to their risk score. GSEA was conducted to

analyze the difference between groups using an adjusted p-value

< 0.05 and a false discovery rate < 0.25.
Immune cell infiltration

The enrichment levels of 64 immune signatures in tumor

tissues were evaluated by xCell algorithm in GSE87211 dataset.

The relative proportions of 22 immune cell types in tumor

tissues were evaluated by CIBERSORT algorithm in GSE87211

dataset (16). Correlation analysis of MXRA8 expression levels

and immune cells was performed using the Pearson

correlation coefficient.
Plasmid and siRNA

Plasmids overexpressing MXRA8 and an empty vector were

purchased from Qinda (Wuhan, China). MXRA8 siRNA and

negative siRNA controls were constructed by Qinda (Wuhan,

China). The target sequences for MXRA8 siRNAs were

AGGACATCCAGCTAGATTA (MXRA8 s i 1 ) and

CGGGAAAGTCAAAGGGGAA (MXRA8 si2). CRC cells

(SW48 and LoVo, purchased from ATCC) were transfected

with siRNA or plasmid using Lipofectamine 3000 reagent

(Invitrogen, MA, USA) according to manufacturer ’s

instructions. The knockdown efficiency was validated by qRT-

PCR and western blot.
Cell migration assay

Cell migration was measured using transwell chambers

(Beaverbio, Jiangsu, China). Suspensions of 10 × 104 cells in

200 mL of serum-free medium were added to the upper

chamber, and a medium containing 10% FBS was added to the

lower chamber. After culturing for 12 h, the migrating cells were

fixed with 4% paraformaldehyde and stained with crystal violet.

The cells were counted in four random fields under a light

microscope. The control group was used as the standard and the

statistical results of the treatment group were standardized.
Frontiers in Oncology 03
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Wound-healing assay

The cells were seeded in 6-well plates and grown to 90%

confluence in a complete medium. The artificial wound was

made by scraping the confluent cell monolayer with a 200-µL

pipette tip, then washed with PBS to remove the detached cells.

The remaining cells were grown in a serum-free medium, and

cell migration was observed by microscopy and analyzed

objectively using Image J. Wound closure (%) was calculated

using the following formula: (1−[72-hour area/0-hour area])

× 100.
Quantitative real-time PCR

Total RNA from cultured cells was extracted using a Trizol

reagent kit (Takara, Dalian, China), and qRT-PCR was

performed as described previously (17). GAPDH was used as

an internal control. The primer sequences were as follows: 5’-

GCGGAGGCTACGAATACTCG-3 ’ ( f o rwa rd ) , 5 ’ -

TCTAGGTCGATGTACTTGGCAG-3’ (reverse), GAPDH: 5’-

GGAGCGAGATCCCTCCAAAAT-3 ’ ( forward) , 5 ’ -

GGCTGTTGTCATACTTCTCATGG-3’ (reverse).
Western blot

CRC cells transfected with siRNA were collected for protein

extraction by using a RIPA buffer (Sigma-Aldrich, Darmstadt,

Germany) containing proteinase and phosphatase inhibitors on

ice. With the protein concentration being determined, the

collected proteins were separated by SDS-PAGE and

transferred onto a nitrocellulose membrane (Bio-Rad,

Richmond, CA, USA). Post milk blocking, the membranes

were incubated with specific primary antibodies (Abcam,

ab185444), secondary antibodies and ECL detection reagents

(Millipore, USA), for the visualization by chemiluminescence

system (UVP, San Gabriel, CA). Image J software was used for

protein band quantification.
Immunohistochemistry

Paraffin-embedded specimens were prepared from tissue

samples (35 CRC tissues and 35 paired adjacent normal

tissues) collected from 35 patients who had been diagnosed

with CRC at the Union Hospital (Wuhan, China) according to

the original histopathological reports (Supplementary Table 1).

All samples were collected with the informed consent of patients.

All tissue specimens were collected immediately after surgical

excision and quickly fixed in 4% paraformaldehyde solution for

24h. The tissues removed from the fixative were then
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https://doi.org/10.3389/fonc.2022.1094612
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Tan et al. 10.3389/fonc.2022.1094612
dehydrated, transparent, waxed, and embedded. The paraffin

section was 3mm thick. IHC analysis of tissue was performed

using anti-MXRA8 (Abcam, ab185444, 1: 100) and anti-CD8

(Abcam, ab209775, 1:2000 dilution) antibodies and overnight

incubation at 4°C. After epitope retrieval, H2O2 treatment and

non-specific antigens blocking, chips were next incubated with

secondary antibody as described previously (18). The IHC

results were scored by two independent observers.
Statistical analysis

All statistical analyses were performed using R software

4.0.3. The Student’s t-test was used to determine the

significance of DEGs, the cell migration assay, and the wound-

healing assay. The Wilcoxon test was applied to determine the

significance of the difference between the risk score and

clinicopathological characteristics. GraphPad Prism 8.00

software was used to calculate the area under the curve.

****p<0.0001; ***p<0.001; **p<0.01; *p<0.05; ns, not significant.
Results

The turquoise/yellow module was
identified as the pivotal module
associated with metastasis and
CD8+ by WGCNA

Considering the significance of metastasis in determining

the prognosis of CRC patients, WGCNA was used to analyze the

co-expression patterns between metastasis and whole-

transcriptome profiling data (Figure S1A). The optimal soft

threshold was set to 4 to construct a scale-free network (Figure

S1B) to identify 12 modules (Figures 1A, S1C). The turquoise

and yellow module highly correlated with metastasis were

chosen for further analysis (Figure 1B). Gene expression

profiles from GSE87211 identified 2901 upregulated DEGs in

CRC samples compared to normal control tissues (Figure 1C). In

current study, 699 genes with the highest connectivity in the

turquoise/yellow module were intersected with the 2901 DEGs,

outputting 306 candidate genes (Figure 1D). GO functions and

KEGG pathways enriched analysis indicated that the genes were

related to metastasis functions (Figures 1E, F).
MXRA8 was selected as a hub gene
associated with metastasis

The metastasis-related gene signature (MGS) was

constructed by using LASSO Cox regression analysis to screen

the most significant prognostic markers within the module

(Figures 2A-C), consisting of six genes (SIX4, PRRX2,
Frontiers in Oncology 04
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MXRA8, SLC11A1, ADAMTS6, and FLT1). The MGS score of

each patient was calculated based on the expression levels of the

six genes. The median MGS score was regarded as the cutoff,

with all patients being classified as MGS-high or MGS-low, and

dead CRC patients having a higher risk score than live patients

(Figure 2D). A shorter survival time was found in CRC patients

with MGS-high by survival analysis (Figure 2E), which was

consistent with the Kaplan-Meier analysis resul ts

(p<0.0001) (Figure 2F).

TNM stage and risk score were independent risk factors for

RFS by Multivariate Cox regression analysis (Figures S2A, B).

The expression of risk score-high group genes was related with

metastasis pathways (EMT, angiogenesis, hedgehog signaling,

and notch signaling pathway) (p< 0.0001) by GSEA (Figure

S2C). A nomogram for forecasting the CRC patients’ survival

probability was established by combining the risk score and

clinicopathological characteristics (age, sex, and stage) of the

patients (Figure S3A). The probabilities for 3-, 5-, and 10-year

survival predicted by the nomogram highly accorded with the

observed values (Figure S3B). The area under the ROC curves for

3-, 5-, and 10-year OS were 0.700, 0.692, and 0.763, respectively

(Figure S3C). Moreover, the AUC values presented that the risk

score combined with tumor stage showed the best ability to

predict OS among the factors analyzed (Figure S3D).

MXRA8 has been scarcely any report in most cancers, but

being of great importance for CRC prognostic (Figure 2C).

Higher expression of MXRA8 was found in tumors (compared

to normal), in CRC patients with positive lymphatic metastasis

(compared to negative lymphatic metastasis), in CRC patients

with more advanced stage (Figures 2G; S3E, F), and patients with

recurrence and metastasis (compared to no recurrence and

metastasis) (Figure 2H).
Construction of an MXRA8-based
prognostic prediction model

MXRA8 expression was statistically significant by univariate

Cox regression analysis (Figure 3A) and identified as an

independent prognostic biomarker in the multivariate Cox

proportional hazards regression model using GSE39582 data

(HR = 1.25, 95% confidence interval (CI) = 1.03–1.50, p= 0.02,

Figure 3B). A nomogram for forecasting the CRC patients’

survival probability was established by combining MXRA8 and

clinicopathological characteristics (age, sex, and stage)

(Figure 3C). The probabilities for 1-, 3-, and 5-year survival

predicted by the nomogram highly accorded with the observed

values (Figure 3D). The area under the ROC curves for 3-, 5-,

and 10-year OS were 0.843, 0.779, and 0.754, respectively

(Figure 3E). Moreover, the AUC values presented that

MXRA8 combined with tumor stage showed the best ability to

predict OS among the factors analyzed (Figure 3F).
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MXRA8 is involved in cancer-related
signaling pathways in CRC

KEGG pathway gene sets and GSVA analysis of hallmark in

MXRA8 high and low expression samples from GSE39582 and

TCGA datasets revealed that tumor metastasis-related pathways

enrichment in the MXRA8 high group (Figure 4A). MXRA8 was

highly negatively associated with microsatellite instability but
Frontiers in Oncology 05
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positively associated with immune checkpoint molecule

expression, chemokines, and chemokine receptor expression

(Figure 4B). In IHC staining, MXRA8 protein expression

increased in tumor tissue (Figures 4C, D and S4A).

Furthermore, MXRA8 and CD8 negatively correlated with

CRC expression (Figure 4E). MXRA8 expression is positively

associated with Tumor Immune Dysfunction and Exclusion

(TIDE) and negatively associated with microsatellite instability
B

C D

E F

A

FIGURE 1

Biological function and pathway annotation. (A) Heatmap of the correlation between modules and cancer hallmarks. (B) Correlation between
turquoise/yellow module and metastasis. (C) The volcano plot of differentially expressed genes (DEGs) between colorectal carcinoma samples
and normal colorectal tissue samples (logFC > 2 and adjusted p-value <0.05). The horizontal axis represents the adjusted p-value, and the
vertical axis represents the fold change. Red and green circles indicate up- and down-regulated genes, respectively. (D) Venn plot of the
intersection of upregulated differentially expressed genes and selected genes from WGCNA. (E) The top 15 GO functions enriched for the
upregulated 306 genes. (F) The top of 21 KEGG pathways enriched for the up-related 306 genes.
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(MSI), the immunophenoscore (IPS), and checkpoint (CP)

(Figures 4F, G and S4B).
MXRA8 promotes CRC cell invasion and
migration in vitro

In vitro, the ability of invasion and migration was assessed by

MXRA8 knockdown in SW48 or plasmid transfection in LoVo
Frontiers in Oncology 06
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(Figures 5A, E). The protein expression of MXRA8 in SW48 cells

was decreased followed by MXRA8 knockdown (Figure 5B). The

migratory and invasive abilities were reduced with MXRA8

knockdown by transwell assays in SW48 (Figure 5C). Cell

migratory ability was repressed with MXRA8 knockdown by

wound-healing assays in SW48 (Figure 5D). Furthermore,

transwell assays showed that the invasive and migratory

abilities were enhanced with MXRA8 plasmid transfection in

LoVo (Figure 5F). A wound-healing assay illustrated that the cell
B C

D E F

A

G

H

FIGURE 2

Identifying MXRA8 as a hub gene. (A) LASSO coefficient profiles of metastasis-related prognostic differential expressed genes. (B) 10-fold cross-
validation for penalty parameter l selection in LASSO model. (C) LASSO coefficients of six metastasis-related genes. (D) Comparison of risk
scores in alive and dead patients. (E) The distribution of risk score, patients’ status, and RFS time. (F) Kaplan–Meier RFS curves for patients in
high- and low-risk groups. (G) Boxplot indicating MXRA8 expression in normal/tumor (left), lymph metastasis or not (middle), and different
stages (right) from GSE39582 database. (H) Boxplot indicating MXR8 expression in normal/recurrence (left), normal/metastasis after resection
(middle), normal/metastasis before resection (right) from TCGA database.
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migratory ability was upregulated when MXRA8 was

overexpressed in LoVo (Figure 5G). These results corroborated

that MXRA8 played a pivotal role in CRC migration and

invasion in vitro.
High expression of MXRA8 correlates
with low CD8+ T cell infiltration

Several algorithms were used to conduct the following study

in CRC, and the expression of MXRA8 was negatively correlated

with CD8+ T cell levels in GSE87211 and TCGA datasets

(Figures 6A, B). The protein expression of MXRA8 is
Frontiers in Oncology 07
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negatively correlated with the stromal and immune scores but

positively with tumor purity (Figure 6C). A correlation matrix

between MXRA8 and immune cells/stromal cells revealed that

MXRA8 is negatively correlated with CD8+ T cells but positively

with multiple types of stromal cells (skeletal muscle, pericytes,

mv endothelial cells, ly endothelial cells, fibroblasts, endothelial

cells, chondrocytes, and adipocytes), suggesting its potential role

meditated by CD8+ and the stromal cells in tumor progression

(Figures 6D, E). The prognostic value of MXRA8 was validated

using TCGA cohorts. In the univariate Cox regression analysis,

MXRA8 expression was statistically significant (left of Figure

S5A). Furthermore, multivariate Cox regression analysis

indicated that MXRA8 was an independent risk factor for
B

C

D E F

A

FIGURE 3

Constructing an MXRA8-based prognostic prediction model. (A) Univariate Cox regression analysis of MXRA8 and clinicopathological characteristics
(B) Multivariate Cox regression analysis of MXRA8 and clinicopathological characteristics. (C) Nomogram developed based on MXRA8 and
clinicopathological characteristics. (D) Plots depict the calibration of the model regarding the agreement between predicted and observed OS.
Model performance is shown by the plot relative to the 45-degree line, representing perfect prediction. Calibration analysis of the agreement
between nomogram predicted 1-, 3-, and 5-year survival and observed outcomes. (E) Time-dependent ROC curves at 1, 3, and 5 years of the
nomogram. (F) AUC plotted for different durations of OS for nomogram-based signature, tumor stage, and MXRA8 in TCGA datasets.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1094612
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Tan et al. 10.3389/fonc.2022.1094612
overall survival in CRC (HR = 1.61, 95% CI = 1.01–2.67, right of

Figure S5A). Furthermore, higher expression of MXRA8 was

associated with a poorer survival rate (Figures S5B-D),

indicating that high MXRA8 expression is an unfavorable

prognostic biomarker for CRC (Figure S5).
Frontiers in Oncology 08
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Discussion

Tumor metastasis and CD8+ T cell infiltration play a crucial

role in CRC patient survival. In this study, we conducted

WGCNA to explore vital modules of tumor metastasis and
B

C D E

F G

A

FIGURE 4

MXRA8 promotes CRC migration and immunosuppression. (A) GSVA analysis of hallmark and KEGG pathway gene sets in MXRA8 high and low
expression samples from GSE39582 and TCGA datasets. (B) In TCGA, MXRA8 expression is negatively associated with microsatellite instability
but positively associated with immune checkpoint molecule expression, chemokines, and chemokine receptors expression. (C) IHC images of
MXRA8 protein expression in normal and tumor tissue. Scale bars, 50 mm. (D) Statistical analysis of MXRA8 expression in CRC and adjacent
normal tissues. (E) Statistical analysis of the correlation between MXRA8 and CD8 expression in CRC tissues. (F, G) MXRA8 expression is
positively linked to tumor immune dysfunction and exclusion (TIDE) and negatively associated with microsatellite instability (MSI),
immunophenoscore (IPS), and checkpoint (CP).
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CD8+ T cell infiltration, then with hub gene selection and

survival analysis. A CRC prognosis prediction model based on

six related genes was constructed, of which one gene, MXRA8,

shows potential as a biomarker for survival and CD8+ T cell

infiltration in CRC.

The comprehensive evaluation of MXRA8 in four

independent CRC cohorts demonstrated high expression of

MXRA8 in tumors (compared to normal), in CRC patients

with positive lymphatic metastasis (compared to negative
Frontiers in Oncology 09
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lymphatic metastasis), advanced stage, recurrence, and

metastasis. The nomogram, including MXRA8 and tumor

stage, also showed good prognostic, predictive performance.

To further clarify the role of MXRA8 in cancer, we conducted

GSVA analysis of hallmark and KEGG pathways, showing that

high expression of MXRA8 was positively associated with

migration and immunosuppression.

MXRA8 is highly expressed in CRC and associated with

CRC metastasis. MXRA8 is a transmembrane protein that can
B

C

D

E F

G

A

FIGURE 5

MXRA8 promotes CRC cell invasion and migration in vitro. (A-D) Levels of MXRA8 mRNA, MXRA8 protein, images of transwell assay for
migration, and wound healing assay in SW48 transfected with MXRA8 siRNA. (E-G) Levels of MXRA8 mRNA, images of transwell assay for
migration, and wound healing assay in LoVo with MXRA8 plasmid transfection. ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05.
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influence integrin signaling and regulate cell-cell interactions

(19, 20). MXRA8 also serves as a receptor for multiple

arthritogenic alphaviruses (21). The function of MXRA8 in

cancer development and progression has not been addressed,

but it has been reported to be highly expressed in thyroid cancer

(22), kidney cancer (15), esophageal cancer (23), and pancreatic

cancer (24), Therefore, this study is the first report on the high

expression of MXRA8 in CRC. Additionally, MXRA8 is

associated with CRC metastasis, and increased MXRA8

promotes CRC invasion and metastasis in vitro. This is similar

to the results of a recent study by Roger et al., which found that

MXRA8 is highly expressed in lung metastasis of breast cancer,
Frontiers in Oncology 10
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and miR-200s can down-regulate MXRA8 expression to inhibit

the growth and metastasis of breast tumor cells in vivo (25).

MXRA8 promotes CRC invasion and metastasis through

multiple mechanisms and is involved in tumor invasion and

metastasis. EMT-like changes in tumor cells not only loosen cell-

cell adhesion complexes, enhancing cell migration and invasive

properties but are also associated with enhanced stem cell

properties and drug resistance (26, 27). The present study

depicted that the MXRA8 high expression group revealed

significant enrichment of EMT and angiogenesis. MXRA8 was

confirmed to be an adhesion molecular protein expressed in

epithelial and mesenchymal cells (28). These results suggest that
B

C

D E
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FIGURE 6

High MXRA8 expression correlates with low CD8+ T cell infiltration level. (A) The protein expression of MXRA8 is negatively correlated with
CD8+ T cell infiltration level in GSE87211 with CIBERSORT and XCELL algorism. (B) The mRNA expression of MXRA8 is negatively correlated with
CD8+ T cell infiltration level in TCGA with EPIC and CIBERSORT algorism. (C) The protein expression of MXRA8 is positively correlated with a
stromal score and immune score but negatively associated with tumor purity. (D) Correlation analysis between MXRA8 expression levels and
immune cells (E) Correlation analysis between MXRA8 expression levels and stromal cells infiltration.
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MXRA8 may be involved in cell adhesion and migration.

Hypoxia and TGF-b signaling can promote tumor EMT and

angiogenesis in multiple ways and are thought to contribute to

tumor invasion and metastasis (29, 30). In our study, the high

MXRA8 group showed significant enrichment of hypoxia and

TGF-b signaling pathways. In addition, our study revealed that

MXRA8 expression correlated with the expression of multiple

metastasis-associated chemokines (CXCL12, CXCL13, CCL9,

CCL21, CXCR4, CXCR5, and CCR7) (31–37), suggesting that

MXRA8 may be involved in tumor invasion and metastasis by

regulating the secretion of chemokines. Numerous studies have

reported that chemokines can regulate tumor invasiveness and

metastasis and play a crucial role in establishing the composition

of the “pre-metastatic niche” (38). For example, the CXCL12/

CXCR4 axis is involved in tumor growth, invasion, angiogenesis,

and metastasis in CRC, breast and pancreatic cancers (39–42).

Nonetheless, the role of MXRA8 in tumor metastasis still

requires further study.

MXRA8 levels are associated with cancer immunity, and ICI

is changing the treatment paradigm for many cancers (43), with

adequate infiltration of tumor-reactive CD8+ T cells a

prerequisite for the ICI response (44). In colorectal cancer, IL-

2 activates TPH1-5-HTP-AhR signaling in the tumor

microenvironment to induce CD8+ T cell exhaustion in tumor

tissues (45). In addition, significant enrichment of

immunosuppressive cytokines TGFB1 and IL10 have been

found in the Epithelial-mesenchymal transition-high group of

almost all cancer types, forming an immunosuppressive

microenvironment and leading to decreased infiltration of

CD8+ T cells (46). Inefficient antigen presentation due to

immune escape is also an important factor leading to poor

infiltration of CD8+ T cells. T cell suppressor receptors such as

CTLA-4, PD-1, and TIGIT are essential for T cell activation,

antigen recognition, and recruitment, and can inhibit effective

anti-tumor immune responses (47). These signaling pathways

(TGF-b, EMT, Hypoxia), participating in limiting CD8+ T cell

infiltration, have been preliminary demonstrated to be

associated with high expression of MXRA8 in this work.

Furthermore, MXRA8 was linked to the expression of several

immune checkpoints in our work, including PD-1, PD-L1, PD-

L2, CTLA-4, TIM-3, and LAG-3; thus, MXRA8 may be involved

in tumor immune escape. While more in-depth studies between

MXRA8 and CD8+ T cell infiltration are needed, we propose

some ideas about it.

MXRA8 mRNA levels were inversely related to the

abundance of most of the immune cell types, especially plasma

cells, M2 macrophages, and CD4 memory cells. Correlation

analysis showed that the expression of MXRA8 correlated with

the expression of many stromal cells, including endothelial cells,

fibroblasts, and adipocytes. In many previous studies, fibroblasts

and endothelial cells play key roles in cancer progression by

promoting extracellular matrix deposition and remodeling,

EMT, invasion, metastasis, and therapy resistance (48, 49).
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These results demonstrate that MXRA8 may affect the

development and prognosis of cancers by shaping the

tumor microenvironment.

TIDE was recently evaluated as a potential biomarker to

predict the response to ICI therapy in prospective clinical trials

and many tumor types (50). TIDE prediction scores correlated

with T cell dysfunction in Cytotoxic T Lymphocyte (CTL)-high

tumors and T cell exclusion in CTL-low tumors (51). In our

study, patients with high MXRA8 expression had less CTL

infiltration and higher TIDE and T cell exclusion scores so

that MXRA8 may be involved in tumor immune escape through

T cell exclusion. The IPS function was used to measure the

immune state of the samples (52), and the higher the composite

score of IPS, the stronger the immunogenicity of the sample. Our

study showed that patients with high MXRA8 expression had

lower IPS scores and antigen immunogenicity, indicating poor

responsiveness to immunotherapy, which is consistent with the

TIDE predictions. Overall, these results suggest that patients

with low MXRA8 expression may have a better response to

immunotherapy and that MXRA8 may be a potential biomarker

for predicting the efficacy of CRC immunotherapy.

Conclusion

This study first found that MXRA8 was overexpressed in

CRC. Meanwhile, MXRA8 expression was strongly correlated

with tumor malignancy, metastasis, recurrence, and

immunosuppressive microenvironment. Furthermore, MXRA8

expression predicts poor prognosis and is an independent

prognostic factor for OS in CRC. MXRA8 can also serve as a

potential biomarker for immunotherapy. In the future, the role

of MXRA8 in CRC prognosis and immunotherapy should be

validated in prospective, multicenter, and randomized clinical

trials that include follow-up data and receive immunotherapy.
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High-grade mucinous colorectal cancer (HGM CRC) is particularly aggressive, prone to

metastasis and treatment resistance, frequently accompanied by “signet ring” cancer

cells. A sizeable fraction of HGM CRCs (20-40%) arises in the context of the Lynch

Syndrome, an autosomal hereditary syndrome that predisposes tomicrosatellite instable

(MSI) CRC. Development of patient-derived preclinical models for this challenging

subtype of colorectal cancer represents an unmet need in oncology. We describe

here successful propagation of preclinical models from a case of early-onset, MSI-

positive metastatic colorectal cancer in a male Lynch syndrome patient, refractory to

standard care (FOLFOX6, FOLFIRI-Panitumumab) and, surprisingly, also to

immunotherapy. Surgical material from a debulking operation was implanted in NOD/

SCIDmice, successfully yielding onepatient-derived xenograft (PDX). PDXexplantswere

subsequently used to generate 2D and 3D cell cultures. Histologically, all models

resembled the tumor of origin, displaying a high-grade mucinous phenotype with

signet ring cells. For preclinical exploration of alternative treatments, in light of recent

findings, we considered inhibition of the proteasome by bortezomib and of the related

NEDD8 pathway by pevonedistat. Indeed, sensitivity to bortezomib was observed in

mucinous adenocarcinoma of the lung, and we previously found that HGM CRC is

preferentially sensitive to pevonedistat in models with low or absent expression of

cadherin 17 (CDH17), a differentiationmarker.We therefore performed IHCon the tumor

and models, and observed no CDH17 expression, suggesting sensitivity to pevonedistat.

Both bortezomib and pevonedistat showed strong activity on 2D cells at 72 hours and

on 3D organoids at 7 days, thus providing valid options for in vivo testing. Accordingly,

three PDX cohorts were treated for four weeks, respectively with vehicle, bortezomib

and pevonedistat. Both drugs significantly reduced tumor growth, as compared to the
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vehicle group. Interestingly, while bortezomib was more effective in vitro, pevonedistat

was more effective in vivo. Drug efficacy was further substantiated by a reduction of

cellularity and of Ki67-positive cells in the treated tumors. These results highlight

proteasome and NEDD8 inhibition as potentially effective therapeutic approaches

against Lynch syndrome-associated HGM CRC, also when the disease is refractory to

all available treatment options.
KEYWORDS

Lynch syndrome, mucinous colorectal cancer, signet ring cells, NEDD8 pathway
inhibition, proteasome inhibition, preclinical study
Introduction

Colorectal cancer (CRC) is one of the most common causes of

cancer-related death in the world (1). High-grade mucinous (HGM)

CRC occurs in about 10-20% of cases (2) and is characterized by

abundant extracellular mucin that accounts for at least 50% of the

tumor volume. Although actively secreting mucins, HGM CRC cells

are poorly differentiated, and indicate worse prognosis (3). This

counterintuitive property is further exacerbated by the presence of

“signet ring” cells, that do not interact with each other and contain a

large vacuole filled with mucus (4). Signet ring CRC (SR-CRC) is

more frequent in young patients (5) (6), and is endowed with marked

metastatic propensity (7). HGM/SR-CRC is more frequently found in

the proximal colon (8) and typically diagnosed in advanced stage.

HGM/SR-CRC frequently displays microsatellite instability (MSI)

and the consequent propensity to accumulate mutations, leading to

genetic evolution. Interestingly, 20-40% of mucinous CRCs arise at

young age in the context of the Lynch Syndrome (9), an autosomal

hereditary syndrome that predisposes to MSI CRC (2). Additional

molecular features of HGM/SR-CRC include mutations in key genes

of the RAS/MAPK (10) and PI3K/AKT/mTOR pathways (11), and

overexpression of specific mucin genes, likeMUC2 andMUC5AC (11).

Until now no specific clinical guidelines have been developed for

mucinous CRC patients, therefore they undergo standard CRC

treatments including FOLFOX (leucovorin, fluorouracil, oxaliplatin),

XELOX (capecitabine and oxaliplatin), and FOLFIRI (folic acid,

fluorouracil and irinotecan) (12). Checkpoint blockade immunotherapy

is an additional option for patients with MSI-positive disease (13).

Typically, SR-CRC patients are less responsive to treatment, with

shorter overall survival (3, 14). Consequently, new therapeutic options

represent a still unmet clinical need.

The most effective way to explore alternative antineoplastic

therapies relies on derivation and testing of patient-derived models,

such as cell lines, organoids (PDOs) and xenografts (PDXs) (15, 16).

However, an extensive internet and literature search for SR-CRC

patient-derived models was unsuccessful, reflecting the need to obtain

such models for preclinical explorations. We therefore propagated

and extensively characterized 2D and 3D cell cultures and patient-

derived xenografts (PDXs) from a case of early onset, MSI-positive

metastatic SR-CRC in a Lynch syndrome patient, unresponsive to

standard care (FOLFOX6, FOLFIRI-Panitumumab) and, surprisingly,

also to immunotherapy with nivolumab.
0222
We have previously found that inhibition of the NEDD8 pathway

by the small molecule pevonedistat, also known as MLN4924 (17) is

effective on mucinous CRC in vitro and in vivo, in cell lines and PDXs

(18). NEDD8 is an ubiquitin-like peptide that, when conjugated to

target proteins, modulates their activity. Major targets of neddylation

are the ubiquitin ligases of the cullin-ring family, that in turn

ubiquitinate and direct to the proteasome specific subsets of target

proteins (19). Interestingly, the proteasome inhibitor bortezomib

displayed efficacy in invasive lung adenocarcinoma patients only in

the case of mucinous tumors (20). We therefore considered

pevonedistat and bortezomib as promising candidate drugs to be

tested in the newly derived SR-CRC cells and PDXs.
Case description

The clinical history of this case is summarized in Figure 1A. A 26-

year-old male patient presented with abdominal pain and underwent

cholecystectomy. After one month, a CT scan highlighted a neoplastic

lesion in the right colon with multiple mesenteric lymphadenopathies

and nodules of peritoneal carcinosis. Histological analysis of a

colonoscopy biopsy revealed SR-CRC. The patient immediately

underwent right hemicolectomy, lymphadenectomy and exeresis of

carcinosis nodes. Histological evaluation of the surgical specimens

confirmed the diagnosis of SR-CRC in all samples. The molecular

pathology report described a positive MSI status with negativity of

tumor tissue for PMS2 and MLH1, no mutations in KRAS, NRAS and

BRAF and p.His1047Arg mutation in exon 20 of the PIK3CA gene.

Germline analysis revealed heterozygous frameshift mutation of MLH1,

consistent with a Lynch syndrome diagnosis. Four weeks after surgery,

new solid tissue formations and suspect lymph nodes were detected by

CT scan, while blood levels of CEA were still low (1.1 mg/ml). After 5

cycles of FOLOFOX6, a CT scan showed minimal dimensional increase

in different lesions, and CEA increased to 3.2 mg/ml. Considering the

KRAS wild type status, FOLFIRI plus panitumumab was chosen as

second line treatment. After 4 cycles, a CT showed new peritoneal lesions

and enlargement of old formations, with CEA = 3.9 mg/ml, which led to

further treatment change to nivolumab. After an initial disease

stabilization, by the 11th nivolumab cycle a drastic increment of CEA

(26.4 mg/ml) was observed, with PET and CT detecting substantial

increment of lesions size. An explorative laparotomy was performed

together with Pressurized Intraperitoneal Aerosol Chemotherapy
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(PIPAC) with oxaliplatin. After this, a third cytoreductive surgery was

performed. Patient-derived models were obtained from this surgery.

Subsequently, the patient underwent adjuvant chemotherapy with

capecitabine. Due to further disease progression, a palliative

cytoreductive surgery was performed and eventually the patient passed

away. In summary, this case of SR-CRC did not display clinical response

to any line of treatment.
Results

Derivation and characterization of PDX and
in vitro models

To analyze tumor tissue morphology, hematoxylin/eosin staining

(H&E) was performed, highlighting a highly mucinous tumor with

abundant signet ring cells and conspicuous stromal infiltration

(Figure 1B). A PDX line was generated from a colon lesion
Frontiers in Oncology 0323
obtained from the third surgery. Subsequently, a 3D organoid line

and a 2D adherent cell line were derived from the PDX (see Methods).

Both 2D and 3D cultures survived more than one freeze/thaw cycles,

and displayed massive mucus production in the culture medium.

H&E staining of cell and organoid cytoclots showed abundant signet

ring cells and mucus, similar to the tumor of origin (Figure 1B). All

patient derived models, together with the tumor of origin, stained

negative for cadherin 17 (CDH17, from Abnova), indicating a poorly

differentiated tumor and potential sensitivity to pevonedistat (18)

(Figure 2). To verify if the models maintained the molecular profile of

the tumor of origin, and to search for actionable molecular

alterations, deep sequencing of a 161-gene panel (ThermoFisher

Oncomine Comprehensive Assay v.3) was performed on germline

(DNA from white blood cells), tumor (from third surgery) and

models, setting the variant allele frequency (VAF) for somatic

mutation detection at 0.02. Germline analysis confirmed the MLH1

p Glu23Glyfs*8 frameshift mutation due to the insertion of an

additional G in a stretch of five Gs. We observed strong
B

A

FIGURE 1

Patient case history and tumor histology. (A) Case history, outlining clinical progression, therapy and surgery history, and blood marker profiles. (B) H&E
staining of patient tumor tissue (third surgery), PDX, organoid and 2D cells culture, as indicated. Signet ring cells are highlighted by black arrows (20X
magnification).
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concordance between the tumor tissue and all derived models,

unfortunately with no targetable alteration. All samples (tumor

tissue, 2D cells, 3D organoids and PDX) carried KRAS p.Gly13Asp

mutation, most probably selected during the panitumumab treatment

(21), CTNNB1 p.Ser45Phe and GNAS p.Arg201His. The PDX also

showed a subclonal ERBB2 variant (p.Arg896His) and a frameshift

deletion of ARID1A gene (p.Ile1816fs). Interestingly, no PIK3CA
Frontiers in Oncology 0424
mutations were detected, highlighting heterogeneity or molecular

evolution of the disease after the first surgery. The observed beta-

catenin gain-of-function mutation, CTNNB1 Ser45Phe, is quite

common in CRC patients (22), and could possibly be exploited in

the future for combined treatments (data here described are reported

in Table 1 in Supplementary). To further search for possible targets,

whole exome sequencing was performed on tumor and germline

DNA. All previously found mutations, including the germline MLH1

variant, were confirmed, but again no targetable mutations were

found. A copy number gain was found in the long arm of

chromosome 1, frequently observed in CRC (23), but with no

current clinical implications.
Preclinical evaluation of drug response

Considering the observed clinical resistance to standard and

targeted treatments, and the absence of any therapeutic indication

emerging from deep sequencing, the newly derived SR-CRC models

were evaluated for sensitivity to the proteasome inhibitor

bortezomib and to the NEDD8 inhibitor pevonedistat. Initial

assessments on the 2D cell line in vitro revealed marked

sensitivity to bortezomib, with an IC50 of 4.06 nM (Figure 3A)

and significant but lower sensitivity to pevonedistat (IC50 = 910

nM, Figure 3B). Efficacy of both drugs was confirmed on 3D

organoids at one week of treatment, again with higher sensitivity

to bortezomib (Figures 3C, D). Subsequently, both drugs were

tested for efficacy in vivo, in the PDX model. Three PDX cohorts

were treated for four weeks respectively with vehicle, bortezomib

and pevonedistat (see Methods). As showed in Figure 4A, both

drugs markedly reduced tumor growth compared to the vehicle

group, with better efficacy and higher statistical significance for

pevonedistat (Figure 4B). Kaplan-Meier analysis revealed

significantly longer survival of bortezomib and pevonedistat-

treated cohorts (log rank p-value of 0.009 and 0.002 respectively;

Figures 4C, D). Intriguingly, while bortezomib seemed more

effective in vitro, pevonedistat efficacy was slightly more

pronounced in vivo. Histological analysis of PDX explants at the

end of treatment revealed that vehicle-treated tumors not only were

larger, but also displayed higher cellularity, while the smaller,

bortezomib- and pevonedistat-treated tumors were richer in

mucus and necrosis, with lower absolute amounts of Ki67-

positive cells (Figure 4E). Mucus and necrosis could be at the

basis of the oscillations in tumor volume observed in the treated

cohorts (Figure 3A). Altogether, these results provide preclinical

evidence for both drugs as potentially viable therapeutic options for

SR-CRC.
Discussion

Over the last 25 years, the incidence of early onset CRC has

been steadily increasing (24). Indeed, substantial increment of CRC

incidence in 20-34 year old men and women is estimated to take

place by 2030 (25). Early onset CRC is typically diagnosed at an

advanced stage and characterized by rapid progression, mucinous

or signet ring histology (HGM/SR-CRC) and lower differentiation
FIGURE 2

CDH17 Immunohistochemistry. Immunohistochemical staining for
CDH17 in a positive control (xenograft SNU1746 cell line) and in
patient tumor tissue (third surgery), PDX, 3D organoids, and 2D cells,
as indicated.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1130852
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Torchiaro et al. 10.3389/fonc.2023.1130852
(26). About 20% of early-onset CRC is hereditary, mostly in the

context of the Lynch syndrome, i.e. germline mutations in

mismatch repair genes (27). HGM/SR-CRC is associated with

higher rate of MSI positivity, a positive predictor of response to

checkpoint inhibition-based immunotherapy (28). However, both

the mucinous phenotype and Lynch syndrome context are

negatively associated with PD-L1 expression by cancer cells in

MSI tumors (29). In line with these observations, the patient

described here displayed only transient disease stabilization by

checkpoint blockade.

Preclinical models like organoids and PDXs are widely recognized

as the best possible ways to recapitulate tumor biology and to discover

and test new therapeutic strategies (15, 30). This is particularly true

when actionable molecular alterations are found, leading to

hypothesis-based precision medicine approaches. Unfortunately, the

case described here displayed no such alterations, leading to an

alternative search for candidate treatments based on previous

literature. Accordingly, we tested for sensitivity to proteasome and

NEDD8 inhibition in three patient-derived models of increasing

complexity: 2D cells, 3D organoids, and in vivo PDXs. In this way,

drug efficacy could be assessed in multiple experimental conditions, to

yield more reliable results. Indeed, the in vitro results were highly

concordant, with an extremely high efficacy of bortezomib, while the

PDX experiments highlighted a therapeutic advantage of

pevonedistat. This could be explained by the known limitations of

bortezomib efficacy in vivo due to high toxicity, poor

pharmacokinetics, and low tumor penetration (31, 32). Moreover,

the presence of residual mucin is known to form a barrier to drug

delivery (33), potentially affecting efficacy of both drugs.

Overall, the preclinical results provided here highlight

pevonedistat and bortezomib as potentially effective therapeutic
Frontiers in Oncology 0525
approaches against HGM/SR-CRC. Although limited to a single

case, negativity for CDH17 of the tumor and all models further

confirmed its potential value as a marker of poor differentiation and

pevonedistat sensitivity (18). However, for both drugs, more studies

are needed to further improve penetration and response in the

context of HGM/SR-CRC. Along this line, a number of studies

showed efficacy of combinations of bortezomib or pevonedistat

with other drugs. Examples include combination of bortezomib

with vorinostat and dexamethasone in relapsed multiple myeloma

[NCT01720875 (34)]. Pevonedistat was found to synergize with

EGFR pathway inhibition, leading to tumor regression, in CRC

xenograft models (35). Bortezomib and pevonedistat could also

increase the efficacy of immunotherapy, because both drugs have

been shown to induce immunogenic cell death, potentially enhancing

antitumor immunity and allowing more durable responses to

immunotherapy (36, 37). Additional possibilities for pevonedistat

combinations can be derived from its mechanism of action, that

ultimately drives stabilization of the replication initiation protein

CDT1 at the end of the S-phase. This leads to DNA re-replication,

aneuploidy and DNA damage, which in turn results in S and G2/M

arrest, causing apoptosis and senescence. For this reason pevonedistat

has successfully been tested as a radiosensitizer, in head and neck

squamous carcinoma (38), pancreatic and breast cancer (39, 40).

Moreover, pevonedistat combination with PARP inhibitors has been

described as a possible new strategy for non-small cell lung cancer

treatment (41). All the above considerations, together with the better

in vivo profile, highlight pevonedistat as the preferred candidate for

further explorations.

A limitation of this study is that it includes a single case:

validation of treatment efficacy and prediction in an adequate

cohort of preclinical models is required to move these therapeutic
B

C D

A

FIGURE 3

In vitro drug response assays. (A, B) Viability of 2D cells after in vitro treatment with increasing concentrations of Bortezomib (A) or Pevonedistat (B) for
72h. C, (D) Viability of 3D organoids after in vitro treatment with increasing concentrations of Bortezomib (C) or Pevonedistat (D) for 1 week. Cell viability
was evaluated using the CellTiter-Glo® assay.
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strategies towards clinical assessment in patients. However, this case

proves the feasibility and informativeness of the preclinical research

strategy in the context of HGM/SR-CRC in early onset patients,

where standard therapy frequently fails.
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FIGURE 4

In vivo efficacy of pevonedistat and bortezomib. (A) In vivo growth of three PDX cohorts (n=5), treated for four weeks respectively with vehicle,
bortezomib (0.5mg/kg) and pevonedistat (90mg/kg). (B) T-test p-values comparing tumor size in the vehicle cohort vs. the bortezomib or pevonedistat
cohort, at different treatment times. (C, D) Kaplan-Meier survival plots comparing the vehicle cohort vs the bortezomib (C) or pevonedistat (D) cohorts.
P-values are from Longrank test analysis. (E) Representative pictures of IHC staining for Ki67 after PDX treatment with vehicle, bortezomib and
pevonedistat, at the end of the experiment.
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Efficacy and safety of a
biomarker-driven cetuximab-
based treatment regimen over
3 treatment lines in mCRC
patients with RAS/BRAF wild
type tumors at start of first line:
The CAPRI 2 GOIM trial

Giulia Martini1*, Davide Ciardiello1,2, Stefania Napolitano1,
Erika Martinelli 1, Teresa Troiani1, Tiziana Pia Latiano2,
Antonio Avallone3, Nicola Normanno4, Massimo Di Maio5,
Evaristo Maiello2 and Fortunato Ciardiello1

1Dipartimento di Medicina di Precisione, Oncologia Medica, Università degli Studi della Campania “Luigi
Vanvitelli”, Napoli, Italy, 2Oncologia Medica, Fondazione Istituto di Ricovero e Cura a Carattere
Scientifico (IRCCS) Casa Sollievo della Sofferenza, San Giovanni Rotondo, Italy, 3Istituto Nazionale per lo
Studio e la Cura dei Tumori “Fondazione Giovanni Pascale”– Istituto di Ricovero e Cura a Carattere
Scientifico (IRCCS), Oncologia Clinica Sperimentale Addome, Napoli, Italy, 4Biologia Cellulare e
Bioterapie, Istituto Nazionale per lo Studio e la Cura dei Tumori “Fondazione Giovanni Pascale”–Istituto
di Ricovero e Cura a Carattere Scientifico, Napoli, Italy, 5Dipartimento di Oncologia, Università di Torino,
Azienda Ospedaliera Mauriziana, Torino, Italy
Background: Monoclonal antibodies targeting EGFR such as cetuximab or

panitumumab represent a major step forward in the treatment of RAS wild type

(WT) metastatic colorectal cancer (mCRC). Unfortunately, primary and acquired

resistance mechanisms occur, with a huge percentage of patients succumbing to

the disease. In the last years, RAS mutation has been identified as the main

molecular driver that determine resistance to anti-EGFR monoclonal antibodies.

Liquid biopsy analysis allows to a dynamic and longitudinal assessment of

mutational status during mCRC disease and has provided important information

on the use of anti-EGFR drugs beyond progression or as rechallenge strategy in

patients with RAS WT tumors.

Methods: The phase II CAPRI 2 GOIM trial investigates the efficacy and safety of a

bio-marker-driven cetuximab-based treatment regimen over 3 treatment lines in

mCRC patients with RAS/BRAF WT tumors at start of first line.

Discussion: The aim of the study is to identify patients with RAS/BRAF WT tumors

defined as “addicted” to an-anti EGFR based treatment along three lines of therapy.

Moreover, the trial will evaluate the activity of cetuximab re-introduction in

combination with irinotecan as 3rd line therapy as rechallenge for patients that

will be treated in second line with FOLFOX plus bevacizumab, having a RAS/BRAF

mutant disease at progression after FOLFIRI plus cetuximab first line. A novel

characteristic of this program is that the therapeutic algorithm will be defined at

each treatment decision (first line, second line and third line) in a prospective
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fashion in each patient by a liquid biopsy assessment of RAS/BRAF status by a

comprehensive 324 genes Foundation One Liquid assay (Foundation/Roche).

Trial registration: EudraCT Number: 2020-003008-15, ClinicalTrials.gov

identifier: NCT05312398.
KEYWORDS

colorectal cancer, EGFR, liquid biopsy, biomarker, cetuximab
Introduction

Metastatic colorectal cancer

Colorectal cancer (CRC) is one of the most diagnosed cancers

worldwide, with 1.8 million new cases per year (1). In the last years,

the use of standard chemotherapy and targeted agents has

considerably increased the prognosis of metastatic colorectal cancer

(mCRC) patients, with an improvement in median overall survival

(OS) to approximately 36 months (2). Several clinical trials have

explored the use of cetuximab or panitumumab monoclonal

antibodies (mAbs) to target the Epidermal Growth Factor Receptor

(EGFR) in the treatment of RAS wild type (WT) metastatic colorectal

cancer (mCRC) among different lines of treatment (3). However,

despite the huge improvement of patient responses, the response is

impaired due to the presence of innate or acquired mechanisms of

resistance to anti-EGFR blockade (4). In the past years, several

molecular biomarkers have been identified in retrospective

preclinical and clinical analyses to predict resistance to cetuximab

and panitumumab. Among these, RAS mutational status is today the

principal biomarker of poor response to an anti-EGFR drugs and

patients with RAS-mutated mCRC are excluded by their treatment

(5). In addition, other components of the EGFR signalling pathway

determine intrinsic or acquired resistance to EGFR inhibitor

including mutation of BRAF and PI3KCA; amplification of HER2,

MET and KRAS; and loss of PTEN expression (6, 7). All these

alterations seem converge to the MAPK-ERK intracellular driver,

which is over-activated and is responsible of tumor survival even

when EGFR inhibitors are used (8). The molecular scenario is

complicated by the presence of inter-tumor and intratumor

heterogeneity of resistance mechanisms, with different molecular

clones present at the same time in a patient and even in the same

organ (9). In recent years, we have assisted to a widespread use of

circulating tumor DNA (ctDNA) testing over the tissue biopsy for the

detection in blood of mutations that characterize resistance to target

therapy in mCRC (10, 11). Morelli et al. have previously

demonstrated how RAS and EGFR mutant alleles exponentially

decline when treatment with EGFR inhibitors is interrupted, with

an half-life of nearly 4 months (12, 13). These data provide strong

support for the so called rechallenge strategy with anti-EGFR

monoclonal antibodies, in a subset of patients treated in front line

with chemotherapy plus cetuximab or panitumumab followed by an

EGFR free interval of at least 4 months after progression. Different
0230
trials are underway, to prospectively study rechallenge treatment with

cetuximab and panitumumab. Phase II clinical trials have been

published to date as the CAVE mCRC trial, in which rechallenge

strategy in refractory patients with RAS WT mCRC with cetuximab

plus avelumab, an anti-programmed death ligand 1 (PD-L1)

monoclonal antibody has demonstrated clinical evidence of

improved overall survival, with the highest benefit obtained in those

patients with baseline RAS/BRAF/EGFR WT circulating tumor DNA

(ctDNA) (14).
Rationale of the study

The rationale of anti-EGFR treatment beyond progression of

disease comes from our previous CAPRI GOIM Study, performed

in 25 Italian centres in which 340 patients with KRAS exon 2 WT

mCRC received a first line treatment with FOLFIRI plus cetuximab; of

these, 153 mCRC patients, at progression after responding to

FOLFIRI plus cetuximab, were treated with FOLFOX or with

FOLFOX plus cetuximab in a randomized phase II study (15). In

addition, the CAPRI GOIM clinical program has performed extensive

translational research with the establishment of a selected 22

multigene next generation sequencing (NGS) test for DNA

extracted from tumor tissue and of a selected RAS gene. Beaming

technology has been used for circulating free tumor DNA extracted

from plasma. The main findings of the CAPRI GOIM clinical research

project can be summarized as follows: FOLFIRI plus cetuximab is an

effective front line treatment in molecularly selected patients with

mCRC. Efficacy is similar in fit elderly patients. Efficacy is higher in

patients with KRAS/NRAS/BRAF/PIK3CA WT tumors. RAS testing

by liquid biopsy is feasible and predicts efficacy of FOLFIRI plus

cetuximab. Second line FOLFOX plus cetuximab is a promising

therapeutic approach in patients with KRAS/NRAS/BRAF/PIK3CA

WT tumors that benefited from first line FOLFIRI plus cetuximab

(16). Extended and comprehensive multigene assessment by NGS

allows the identification of potential rare gene alterations that could

be responsible for resistance to cetuximab in KRAS/NRAS/BRAF/

PIK3CA WT tumors.

Based on the findings of the CAPRI GOIM trial, the CAPRI 2

GOIM trial has the purpose of investigate the efficacy and safety of a

biomarker-driven cetuximab-based treatment regimen over 3

treatment lines in mCRC patients with RAS/BRAF WT tumors at

start of first line.
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In the present paper we describe and discuss the scientific and

clinical rationale, the design and treatment lines of the CAPRI 2

GOIM clinical trial (Figure 1).
Materials and methods

Based on dynamic and longitudinal liquid biopsy assessment of

RAS/BRAF status, that will be prospectively performed before each

line of treatment, 200 mCRC patients will be treated with cetuximab

in combination with chemotherapy throughout three lines of therapy,

as follows: FOLFIRI plus cetuximab (first line); FOLFOX plus

cetuximab (second line); irinotecan plus cetuximab (third line) in

case of RAS/BRAF WT at each time point of progression. If after the

first line progression, the liquid biopsy assessment indicates RAS and

or BRAF mutant status, patients will receive FOLFOX plus

bevacizumab as the second line of therapy. If after the second line

progression, the liquid biopsy assessment indicates RAS and or BRAF

mutant status, patients will be treated with regorafenib or trifluridine-

tipiracil (investigator’s choice), as third line of therapy (Figure 1).

Each treatment will be administered using standard doses and

schedules unti l progression of disease or unacceptable

toxicity (Figure 2).
Technical procedures to manage diagnostic
samples from enrolled patients:

Liquid biopsy: Two blood samples will be obtained before each

line of treatment (total of 29 mL): one will be shipped to Foundation

Roche Germany for extended RAS/BRAF molecular analysis, the

second will be processed for additional translational analyses.

Liquid biopsy assessment will be performed with a comprehensive

324 genes Foundation One Liquid NGS assay (Foundation/Roche).

Briefly, blood samples will be collected before each line of treatment

and will be shipped to Foundation Roche Germany for extended RAS/

BRAF molecular analysis. Circulating cell-free DNA will be isolated

from plasma and analyzed with the Foundation One Liquid assay

(Foundation/Roche). This assay assesses SNVs, indels, CNVs and
Frontiers in Oncology 0331
fusions in 324 cancer related genes (https://www.foundationmedicine.

com/genomic-testing/foundation-one-liquid).

Tissue analysis: Baseline Formalin-fixed-paraffin-embedded

(FFPE) of primary tumor or metastasis will be analyzed by local

laboratory for the determination of RAS/BRAF mutational status.

Moreover, a baseline FFPE sample will be shipped to Foundation

Roche Germany for molecular analysis. FFPE samples will be

analyzed with the Foundation One CDx assay (Foundation/Roche),

which covers single nucleotide variants (SNVs), indels, copy number

variations (CNV) and fusions in 324 cancer- related genes (https://

www.foundationmedicine.com). An additional baseline FFPE sample

will be shipped to the Cell Biology and Biotherapy Unit, Istituto

Nazionale Tumori “Fondazione Giovanni Pascale” IRCCS, Napoli for

further translational analyses.

Translational analyses: additional 12 mL of whole blood will be

collected. Plasma and peripheral blood mononuclear cells (PBMC)

will be collected, stored at -70/-80 °C (preferred) until shipment on

dry ice to the Cell Biology and Biotherapy Unit, Istituto Nazionale

Tumori “Fondazione Giovanni Pascale” IRCCS, Napoli.
Patients

Patients eligible for inclusion in the CAPRI 2 GOIM trial have to

meet all of the following criteria at the start of first line treatment: -

Histologically proven diagnosis of colorectal adenocarcinoma -

Diagnosis of metastatic disease - RAS and BRAF WT status of

FFPE analysis of primary CRC and/or distant metastasis -

Measurable disease.

Other eligible criteria are described in Tables 1, 2.
Study endpoints

Primary endpoint

The primary endpoint of the study is the Response rate (RR) for

each line of treatment according to Response Evaluation Criteria in

Solid Tumors (RECIST) v1.1.
FIGURE 1

Capri 2 GOIM clinical trial consort diagram.
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https://www.foundationmedicine.com/genomic-testing/foundation-one-liquid
https://www.foundationmedicine.com/genomic-testing/foundation-one-liquid
https://www.foundationmedicine.com
https://www.foundationmedicine.com
https://doi.org/10.3389/fonc.2023.1069370
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Martini et al. 10.3389/fonc.2023.1069370
Secondary endpoints
Fron
• Progression Free Survival (PFS): measured from the start of

therapy until the first observation of disease progression or

death due to any cause.

• Overall Survival (OS): calculated from the start of the study

treatment until death.

• Safety: Adverse events graded according to NCI CTCAE v 5.0.

• Molecular profiles of tumor tissue and liquid biopsy:

molecular analysis of formalin fixed paraffin embedded

(FFPE) tumor tissue, which is representative of the primary

tumor or of a metastatic site at the diagnosis of mCRC, will be

performed before the first line, whilst blood samples for liquid

biopsy will be collected before each line of treatment.
tiers in Oncology 0432
Exploratory endpoints

An additional aliquot of the blood/plasma/fecal samples will be

stored for further translational studies. The analysis on tissue and

plasma samples will be performed by Foundation Roche laboratories

in Germany using a comprehensive 324 genes Foundation One Liquid

assay (Foundation/Roche).

The analysis of fecal samples for gut microbioma study will be

performed by the gastroenterology unit, Casa Sollievo della

Sofferenza, Via padre Pio 7d 70013, San Giovanni Rotondo (FG).

Statistical analysis

The primary analysis of response will be performed in a modified

intention-to-treat population (mITT), defined as all enrolled patients
TABLE 1 Patients eligible for inclusion in this study have to meet all of the following criteria at the start of first line treatment.

1. Histologically proven diagnosis of colorectal adenocarcinoma

2. Diagnosis of metastatic disease

3. RAS and BRAF wild-type status of FFPE analysis of primary colorectal cancer and/or related metastasis

4. Measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST criteria, vers.1.1)

5. Male or female patients ≥ 18 years of age

6. ECOG Performance Status 0,1

7. Adequate bone marrow, liver and renal function assessed within 14 days before starting study treatment as defined by the following parameters:
Bone marrow:
Absolute Neutrophil Count (ANC) ≥ 1.5 x 109/L
Hemoglobin (Hgb) ≥ 9 g/dL
Platelets ≥ 100 x 109/L
Liver function:
Serum total bilirubin ≤ 1.5 x upper limit of normal (ULN) Aspartate aminotransferase (AST) (serum glutamic oxaloacetic transaminase [SGOT]) and ALT (SGPT) ≤ 2.5 x
ULN, except in patients with tumor involvement of the liver who must have AST and ALT ≤ 5 x ULN
Renal function:
Serum creatinine ≤ 1.5 x ULN or 24-hour clearance ≥ 50 mL/min

8. If female and of childbearing potential, have a negative result on a pregnancy test performed a maximum of 7 days before initiation of study treatment

9. If female and of childbearing potential, or if male, agreement to use adequate contraception (e.g., abstinence, intrauterine device, oral contraceptive, or double-barrier
method), during the study and until at least 3 months after last dose of study treatment administration, based on the judgment of the Investigator or a designated associate

10 Signed informed consent obtained before screening.
FIGURE 2

Possible treatment sequences based on ctDNA plasma analysis.
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with RAS/BRAF wild-type tumors who received at least one dose of

study treatment. No reliable prospective data for defining the

percentage of WT and mutated patients according to liquid biopsy

after FOLFIRI plus Cetuximab as first line and any second line

FOLFOX plus bevacizumab are available at the time of the trial

design. However, we assume that acquired RAS or BRAF mutations

detectable in the plasma occur as often as 40% at the beginning of the

second line. Moreover, at the beginning of the third line we assume

that 40% of patients who received a continuous EGFR inhibition in

second line will acquire a mutation in RAS or BRAF genes; on the

other hand, in about half of patients who received FOLFOX plus

bevacizumab as second line, RAS or BRAFWT status will be restored.

On the basis of this assumption, we calculated that 200 patients will

receive a first line with FOLFIRI plus cetuximab. In addition,

FOLFOX plus cetuximab as second line for patients WT on liquid

biopsy would provide the trial with a power of 80% to detect a

significantly higher response rate of 35% compared to historical

control of 20%. P0 = 0.20 Pt = 0.35; the study requires a sample

size of 56, achieves 81% power to detect a difference (P1-P0) of 0.15

using a one-sided binomial test. The target significance level is 0.05.

The actual significance level achieved by this test is 0.0432. These

results assume that the population proportion under the null

hypothesis is 0.2000. If the number of responses is 12 or less, the
Frontiers in Oncology 0533
null hypothesis that P <= 0.20 is accepted with a target error rate of

0.19 (1-power=1-0.81). The expected response rate increase in the

third line will be as follow: P0 = 0.02 Pt = 0.15. The study requires a

sample size of 28; achieves 81% power to detect a difference (P1-P0) of

0.13 using a one- sided binomial test. The target significance level is

0.025. The actual significance level achieved by this test is 0.018. These

results assume that the population proportion under the null

hypothesis is 0.02. If the number of responses is 8 or less, the

hypothesis that P <= 0.02 is accepted with a target error rate of

0.19. We will determine PFS and OS using the Kaplan-Meier method

and the median survival estimate of the OS and PFS and the related

confidence interval (CI) will be compared to the lower bound of the

CI observed in the historical control. This comparison will be made

only for descriptive purposes.
Discussion

The CAPRI 2 GOIM clinical trial is the first trial to explore the use

of anti-EGFR treatment for three subsequent treatment lines in those

patients defined as addicted to anti-EGFR blockade. Moreover, the

study will also evaluate the activity and efficacy of cetuximab plus

irinotecan rechallenge for those patients treated in second line with
TABLE 2 Patients eligible for this study must not meet any of the following criteria at the start of first line treatment.

11.Any contraindication to the use of cetuximab, Irinotecan, 5-FU, oxaliplatin, folinic acid, bevacizumab, trifluridine-tipiracil, regorafenib

12. Active uncontrolled infections, active disseminated intravascular coagulation or history of interstitial lung disease

13. Past or current history of malignancies other than colorectal carcinoma, except for curatively treated basal and squamous cell carcinoma of the skin cancer or in situ
carcinoma of the cervix

14. Pregnancy (exclusion to be ascertained by a beta hCG test

15. Breastfeeding

16. Fertile women (<2 years after last menstruation) and men of childbearing potential not willing to use effective means of contraception•

17. Myocardial infarction, unstable angina pectoris, balloon angioplasty (PTCA) with or without stenting within the past 12 months before inclusion in the study, Grade III or
IV heart failure (NYHA classification)

18. Cardiac arrhythmias requiring anti-arrhythmic therapy, with the exception of beta blockers or digoxin

19. Medical or psychological impairments associated with restricted ability to give consent or not allowing conduct of the study

20. Previous chemotherapy for the colorectal cancer with the exception of adjuvant treatment, completed at least 6 months before entering the study

21. Participation in a clinical study or experimental drug treatment within 30 days prior to study inclusion or during participation in the study

22. Known or clinically suspected brain metastases

23. History of acute or subacute intestinal occlusion or chronic inflammatory bowel disease or chronic diarrhoea

24. Severe, non-healing wounds, ulcers or bone fractures

25. Uncontrolled hypertension

26. Marked proteinuria (nephrotic syndrome)

27. Known DPD deficiency (specific screening not required)

28. Known history of alcohol or drug abuse

29. A significant concomitant disease which, in the investigating physician’s opinion, rules out the patient’s participation in the study

30. Absent or restricted legal capacity
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chemotherapy plus anti-angiogenic drugs (FOLFOX plus

bevacizumab), having a RAS or BRAF mutant disease at the time of

progression after FOLFIRI plus cetuximab first line treatment.

Although exclusion criteria of the CAPRI 2 GOIM clinical trial do

not refer to patients with microsatellite instable (MSI) tumors, these

should be treated with pembrolizumab in first line setting, as

international guidelines recommend according to the results of

KEYNOTE-177 trial (17). Therefore, these patients are not the right

candidates for CAPRI 2 GOIM trial, for which the principal objective

is to investigate how three lines of EGFR-based treatment could be

effective in patients with RAS/BRAF WT tumors. Moreover, at the

time of trial initiation in Italy pembrolizumab was not yet reimbursed

for first line treatment in patients with MSI mCRC. For this reason, if

a patient enrolled in the trial shows microsatellite instability at the

molecular analysis, investigators should discuss with the patient the

best treatment option, as in this case pembrolizumab, and therefore

evaluate to exit from the trial.

Liquid biopsy assessment with a comprehensive 324 genes

Foundation One Liquid NGS assay (Foundation/Roche) will

provide not only an integrated analysis of RAS and BRAF genes

mutational status along all the duration of the trial, but also an

extensive study of potential biomarkers of response to cetuximab

based treatment that, together with the analysis of the influence of gut

microbiome on anti-tumor activity will allow to a better tailored anti-

cancer treatment in mCRC.

The CAPRI 2 GOIM clinical trial will enroll 200 patients from 25

italian centers. The first patient has been enrolled in July 2021. We

estimate the end of enrollment in September 2023 and the end of the

study on July 2026.
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Efficacy of third-line anti-EGFR-
based treatment versus
regorafenib or trifluridine/tipiracil
according to primary tumor site
in RAS/BRAF wild-type metastatic
colorectal cancer patients

Lisa Salvatore1,2*†, Maria Bensi1,2†, Raffaella Vivolo1,2,
Ina Valeria Zurlo1,3, Emanuela Dell’Aquila4,5, Roberta Grande6,7,
Annunziato Anghelone1,2, Alessandra Emiliani3,
Fabrizio Citarella4, Maria Alessandra Calegari1, Marta Ribelli3,
Michele Basso1, Carmelo Pozzo1 and Giampaolo Tortora1,2

1Oncologia Medica, Comprehensive Cancer Center, Fondazione Policlinico Universitario Agostino
Gemelli, IRCCS, Rome, Italy, 2Oncologia Medica, Università Cattolica del Sacro Cuore, Rome, Italy,
3Oncologia Medica, Ospedale Fatebenefratelli Isola Tiberina - Gemelli Isola, Rome, Italy, 4Department of
Medical Oncology, Campus Bio-Medico University of Rome, Rome, Italy, 5Medical Oncology 1, IRCCS
Regina Elena National Cancer Institute, Rome, Italy, 6UOSD Coordinamento Screening Oncologici, ASL
Frosinone, Frosinone, Italy, 7DH Oncologico, Ospedale F. Spaziani - ASL, Frosinone, Italy
Background: Right- (R) and left-sided (L) metastatic colorectal cancer (mCRC)

exhibit different clinical and molecular features. Several retrospective analyses

showed that survival benefit of anti-EGFR-based therapy is limited to RAS/BRAF wt

L-sided mCRC patients. Few data are available about third-line anti-EGFR efficacy

according to primary tumor site.

Methods: RAS/BRAF wt patients mCRC treated with third-line anti-EGFR-based

therapy versus regorafenib or trifluridine/tipiracil (R/T) were retrospectively

collected. The objective of the analysis was to compare treatment efficacy

according to tumor site. The primary endpoint was progression-free survival

(PFS); secondary endpoints were overall survival (OS), response rate (RR)

and toxicity.

Results: A total of 76 RAS/BRAF wt mCRC patients, treated with third-line anti-

EGFR-based therapy or R/T, were enrolled. Of those, 19 (25%) patients had a R-

sided tumor (9 patients received anti-EGFR treatment and 10 patients R/T) and 57

(75%) patients had a L-sided tumor (30 patients received anti-EGFR treatment and

27 patients R/T). A significant PFS [7.2 vs 3.6 months, HR 0.43 (95% CI 0.2-0.76), p=

0.004] and OS benefit [14.9 vs 10.9 months, HR 0.52 (95% CI 0.28-0.98), p= 0.045]

in favor of anti-EGFR therapy vs R/T was observed in the L-sided tumor group. No

difference in PFS and OS was observed in the R-sided tumor group. A significant

interaction according to primary tumor site and third-line regimen was observed

for PFS (p= 0.05). RR was significantly higher in L-sided patients treated with anti-

EGFR vs R/T (43% vs. 0%; p <0.0001), no difference was observed in R-sided
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patients. At the multivariate analysis, third-line regimen was independently

associated with PFS in L-sided patients.

Conclusions: Our results demonstrated a different benefit from third-line anti-

EGFR-based therapy according to primary tumor site, confirming the role of L-

sided tumor in predicting benefit from third-line anti-EGFR vs R/T. At the same

time, no difference was observed in R-sided tumor.
KEYWORDS

colorectal cancer, primary tumor site, third-line therapy, RAS/BRAF wild-type, anti-egfr
ab, Regorafenib, trifluridine/tipiracil
1 Introduction

The primary tumor site of metastatic colorectal cancer (mCRC) is

associated with specific clinical-pathological and molecular features

(1). From an anatomical point of view, differential characteristics

between left- (L) and right- (R) sided tumors are based on

embryological origin, physiological function, food transit, and gut

microbiome (2). From a genetic and molecular point of view, R-sided

colon cancer is associated with RAS and BRAF mutations and DNA

mismatch-repair enzyme deficiency, while L-sided colon cancer is

associated with EGFR, HER2-neu, APC, and TP53 mutations (3).

Several studies demonstrated that the primary tumor site has both a

prognostic and predictive role. Regarding the prognostic role, a

metanalysis of 66 studies, including 1437846 mCRC patients,

showed that L-sided tumor site was associated with longer OS in

comparison to R-sided tumor site [HR 0.82 (95% CI 0.79-0.84), p<

0.001] (4). Regarding the predictive role, a metanalysis of 13

randomized controlled trials, investigated the correlation between

efficacy of first-line therapy (bevacizumab vs anti-EGFR-based

treatment) in mCRC patients and primary tumor location. In

patients with RAS/BRAF wild-type (wt) L-sided mCRC, an anti-

EGFR based first-line therapy showed an improved PFS and OS in

comparison to bevacizumab-based treatment [PFS: HR 0.86 (95% CI

0.73-1.02); OS: HR 0.71 (95%CI 0.58-0.85)]. By contrast, in R-sided

mCRC patients, the benefit from bevacizumab plus chemotherapy

was higher as compared to anti-EGFR-based treatment [PFS: HR 0.65

(95%CI 0.50-0.86); OS: HR 0.77 (95%CI 0.57- 1.03)] (5). Accordingly,

international and national guidelines (6, 7) recommend anti-EGFR

plus chemotherapy for the first-line treatment of all wt L-sided mCRC

patients as preferred option.

However, besides first-line treatment, few clinical data is available

on the prognostic and/or predictive role of the primary tumor site for

subsequent lines of therapy. With respect to anti-EGFR therapy

efficacy for pretreated mCRC patients, Brule ı ́ et al.,reanalyzed the

results of NCIC CO.17 trial (cetuximab vs best supportive care)

according to primary tumor site. In this study, primary tumor

location was not prognostic, but strongly predictive: KRAS wt L-

sided mCRC patients had significantly longer PFS when treated with

cetuximab compared to best supportive care [5.4 vs 1.8 months, HR

0.28 (95% CI 0.18-0.45), p < 0.0001], while no difference was observed

in R-sided mCRC patients [1.9 vs 1.9 months, HR 0.73 (95%CI 0.42-
0236
1.27), p = 0.26] (interaction p=0.002) (8). Boeckx et al., in a

retrospective analysis of study 20050181 (FOLFIRI-Panitumumab

vs FOLFIRI) and study 20020408 (panitumumab vs best supportive

care), investigated the efficacy of anti-EGFR-based therapy, after first-

line, according to primary tumor location. RAS wt L-sided tumor had

better outcomes with panitumumab than with the comparator

treatment [study 20050181 PFS: 8.0 vs 5.8 months, HR 0.88 (95%

CI 0.69-1.12), p=0.31, study 20020408 PFS: 5.5 vs 1.6 months, HR

0.50 (95% CI 0.22-1.15), p< 0.0001] (9).

To date, regorafenib (R) and trifluridine/tipiracil (T) represent

two standard treatment options for chemorefractory mCRC patients.

In the CORRECT (10) and RECOURSE (11) trials, R and T showed a

significant OS improvement in comparison to best supportive care

[HR 0,77 (IC 95% 0,64-0,94) p 0,0052] [HR 0.66 (IC 95% 0.56-0.78),

p<0.001], respectively. Despite the statistically significant OS

improvements, the absolute benefit appeared limited, and it was

independent from both RAS status and primary tumor site.

Based on this limited evidence, we retrospectively compared the

efficacy of third-line therapy with anti-EGFR-based treatment versus

R/T in RAS/BRAF wt mCRC patients, according to the primary

tumor site.
2 Materials and methods

2.1 Study population

Patients with RAS and BRAF wt mCRC, treated with R or T

versus anti-EGFR-based treatment in third-line, were retrospectively

included in the study. Patients were enrolled by four Italian Medical

Oncology Units (Comprehensive Cancer Center, Fondazione

Policlinico Universitario Agostino Gemelli-IRCCS, Università

Cattolica del Sacro Cuore, Rome; Ospedale Fatebenefratelli Isola

Tiberina - Gemelli Isola, Rome; Department of Medical Oncology,

Campus Bio-Medico University, Rome; Ospedale F. Spaziani -

ASL Frosinone)

Patients had to have received two prior regimens of standard

chemotherapy (oxaliplatin, irinotecan, fluoropyrimidine) for

metastatic disease. Previous treatments could include bevacizumab.

Patients who received cetuximab and/or panitumumab in first- or

second-line were excluded from the anti-EGFR group; on the
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contrary, they could be enrolled in the R/T group. Prior therapy with

R or T was not allowed.

The R-sided tumor was defined as cancer from the cecum to the

transverse colon, L-sided tumor was defined as cancer from the

splenic flexure to the rectum. For each patient we collected the

following available variables: baseline ECOG performance status

(PS), gender, age, synchronous vs metachronous disease, previous

anticancer treatments, and number of metastatic sites (single

vs multiple).
2.2 Study outcomes

This is a retrospective, multicenter, observational study aiming to

investigate the predictive role of primary tumor site in RAS/BRAF wt

mCRC patients receiving anti-EGFR or R/T as third-line treatment.

The primary endpoint was progression-free survival (PFS); the

secondary endpoints were overall survival (OS), response rate (RR),

and toxicity. PFS was defined as the time from the start of third-line

treatment to disease progression or death from any cause, whichever

occurred first. OS was defined as the time from treatment start to the

date of death for any reasons. RR was the percentage of patients

achieving an objective response (complete response or partial

response) according to RECIST criteria (version 1.1). Disease

evaluation was performed with a computed tomography (CT) scan

of chest and abdomen every 8-12 weeks, according to clinical practice.

Toxicity rate was defined as the percentage of patients experiencing a

specific adverse event (AE) during the treatment, according to

NCTCAE version 5.0.
2.3 Statistical analysis

Chi-square test was performed to compare patient characteristics

and RR between R- and L- tumor groups, and incidence of AEs

according to treatment group. PFS and OS analyses were carried out

using the Kaplan-Meier method. Cox proportional regression was

used for univariate and multivariate analyses of PFS and OS.

Statistical significance was established at p = 0.05. Hazard ratios

(HR) with 95% confidence interval (CI) were estimated using a

logistic regression model. All analyses were conducted using

MedCalc statistical software version 18.11.3 (MedCalc Software,

Ostend, Belgium; http://www.medcalc.org;2019).
3 Results

3.1 Patients characteristics

A total of 76 RAS/BRAF wt mCRC patients, receiving, as third-

line treatment, R or T or anti-EGFR based-therapy, were enrolled in

the study. Fifty-seven (75%) patients had a L-sided tumor, 19 (25%)

patients had a R-sided tumor. Thirty-nine (51%) patients received

anti-EGFR-based therapy (16 patients panitumumab and 23

irinotecan plus cetuximab), 37 (49%) patients received R or T.

Among patients with L-sided tumor, 30 (53%) were treated with
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anti-EGFR-based therapy and 27 (47%) with R/T. Among patients

with R-sided tumor, 9 (47%) were treated with anti-EGFR-based

therapy and 10 (53%) with R/T.

Baseline clinical characteristics were well-balanced between the

two groups. The median age was 64 years (range 38-81) in the L-sided

tumor group, and 63 years (range 38-78) in the R-sided tumor group.

Males were 51% and 53% in the L- and R-sided tumor group,

respectively; ECOG PS was 0 in 28% and 26%; metastases were

synchronous in 72% and 79%; sites of metastases were multiple in

72 and 74% of L- and R-sided tumor group, respectively. Clinical

baseline patients characteristics and treatment information are

summarized in Table 1.
3.2 Efficacy and activity of third-line
treatment according to primary tumor site

In the L-sided tumor group, median PFS and OS were

significantly longer in patients treated with anti-EGFR in

comparison to patients treated with R/T [median PFS: 7.2 (95% CI

6.5-7.8) vs 3.6 months (95% CI 3.2-3.9), HR 0.43 (95% CI 0.2-0.76),

p=0.004; median OS: 14.9 (95% CI 7.2-22.7) vs 10.9 months (95% CI

6.0-15.9), HR 0.52 (95% CI 0.28-0.98), p=0.045]. By contrast, in the R-

sided tumor group, no significant difference in both PFS and OS

according to treatment was observed [median PFS: 3.5 (95% CI 0-7.0)

vs 3.3 months (95% CI 1.3-5.3), HR 1.40 (95% CI 0.52-3.79), p=0.50;

median OS: 9.3 (95% CI 4.2-14.4) vs 4.8 months (95% CI 0-16.0), HR

0.82 (95%CI 0.29-2.30), p=0.70] (Figures 1, 2). A significant

interaction according to primary tumor site and third-line regimen

was observed for PFS (p=0.05), but not for OS (p=0.38) (Figure 1, 2).

In the L-sided tumor group, RR was 43% in patients treated with

anti-EGFR and 0% in patients treated with R/T (p <0.0001). No

difference in RR was observed in patients with R-sided colon cancer

according to treatment (RR 11% in patients treated with anti-EGFR vs

RR 10% in patients treated with R/T, p=0.99) (Figure 3).

At the multivariate analysis, in the L-sided tumor group, third line

regimen (anti-EGFR vs R/T) was independently associated with PFS

[HR 0.45 (95% CI 0.25–0.80), p=0.006], but not with OS. By contrast,

in the R-sided tumor group, at the multivariate analysis no association

between third-line regimen and survival outcomes was observed.

Univariate and multivariate analyses for PFS and OS are showed

in Table 2.
3.3 Toxicity

The incidence of any grade and grade 3/4 AEs was significantly

higher in patients treated with R/T in comparison to patients treated

with anti-EGFR (any grade: 88% vs 64%, p=0.018; grade 3/4: 47% vs

20%, p=0.017).

The most frequent AE in patients treated with anti-EGFR was

folliculitis (any grade 49%, grade 3/4 13%), while the most frequent

AEs in patients treated with R/T were hand-foot syndrome (any grade

35%, grade 3/4 6%), hypertension (any grade 24%, grade 3/4 6%),

neutropenia (any grade 21%, grade 3/4 15%) and anemia (any grade

12%, grade 3/4 6%]. The incidence of AES was reported in Table 3.
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4 Discussion

To the best of our knowledge, this study was the first investigating

the efficacy of a third-line therapy with anti-EGFR-based treatment

versus R/T in RAS/BRAF wt mCRC patients, according to the

primary tumor site. Our results confirm the benefit of third-line

anti-EGFR treatment in L-sided tumors, supporting the predictive

role of primary tumor location also in pretreated mCRC patients.

The benefit of first-line chemotherapy plus cetuximab or

panitumumab in L-sided mCRC has been clearly demonstrated (5),

while clinical evidence on the role of primary tumor site in predicting

benefit from EGFR inhibitors in pretreated mCRC patients is still

limited. Chen et al., in a cohort study of 969 KRAS wt mCRC patients

treated with third-line cetuximab, demonstrated a significant longer

time to treatment discontinuation (p=0.0005) and OS (p <0.0001) in

L-sided vs R-sided tumor patients, confirming the prognostic role of

primary tumor site (12). Moretto et al., analyzing 75 RAS/BRAF wt

mCRC patients treated with cetuximab +/- irinotecan or
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panitumumab as first-line or subsequent lines, demonstrated a lack

of activity of anti-EGFR in R-sided vs L-sided tumors. Specifically, RR

was 0% and 41% in R-sided and L-sided tumor patients (p=0.0032),

respectively (13). The main limitations of these studies are the

retrospective nature and the lack of a control arm.

Concerning treatment with R/T, the impact of the primary tumor

site was not well defined. Subgroup analyses of both CORRECT and

RECOURSE trials demonstrated a survival benefit regardless of

primary tumor site (10, 11). In a multicenter retrospective study of

505 mCRC patients treated with R or T, R-sided patients had a shorter

OS in comparison to L-sided patients (p=0.041), but at the

multivariate analysis for OS, primary tumor location was not an

independent prognostic factor (p=0.64) (14).

The strength of our study was stringent inclusion criteria for

patients: we selected only RAS/BRAF wt mCRC patients, also in the

R/T group, in order to evaluate a homogeneous population; previous

treatment with cetuximab or panitumumab was not allowed in the

anti-EGFR group, thus avoiding potentially resistant patients.
TABLE 1 Patients characteristics.

Characteristics, N (%) Right-sided
(N = 19)

Left-sided
(N = 57)

p-value

Age (years), median (range) 63 (38-78) 64 (38-81)

≤65 years 13 (68.4) 30 (52.6) 0.11

>65 years 6 (31.6) 27 (47.4)

Sex

Male 10 (52.6) 29 (50.9) 0.89

Female 9 (47.4) 28 (49.1)

ECOG PS at the beginning of 3rd line

0 5 (26.3) 16 (28) 0.88

1-2 12 (63.2) 35 (61.4)

NA 2 (10.5) 6 (10.6)

Time between diagnosis of PT and metastases

Synchronous (≤ 6 months) 15 (78.9) 41 (72) 0.55

Metachronous (> 6 months) 4 (21.1) 16 (28)

3rd line therapy

Anti-EGFR 9 (47.4) 30 (52.6) 0.69

R/T 10 (52.6) 27 (47.4)

N metastatic sites at the beginning of 3rd line

1 5 (26.3) 16 (28.1) 0.88

≥2 14 (73.7) 41 (71.9)

Prior systemic anticancer agents

fluoropyrumidine 19 (100) 57 (100) 1

oxaliplatin 15 (78.9) 53 (92.9) 0.08

irinotecan 18 (94.7) 56 (98.2) 0.41

bevacizumab 14 (73.7) 40 (70.2) 0.77

Anti-EGFR 10 (52.6) 26 (45.6) 0.59
fron
N, number; ECOG PS, Eastern Cooperative Group Performance Status; PT, primary tumor; NA, not applicable; R/T, Regorafenib or Trifluridine/Tipiracil.
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Furthermore, our retrospective study, compared third-line anti-EGFR

therapy with R/T, a standard treatment option in pretreated

mCRC patients.

Our study population was characterized by an imbalance in the

primary tumor site (75% L-sided side vs 25% R-sided), that could be

explained by the different molecular profiling between L- and R-sided

tumors. Our analysis showed a significant longer PFS and OS for

patients treated with anti-EGFR vs R/T in the L-sided tumor group

[median PFS 7.2 vs 3.6 months, HR 0.43 (95% CI 0.2-0.76), p=0.004;

median OS 14.9 vs 10.9 months, HR 0.52 (95% CI 0.28-0.98),

p=0.045]. By contrast, no significant difference in survival outcomes

was observed between anti-EGFR vs R/T in the R-sided tumor group

[median PFS 3.5 vs 3.3 months, HR 1.40 (95% CI 0.52-3.79), p=0.50;

median OS 9.3 vs 4.8 months, HR 0.82 (95%CI 0.29-2.30), p=0.70]. A

significant interaction according to primary tumor site and third-line

treatment was observed for PFS (p 0.05). In the multivariate analysis,

the third-line regimen was independently associated with PFS [HR
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0.45 (95% CI 0.25–0.80), p=0.006] in the L-sided tumor group. Also,

regarding the activity, we observed a different RR according to third-

line regimen and primary tumor site: in particular, in the L-sided

tumor group, RR was 43% in patients treated with anti-EGFR and 0%

in patients treated with R/T (p <0.0001), while no difference was

observed in the R-sided tumor group. Our results confirmed the

predictive role of the primary tumor site for third-line anti-EGFR-

based treatment in RAS/BRAF wt patients.

The different distribution of consensus molecular subtypes (CMS)

between L- and R-sided tumors may explain the different sensitivity

to anti-EGFR according to primary tumor site. L-sided tumors are

more representative of CMS2, enriched for epithelial signature, and

CMS4, associated to epithelial-mesenchymal transition (3, 15, 16).

CMS2 is an over-activated epithelial growth factor pathway with

higher expression of EGFR and the EGFR-ligands amphiregulin and

epiregulin, that are correlated to an increased response to EGFR

inhibitor therapy in RAS/BRAF wt CRC (17). Stintzing et al.,
A B

FIGURE 1

(A) Kaplan-Meier PFS curves in left-sided group. (B) Kaplan-Meier PFS curves in right-sided group. PFS, progression-free survival; R/T, Regorafenib or
Trifluridine/Tipiracil; HR, hazard ratio; CI, confidence interval.
A B

FIGURE 2

(A) Kaplan-Meier OS curves in left-sided group. (B) Kaplan-Meier OS curves in right-sided group. PFS, progression-free survival; R/T, Regorafenib or
Trifluridine/Tipiracil; HR, hazard ratio; CI, confidence interval.
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analyzing gene signature of 514 samples of patients enrolled in the

FIRE-3 study, demonstrated that patients with CMS4 tumors had a

longer OS when treated with cetuximab vs bevacizumab (18). In

another molecular analysis of RAS/BRAF wt patients from the COIN

and PICCOLO study, patients with CMS4 tumors showed a a longer

OS and PFS when treated with anti-EGFR-based treatment vs

chemotherapy alone (19).
Frontiers in Oncology 0640
The different benefit from anti-EGFR according to primary tumor

site in RAS/BRAF wt mCRC patients may be also explained by a

heterogeneity of primary resistance profile. Not only the well-known

mutations in RAS and BRAF genes, but also the less common

alterations such as HER2 and MET amplification, deregulation of

the PI3K/PTEN/AKT axis, NTRK/ROS/ALK/RET rearrangements,

may represent negative predictive factors for response to anti-EGFR
TABLE 2 Univariate and multivariate analyses for PFS and OS.

Variables

PFS OS

Univariate Analysis
HR (95% CI); p-value

Multivariate Analysis
HR (95% CI); p-value

Univariate Analysis
HR (95% CI); p-value

Multivariate Analysis
HR (95% CI); p-value

Right-
sided

Left-
sided

Right-
sided

Left-
sided

Right-
sided

Left-
sided

Right-
sided

Left-
sided

Median age
≤65 vs >65 years

0.92
(0.32–2.60);
p = 0.87

0.98
(0.58–1.68);
p = 0.95

– – 1.28
(0.44-3.67);
p=0.65

1.26
(0.70–2.26);
p = 0.44

– –

N metastatic sites at the beginning of 3rd

line
1 vs ≥2

0.07
(0.01–0.55);
p = 0.01

0.46
(0.25–0.86);
p = 0.01

0.07
(0.01-0.55);
p = 0.01

0.48
(0.26–0.90);
p = 0.02

0.10
(0.01-0.80);
p=0.03

0.25
(0.11–0.56);
p = 0.001

– 0.25
(0.11–0.56);
p = 0.001

Time between diagnosis of PT and
metastases
Synchronous vs metachronous

8.36
(1.07–65.36);
p = 0.043

1.02
(0.56–1.87);
p = 0.95

– – 10.93
(1.37-87.31);
p = 0.02

1.20
(0.63–2.29);
p = 0.58

10.93
(1.37-87.31);
p = 0.02

–

3rd line therapy
Anti-EGFR vs R/T

1.40
(0.52–3.79);
p = 0.50

0.43
(0.25–
0.76);

p = 0.004

– 0.45
(0.25–0.80);
p = 0.006

0.82
(0.29–2.30);
p = 0.70

0.52
(0.28–0.98);
p = 0.045

– –
fr
PFS, progression-free survival; OS, overall survival; N, number; HR, hazard ratio; CI, confidence interval; PT primary tumor R/T, Regorafenib or Trifluridine/Tipiracil.
FIGURE 3

Response rate in left-sided group and right-sided group RR, response rate; R/T, Regorafenib or Trifluridine/tipiracil.
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(20). Morano et al., analyzing RAS/BRAF wt mCRC patients receiving

panitumumab-based maintenance therapy in the Valentino trial,

demonstrated that the combined assessment of sidedness and

molecular alterations of primary resistance to anti-EGFR according

to PRESSING panel (21) identified a subpopulation with inferior

benefit from anti-EGFR-based therapy (22).

Concerning the safety profile, our study, showed a significant

higher incidence of AEs in the group of patients treated with R/T in

comparison to anti-EGFR-based therapy (p 0.018), and a drug-

specific toxicities (hand-foot syndrome and hypertension for R,

neutropenia and anemia for T, folliculitis for anti-EGFR), as

previously reported.

Our study presented several limitations, such as the retrospective

design, the lack of randomization, the lack of a negative

hyperselection, such as with the PRESSING panel, and the small

sample size, especially for the R-sided group. We did not explore the

optimal therapeutic sequence, as investigated by the REVERCE trial,

which reported a longer OS for patients receiving regorafenib

followed by cetuximab vs the reverse sequence [17.4 vs 11.6

months, HR 0.61 (95% CI 0.39–0.96), p 0.0293] (23). Furthermore,

our study excluded patients receiving anti-EGFR rechallenge

according to CRICKET (24) and CHRONOS trials (25). The

ongoing randomized PARERE study (26), investigating rechallenge

with panitumumab followed by regorafenib versus the reverse

sequence in chemorefractory RAS/BRAF wt patients selected by

liquid biopsy, could further clarify the role of anti-EGFR according

to primary tumor site.
5 Conclusion

In conclusion, our results demonstrated a different benefit from

third-line anti-EGFR therapy according to primary tumor site,
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confirming the role of L-sided tumor in predicting benefit from

third-line anti-EGFR vs R/T. At the same time, no difference was

observed in R-sided tumors. Despite several limitations, our study

confirmed previous evidence and, waiting for results from the

PARERE trial, we can conclude that the preferred third-line option

for RAS-BRAF wt L-sided mCRC patients, not yet treated with

panitumumab or cetuximab, is still anti-EGFR. By contrast, in

R-sided mCRC patients, the choice between anti-EGFR and R/T

should be based on previous treatment toxicity and patient

clinical conditions.
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TABLE 3 Adverse Events.

Adverse events

Anti-EGFR
(N=39)

R/T
(N=34)

p- value Anti-EGFR
(N=39)

R/T
(N=34)

p- value

Any grade
N (%)

Any Grade
N (%)

Grade 3-4
N (%)

Grade 3-4
N (%)

Any adverse events 25 (64) 30 (88) 0.018 8 (20%) 16 (47) 0.017

Fatigue 10 (26) 16 (47) 0.06 1 (3%) 3 (9) 0.24

Nausea 1 (3) 3 (9) 0.24 0 (0) 0 (0) 1

Diarrhea 5 (13) 5 (15) 0.89 0 (0) 1 (3) 0.86

Stomatitis 5 (13) 3 (9) 0.59 0 (0) 0 (0) 1

Dermatitis acneiform 19 (49) 0 (0) <0.00001 5 (13) 0 (0) 0.02

Hand-foot syndrome 2 (5) 12 (35) 0.001 0 (0) 6 (18) 0.02

Hypertension 0 (0) 8 (24) 0.005 0 (0) 2 (6) 0.03

Neutropenia 4 (10) 7 (21) 0.22 2 (5) 5 (15) 0.16

Anemia 0 (0) 4 (12) 0.12 0 (0) 3 (9) 0.24

Trombocytopenia 2 (5) 0 (0) 0.46 0 (0) 0 (0) 1

Transaminases increase 0 (0) 2 (6) 0.461 0 (0) 0 (0) 1
N, number; R/T, Regorafenib or Trifluridine/tipiracil.
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Notch-Jagged1 signaling and
response to bevacizumab
therapy in advanced colorectal
cancer: A glance to radiomics or
back to physiopathology?

Francesca Negri1*, Lorena Bottarelli 2, Giuseppe Pedrazzi3,
Michele Maddalo4, Ludovica Leo3, Gianluca Milanese5,
Roberto Sala3, Michele Lecchini5, Nicoletta Campanini2,
Cecilia Bozzetti6, Andrea Zavani3, Gianluca Di Rienzo3,
Cinzia Azzoni2, Enrico Maria Silini2,7, Nicola Sverzellati5,
Federica Gaiani1,3, Gian Luigi de’ Angelis1,3 and Letizia Gnetti7

1Gastroenterology and Endoscopy Unit, University Hospital of Parma, Parma, Italy, 2Pathology Unit,
Department of Medicine and Surgery, University of Parma, Parma, Italy, 3Department of Medicine and
Surgery, University of Parma, Parma, Italy, 4Medical Physics Department, University Hospital of Parma,
Parma, Italy, 5Radiology, Department of Medicine and Surgery, University of Parma, Parma, Italy,
6Oncology Unit, University Hospital of Parma, Parma, Italy, 7Pathology Unit, University Hospital of
Parma, Parma, Italy
Introduction: The Notch intracellular domain (NICD) and its ligands Jagged-1

(Jag1), Delta-like ligand (DLL-3) and DLL4 play an important role in

neoangiogenesis. Previous studies suggest a correlation between the tissue

levels of NICD and response to therapy with bevacizumab in colorectal cancer

(CRC). Another marker that may predict outcome in CRC is radiomics of liver

metastases. The aim of this study was to investigate the expression of NICD and

its ligands and the role of radiomics in the selection of treatment-naive

metastatic CRC patients receiving bevacizumab.

Methods: Immunohistochemistry (IHC) for NICD, Jag1 and E-cadherin was

performed on the tissue microarrays (TMAs) of 111 patients with metastatic

CRC treated with bevacizumab and chemotherapy. Both the intensity and the

percentage of stained cells were evaluated. The absolute number of CD4+ and

CD8+ lymphocytes was counted in three different high-power fields and the

mean values obtained were used to determine the CD4/CD8 ratio. The positivity

of tumor cells to DLL3 and DLL4 was studied. The microvascular density (MVD)

was assessed in fifteen cases by counting the microvessels at 20x magnification

and expressed as MVD score. Abdominal CT scans were retrieved and imported

into a dedicated workstation for radiomic analysis. Manually drawn regions of

interest (ROI) allowed the extraction of radiomic features (RFs) from the tumor.

Results: A positive association was found between NICD and Jag1 expression

(p < 0.001). Median PFS was significantly shorter in patients whose tumors

expressed high NICD and Jag1 (6.43 months vs 11.53 months for negative

cases; p = 0.001). Those with an MVD score ≥5 (CD31-high, NICD/Jag1
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positive) experienced significantly poorer survival. The radiomic model

developed to predict short and long-term survival and PFS yielded a ROC-AUC

of 0.709; when integrated with clinical and histopathological data, the integrated

model improved the predictive score (ROC-AUC of 0.823).

Discussion: These results show that high NICD and Jag1 expression are

associated with progressive disease and early disease progression to anti

VEGF-based therapy; the preliminary radiomic analyses show that the

integration of quantitative information with clinical and histological data display

the highest performance in predicting the outcome of CRC patients.
KEYWORDS

Notch signaling pathway, bevacizumab, colorectal cancer, Jagged-1, therapy resistance
Introduction

Notch signaling is an evolutionary conserved pathway that

plays a critical role in regulating cell-fate differentiation during

embryonic development (1, 2). This pathway also affects

angiogenesis (3), is aberrantly activated in several cancers and

influences malignant proliferation and progression (4). The

activation of the Notch pathway arises when specific ligands, such

as Jagged-1 (Jag1) or Delta-like ligand (DLL)-3 or DLL4, bind to the

Notch transmembrane receptor (1). Jag1 or DLL ligand binding to

Notch receptor leads to the separation of the Notch extracellular

domain by proteases of the ADAM family. Subsequently, the Notch

intracellular domain (NICD) is released by a gamma-secretase

processing and transits to the nucleus where it regulates

downstream gene expression (1).

Notch signaling triggered via Jag1 and DLLs plays a double role

(5, 6): it inhibits DLLs (5) while it activates Jag1 (6). Previous studies

have revealed that Notch signaling can be triggered by soluble forms

of DLLs and Jag1 (7–9), which have different consequences on

tumor progression: while soluble DLLs hinder tumor growth (10),

soluble Jag1 greatly exacerbates the malignant development of

cancer. Jag1 plays a key role in promoting epithelial to

mesenchymal transition (EMT) as well as fostering cancer stem

cell (CSC) phenotypes (8). Our previous data suggested an

association between high tissue levels of NICD and poorer

response to anti-vascular endothelial growth factor (VEGF)

bevacizumab as first-line therapy in metastatic colorectal cancer

(CRC) patients, but not to chemotherapy alone (11). No association

was found between NICD and DLL4 expression within the same

tumor (11). Jag1 might reduce Notch signaling, thereby

enhancing responses to VEGF; such tumors could therefore be

more susceptible to VEGF inhibition or different anti-

angiogenic treatments.

The role of imaging in CRC staging has been recently expanded

by the implementation of non-invasive biomarkers extrapolated

from medical images (12). Radiomics of liver metastases in patients

with CRC showed to predict outcome in patients treated with

FOLFIRI and bevacizumab (13). Recent attention has been given
0244
to a multiomics strategy for comprehensive genotype–phenotype

characterization of several oncological diseases (14, 15). Proteomics

analysis can uncover new therapeutic choices, thus reducing the

emergence of drug resistance and potentially improving patient

outcomes (16). However, research mostly focused on radiomics

alone, without attempting to integrate the radiomic signature with

reliable clinical predictors and molecular data (KRAS mutation

status or microsatellite instability) (17). Therefore, predictive

models in CRC patients might be further improved by

multidisciplinary approaches encompassing quantitative metrics

derived from diagnostic studies, which have been more widely

used for other cancer types, instead.

These data prompted us to investigate the expression of NICD,

Jag1, DLL3 and DLL4 and a series of markers potentially involved in

angiogenesis and immune response to bevacizumab therapy.

We also tested whether radiomics could select treatment-naive

metastatic CRC patients responding to bevacizumab, beyond

clinical and NICD/Jag1/DLL expression parameters.
Materials and methods

We cha r a c t e r i z ed a s e r i e s o f t umor s by u s ing

immunohistochemistry (IHC) in tissue microarrays (TMAs) from

111 pre-treatment surgical specimens from patients with metastatic

CRC treated with anti VEGF-therapy bevacizumab in combination

with chemotherapy between 2008 and 2017 at the University

Hospital of Parma (Parma, Italy). Cases were selected based on

the availability of retrospective archival-FFPE (formalin-fixed,

paraffin-embedded) tissue specimens. The study protocol was

approved by the local Ethics Committee (AVEN: Comitato Etico

dell’Area Vasta Emilia Nord). The procedures used in this study

adhere to the tenets of the Declaration of Helsinki. Response to

bevacizumab was assessed by using time point RECIST version 1.1

(i.e. best response at time point).

NICD staining and other parameters were collected; patients’

demographics, primary tumor characteristics and therapy details

are listed in Table 1.
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Tissue microarray construction

The following method was used to construct TMAs.

Hematoxylin and eosin slides were reviewed to select tumor foci

for each patient. A TMA instrument (3DHISTECH) was used to

obtain cylindrical tissue cores from the selected areas of each donor

block. Cores were assembled and embedded in the recipient block.

Each core was 0.6 mm in diameter and its surface measured 0.282

mm2 (2 or 3 high-power fields). The distance from one core to the

other was 0.7 or 0.8 mm. 5 mm thick sections were cut from the

recipient block to perform immunohistochemistry (Figure 1).
Immunohistochemistry

Firstly, the expression of Notch Intracellular Domain (NICD

VAL 1744 clone D3B8, dilution 1:100, Cell Signaling Technology),

Jag1 (JAG1 clone D4Y1R, dilution 1:100 Cell Signaling Technology)

and E-cadherin (clone 36, Ventana Roche, ready-to-use) was

studied and only certain staining patterns were considered

positive. NICD, Jag1 and E-cadherin staining were considered

positive when they showed cytoplasmic and/or nuclear reactivity,

cytoplasmic and/or membrane reactivity and membrane reactivity,
TABLE 1 Patients’ characteristics and tissue microarray expression data.

Characteristics N = 111 (%)

Age (years) 66

Range 32-84

Sex

Male 60 (54)

Female 51 (46)

CEA

<30 57 (51)

>30 41(37)

Unknown 13 (12)

Primary tumor side

Right side 47 (43)

Left side 63 (57)

Unknown 1

Number of metastatic sites

1 51 (46)

≥2 60 (54)

Subsequent chemotherapy

Yes 87 (79)

Received aflibercept 9/87 (10)

KRAS

Mutant 61 (68)

Wild type 29 (32)

Unknown 21

NICD

High 42 (38)

Low 69 (62)

Jag1

Positive 68 (62)

Negative 42 (38)

DLL4

Positive 90 (86)

Negative 14 (14)

Not evaluable 7

DLL3

Positive 79 (81)

Negative 18 (19)

Not evaluable 14

CD4/CD8

(Continued)
TABLE 1 Continued

Characteristics N = 111 (%)

2/1-3/1
1/1

84 (92)
6 (7)

1/2 1 (1)

Not evaluable 20

CD3

Positive 94 (100)

Negative 0

Not evaluable 17

Cyclin D1

High 71 (75)

Low 23 (25)

Not evaluable 17

CD44

High 22 (24)

Low 70 (76)

Not evaluable 19

Mismatch repair protein

MSI 7 (8)

MSS 76 (92)

Not evaluable 28
DLL, Delta-like ligand; Jag1, Jagged-1; MSI, Microsatellite instability; MSS, microsatellite
stable; NICD, Notch intracellular domain.
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respectively. Both the intensity and the percentage of stained cells

were evaluated. The intensity was assessed as 0 = negative, 1 = weak,

2 = moderate and 3 = strong.

Secondly, the absolute number of CD4+ (clone SP35) and CD8

+ (clone SP57) lymphocytes was counted in three different high-

power fields and the mean values obtained were used to determine

the CD4/CD8 ratio. A CD4/CD8 ratio of 2.0 was considered

normal. The assessment of CD3+ (clone 2GLV6), CD44+ (clone

SP37) and CyclinD1+ (clone SP4-R) was given as a percentage of

positive cells (Ventana Roche, ready-to-use).

Thirdly, the expression of DLL3 (clone SP347, Ventana Roche,

ready-to-use) and DLL4 (clone 4A11F8 dilution 1:100 Biorbyt) was

studied. Positivity was defined as ≥25% tumor cells, high expression

of DLL3/DLL4 was defined as ≥75% tumor cells. The intensity was

assessed as 0 = negative, 1 = weak, 2 = moderate and 3 = strong.

Lastly, mismatch repair proteins (MLH1 - clone M1, PMS2 -

clone A16-4, MSH2 - clone G219-1129, MSH6 - clone SP93;

Ventana Roche, ready-to-use) were studied. Negative expression

of one of them was considered proof of microsatellite instability. In

fifteen cases we assessed angiogenesis by counting the microvessels

at 20x magnification (Nikon, Eclipse E400).

The immunostained sections for CD31 (Ventana, ready-to-use

solution) were examined at low power to select the three areas with

the highest vascularity (hotspots).

Two pathologists separately assessed each case without any

clinical information.
Radiomic data

Patients that underwent abdominal Computed Tomography (CT)

at the University Hospital of Parma for CRC staging were included in

the study. CT scans were performed with different CT scanners and

imaging protocols; images were retrieved from Picture Archive and

Communication System (PACS) and were subsequently imported into

a dedicated software (3D Slicer) for tumor segmentation.
Frontiers in Oncology 0446
One radiologist (ML) evaluated all CT scans visually and

identified the target lesion on portal venous phase. The reader

was instructed to draw manually multiple regions of interest (ROI)

at different levels by tracing the boundaries of the lesions:

subsequently, a dedicated tool (SlicerRadiomics) software

interpolated the ROIs to obtain the volume of interest (VOI)

which allowed the extraction of 852 radiomic features (RF). The

VOI was manually modified by the reader in case of inaccurate

segmentation. Image preprocessing based on wavelet

decomposition was performed by SlicerRadiomic before feature

calculation to generate independent radiomic predictors.

The radiomic dataset included shape, first-order, Gray-Level- Co-

occurrence-Matrix (GLCM), Gray-Level-Run-Length-Matrix

(GLRLM), Gray-Level-Size-Zone-Matrix (GLSZM), Neighboring-

Gray-Tone-Difference-Matrix (NGTDM), Gray-Level-Dependence-

Matrix (GLDM).
Statistical analysis and
classification model

Classical statistics

The chi-square test and Fisher’s exact test were used to perform

univariate comparisons between categorical variables.

The Kaplan-Meier method was used to estimate the mean and

median time for progression free survival (PFS) followed by a Cox

regression analysis to evaluate the relationship between survival and

covariates in a multivariable framework. The model was evaluated by

making use of model diagnostics. This included checking for the

overall goodness of fit, model adherence to key assumptions,

influential observations and nonlinearity. The variables considered

in the Cox regression were KRAS, type of chemotherapy protocol, site

of primary tumor, NICD, CD44, Jag1, CD3, DLL4 expression; only

NICD expression resulted statistically significant and was maintained

in the final model. The regression coefficients were reported as hazard
FIGURE 1

(A) TMA, Hematoxylin and Eosin; (B) TMA, NICD; (C) NICD; (D) Jag1; (E) CD31 non responder patient; (F) CD31 responder patient with NICD and Jag1+.
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ratios (HRs). The 95% confidence intervals (CIs) were also estimated

from the analysis.

The commercial package IBM-SPSS v.28 and the open-source

statistical system Jamovi version 2.3.0, which is based on the widely

used open-source system R, were used to perform survival analysis. A

p-value less than 0.05 was considered statistically significant (p < 0.05).
Multiomic models

Classification models were developed to predict time to disease

progression. With this aim in mind, PFS at 9 months was used to

stratify patients in two groups, namely short and long-term survivals.

We considered PFS at 9 months as a target variable because a

comprehensive meta-analysis has recently showed that PFS ranges

between 7 and 10.8 months for CRC patients treated with

bevacizumab (18). Therefore, we acquired the central value of that

interval from the meta-analysis to further stratify the prognosis of our

patients according to the integrated profile. Three models were

developed: radiomic (R), clinical/Notch signaling (C/N) and the

comprehensive integrated model (I). In the R model, we removed

redundant highly correlated features by calculating their Spearman

Rho correlation coefficient: RFs with a coefficient greater than 0.99

were excluded from the successive analyses. Subsequently, feature

standardization by z-score was applied. In the C/N model, the same

variables considered in the Cox regression were added as predictors

(Table 1). In both R and C/N models, a L2 penalized logistic

regression algorithm was implemented for features selection and

validation. Most predictive features were selected by means of a

wrapper approach, i.e. the sequential forward feature selection

algorithm with 20 Monte-Carlo cross-validation (MCCV) splits.

We chose the area under the receiver operating characteristic

(ROC) curve (ROC-AUC) as performance metric. We iterated the

selection process 50 times, using 50 different random states and,

subsequently, we selected the features that had higher frequency of

occurrence for both R and C/N models. Through 5000 MCCV splits

(train:0.7, test:0.3), different numbers of clinical/genomic and

radiomic features were selected and used respectively for R and C/

N model training and validation. Likelihood ratio test was applied to

verify if the addition of another feature significantly improved the

model performance. The selected C/N and R features were used

together to build the I model.

For all models, the ROC-AUC and accuracy scores for each

MCCV were calculated and averaged over these iterations. Mean

ROC curve and mean learning curve were also plotted. Recall and

precision metrics were also calculated
Frontiers in Oncology 0547
Survival analysis was performed in radiomic dataset. Kaplan–

Meier survival curves PFS for two risk groups were calculated and

then compared using log-rank test. The risk groups were assessed by

using continuous RFs, previously selected by the machine-learning

model. Risk groups based on RFs were developed using ROC

analysis to determine the cutoff value of each RF for optimal

stratification into two classes: Youden index was chosen as

optimal threshold. Subsequently, we combined the selected

features in a single variable and we performed Kaplan–Meier

analysis again. Finally, we calculated the probability to predict

longer-term class in each risk group of combined features.

Probabilities derived from the R model were averaged over

MCCV splits.

Machine-learning model, analysis and plots were performed by

means of Python v. 3.8.5; scikit-learn and MLextend machine

learning libraries were used for features selection and

model development.
Results

Classical statistics

A total of 111 patients have been included in the analysis. The

cohort is shown in Table 1. A positive association was found in

univariate analysis between NICD and Jag1 expression (p < 0.001;

Table 2). No significant association was found for the other

analyzed markers and KRAS mutation (data not shown). All

main clinical characteristics were comparable among the

subgroups of patients (data not shown). Specifically, no

significant associations of NICD and Jag1 immunostaining scores

with age, baseline CEA levels, number of metastatic sites and

subsequent chemotherapy were observed.

Compared with patients who had NICD and/or Jag1 low

tumors, patients whose pre-treatment tumors expressed high

NICD and Jag1 levels showed poor RECIST 1.1 categories with

higher rates of stable disease (SD) or progressive disease (PD) as

best response, and lower frequencies of complete response (CR) or

partial response (PR); p = 0.002 (Table 3). Associations between

NICD and Jag1 and therapy response were further evaluated using

PFS and Kaplan-Meier and Cox proportional hazard modeling.

Median PFS was significantly shorter in patients whose tumors

expressed high NICD and Jag1 (6.43 months vs 11.53 months for

negative cases; p = 0.001, Figure 2). Cox regression following

univariate analysis confirmed NICD as the only independent

predictor for PFS (HR = 1.820 [1.165 – 2.844]; p = 0.009).
TABLE 2 Association between NICD and Jag1 expression in CRC.

Low Jag1 High Jag1

Low NICD 38 (56%) 30 (44%)

High NICD 4 (10%) 38 (90%)

c² continuity correction p < 0.001

Fisher’s exact test p < 0.001
Jag1, Jagged-1; NICD, Notch intracellular domain.
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Quite surprisingly, 5 patients with high NICD tumors showed long

PFS. Each case was evaluated for the following features: inflammation,

staging, grading and microvascular density. The last one was the only

noteworthy characteristic. For this reason, we assessed themicrovascular

density according to Chalkey’s methods: microvessels were counted

manually for each hotspot at 20x magnification (high power field) and

expressed asMVD score. This assessment was carried out for 15 patients

based on response to therapy: 5 were non responder (NICD/Jag1

positive), 10 were responder (5 NICD/Jag1 positive and 5 NICD/Jag1

negative). Those with an MVD score ≥5 (CD31-high, NICD/Jag1

positive) were associated with significantly poorer survival. Low CD31

was seen in all 10 responder patients (both 5 NICD/Jag1 positive and

NICD/Jag1 negative) and associated with a better prognosis.
Multiomics

The retrospectively collected 111 CRC cases were decreased due

to inclusion criteria that comprised the availability of (i) CT data

and (ii) PFS information. Thus, the ensuing results based on the

multiomic approach refer to a restricted population of 76 subjects.

Regarding feature preprocessing, the Spearman correlation matrix

for RFs is reported in Figure S1. Redundant features were removed,

thereby reducing the number of RFs by about 33.6%.
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In the R model, the best performance in differentiating short

and long survival was obtained by selecting two RFs: Strength

(NGTDM) and Skewness (first order) with a ROC-AUC of 0.709

and an accuracy of 0.671. Likelihood ratio showed that the

performance of the model would not significantly improve by

adding further RFs (Table 4).

In the C/N Model, the most predictive features were Jag1 and

NICD, whereas the addition of a third feature was not significantly

relevant: the ROC-AUC was higher as compared to the R model

alone, with a ROC-AUC of 0.743, while accuracy was slightly lower

(0.649) (Table 4).

The I Model included the previously selected R and C/N

features, that had a negative effect on the likelihood of predicting

long survivors, as shown by odds ratios (Table S1). The I model

yielded the highest ROC-AUC (0.823) and accuracy (0.751) values.

The mean ROC curves are displayed in Figure 3.

Learning curves show the ROC-AUC score (Figure S2A) and

accuracy (Figure S2B) as a function of the number of training

samples. We plotted performance scores obtained by predictions for

both training (blue line) and validation (green line) datasets and

averaged over all iterations of the MCCV. For each model, we also

calculated and averaged over 5000 MCCV splits the recall metric

representing the true predictions of longer survival class: 0.794 [95%

CI : 0.790, 0.797] for R model, 0.660 [95% CI: 0.654, 0.666] for C

model and 0.767 [95% CI : 0.763, 0.770] for I model. In addition, we

calculated precision metrics (i.e. positive predictive value),

representing the fraction of true positive cases among the total

positive predicted instances: 0.642 [95% CI : 0.641, 0.645] for R

model, 0.673 [95% CI: 0.669, 0.676] for C model and 0.751 [95% CI :

0.749, 0.754] for I model.

Kaplan Meier curves of PFS (Figure S3) showed significantly

different risk strata for Strength, whereas none for skewness. The

combined RF (strength-skewness) created 3 risk groups which

significantly stratified in PFS curve (Figure 4). Probabilities of

longer-term class prediction are listed in Table 5.
Discussion

The diagnosis of CRC is based on the integration of multiple

features (histopathology, immunohistochemistry and molecular

findings) and its management is of the utmost importance.
TABLE 3 Response according to NICD and Jag1 protein expression.

Response rate Total

NICD-Jag1 SD + PD CR + PR

Low NICD_Low Jag1 13 (34%) 25 (66%) 38

Low NICD_High Jag1 21 (70%) 9 (30%) 30

High NICD_Low Jag1 3 (75%) 1 (25%) 4

High NICD_High Jag1 28 (74%) 10 (26%) 30

c² continuity correction p = 0.002

Fisher’s exact test p < 0.001
CR, complete response; Jag1, Jagged-1; NICD, Notch intracellular domain; PD, progressive disease; PR, partial response; SD, stable disease.
FIGURE 2

Progression-free survival (PFS) according to NICD and Jag1 expression
levels in metastatic CRC patients treated with bevacizumab.
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Although immunohistochemistry has been widely used to detect

microsatellite instability in CRC screening for defective DNA

mismatch repair, unexpectedly negative results have been

reported probably due to somatic mutations. This implies that the

analysis should be completed with microsatellite instability-

polymerase chain reaction test to have reliable results (19).

In this study, we investigated NICD expression and a series of

other correlated markers that have been previously associated with

angiogenesis to predict tumor progression-free in advanced stage

CRC treated with bevacizumab and first-line chemotherapy. Our

results show that high NICD and Jag1 expression are associated

with PD and early disease progression to anti VEGF-based therapy.

Notch signaling may regulate both the initiation and the

cessation of angiogenesis through different mechanisms (20). The

potentiality of Notch signaling to rule angiogenic processes

becomes crucial in the context of aberrant angiogenesis.

Furthermore, neoangiogenesis in CRC may differ in distinct

tumor subtypes (21).

Angiogenesis is the expansion of emergent vascular sprouts

from preexisting blood vessels. Luminal endothelial cells switch into

tip cells that lead to the outgrowth of a multicellular stalk. Notch

signaling involves cell fate determination as a mechanism to

determine tip and stalk cells (21). The distribution of vascular

sprouts depends on Notch triggering; moreover, the formation of a

new sprout or the alteration of the original vessel relies upon Notch-

DLL4 expression in endothelial tip cells (20). VEGF signaling can be

downregulated in cells with activated Notch signaling by decreasing

VEGF receptor transcription levels (22–24). In these cases, the
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uncontrolled dysfunctional tumor vessels proliferation under Notch

signaling is not inhibited by VEGFR. The uncontrolled angiogenesis

increases tumor hypoxia which is detrimental to chemotherapy as

well. VEGF regulates blood vessel function by inducing tumor cell

growth and suppressing immune activation (25).

Unlike DLL4, Jag1 is overexpressed in tumor cells. It is

supposed to work as a communication element between tumor

cells and tumor-associated endothelial cells to trigger Notch

signaling, enhance cell proliferation and stabilize vessels (26). Jag1

is a critical regulator of tip cell formation and sprouting because of

its ability to modulate DLL4-Notch signaling in the angiogenic

endothelium (20). Notch and VEGF induce the expression of DLL4

(27, 28); on the contrary, Jag1 is not upregulated by Notch and is

induced by inflammatory cytokines, such as TNF-a, which reduces

DLL4 transcription. These signals might modulate angiogenesis by

changing the ratio of DLL4 and Jag1 expression, allowing the

integration of different pro or antiangiogenic signals. The intricate

interaction of the ligands DLL4 and Jag1 traces the pathway of tip

cell selection (20).

Although the detailed mechanisms behind Notch activation

have not been fully discovered, it is known that the related soluble

ligands influence several contexts. They regulate the proliferation of

regulatory T cells (7, 9), influence tumor microenvironment,

promote adipocyte differentiation (29), mediate hematopoietic cell

differentiation (30) and neurogenesis (31). Moreover, Jag1

overexpression in cancer cells can activate Notch signaling in

adjacent endothelial cells (32). Our study focused on NICD

expression, however did not underestimate the role of tumor

microenvironment. In fact, the assessment of CD3 and CD4/CD8
TABLE 4 Performances of the R, C/N and I models.

Model name ROC AUC ROC AUC 95%CI Accuracy Accuracy 95%CI

R 0.709 0.706-0.711 0.671 0.668-0.673

C/N 0.743 0.741-0.745 0.649 0.647-0.651

I 0.823 0.824-0.828 0.751 0.749-0.753
FIGURE 3

Mean receiver operating characteristic (ROC) curves.
FIGURE 4

Kaplan Meier curves of progression-free survival (PFS) for three risk
groups identified by Strength-Skewness (ST, Strength; SK, Skewness).
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ratio did not show a correlation with tumor aggressiveness or

survival. Although we have restricted our analysis to lymphocytes,

we know that Notch signaling can also affect other factors such as

tumor associated fibroblasts, endothelial cells and the expression of

CTLA4 in tumor infiltrating lymphocytes. Further studies are

necessary to assess the interaction of Notch with other stromal

cells (33, 34).

This study did not prove that DLL4 was relevant to define the

biological behavior of tumors. Patients with a highly vascular tumor

microenvironment went worse in comparison to those with a poor

tumor vascularization. However, the expression of Notch and Jag1

was associated with a better outcome only in those patients with a

poor tumor vascularization.

We developed an integrated model which included clinical,

genomic and radiomic variables to explore its potential role in the

prediction of survival. The model was designed to predict 9-months

PFS in CRC patients and included a first-order (skewness) and a

second-order (NGTDM strength), along with NICD and Jag1

expression levels. Results showed that each additional increase of

one point of NGTDM strength - which accounts for tumor

heterogeneity - was associated with approximately 50% decrease

in the odds of survival.

Regarding prognostic performance, our radiomic model agreed

with other CT-based radiomic models that have been proposed,

which yielded ROC-AUCs between 0.66 and 0.74 (18, 35). The

integration of radiomics with clinical (36) and genomic predictors

have led to increased model performances (17, 37, 38); this study

has confirmed this finding. Cao et al. tested a radiomic signature in

381 patients with CRC and showed that a radiomic-derived score

was able to stratify their outcome and enrich the TNM staging (39).

In our study, we differentiated three groups of patients based on

binarization of the values of RFs: those individuals with lower RF

“skewness” were those with longer survival; similarly, when patients

displayed lower RF “strength” values their outcome was better.

Lower “skewness” and “strength” values might potentially be related

to more homogeneous lesions, which could be related to a more

favorable outcome. Radiomics might represent a step forward into

personalized and tailored medicine, helping to identify patients that

might benefit most from therapy.

Our research has some limitations. Firstly, we enrolled a single

center retrospective cohort and no external validation was

considered: performances of our multiomic models derived from

cross-validation analyses. Therefore, further studies based on

datasets from other centers are needed to evaluate model

generalizability. Secondly, the repeatability and robustness of
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radiomic features with respect to CT acquisition parameters and

to manual segmentation were not addressed. We recognize the

reproducibility of manual segmentations of CRC to be a potential

source of variability potentially affecting the results, given the

potential challenges in the identification of the boundaries of such

lesions with an impact on the generalization of our model.

Therefore, we look forward to future studies on larger

populations with multiple readers to be involved in the

segmentation process. However, the purpose of the radiomic

analysis of this study was to produce preliminary results to be

compared with the histopathological data.

In conclusion, this study provides the first evidence that high

NICD and Jag1 expression predict early disease progression in CRC

patients treated with anti-VEGF-based therapy.

Although the data must be confirmed in a larger series, the

increase in intratumoral microvascular density could predict a

lower response to treatment.

Further studies will be necessary to demonstrate our hypothesis

that newly formed vessels in tumors expressing elevated NICD do

not benefit from bevacizumab and expand our preliminary results

on the potential role of radiomics to improve the prediction of

outcome of CRC patients.
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Introduction: Angiopoetin-2 (Ang-2) is a key mediator of tumour angiogenesis.

When upregulated it is associated with tumour progression and poor prognosis.

Anti-vascular endothelial growth factor (VEGF) therapy has been widely used in

the treatment of metastatic colorectal cancer (mCRC). The potential benefit of

combined inhibition of Ang-2 and VEGF-A in previously untreated patients with

mCRC was evaluated in the phase II McCAVE study (NCT02141295), assessing

vanucizumab versus bevacizumab (VEGF-A inhibitor), both in combination with

mFOLFOX-6 (modified folinic acid [leucovorin], fluorouracil and oxaliplatin)

chemotherapy. To date, there are no known predictors of outcome of anti-

angiogenic treatment in patients with mCRC. In this exploratory analysis, we

investigate potential predictive biomarkers in baseline samples from

McCAVE participants.

Methods: Tumour tissue samples underwent immunohistochemistry staining for

different biomarkers, including Ang-2. Biomarker densities were scored on the

tissue images using dedicated machine learning algorithms. Ang-2 levels were

additionally assessed in plasma. Patients were stratified by KRAS mutation status

determined using next generation sequencing. Median progression-free survival

(PFS) for each treatment group by biomarker and KRAS mutation was estimated

using Kaplan–Meier plots. PFS hazard ratios (and 95% confidence intervals) were

compared using Cox regression.

Results: Overall low tissue baseline levels of Ang-2 were associated with longer

PFS, especially in patients with wild-type KRAS status. In addition, our analysis

identified a new subgroup of patients with KRAS wild-type mCRC and high levels

of Ang-2 in whom vanucizumab/mFOLFOX-6 prolonged PFS significantly (log-

rank p=0.01) by ~5.5 months versus bevacizumab/mFOLFOX-6. Similar findings

were seen in plasma samples.

Discussion: This analysis demonstrates that additional Ang-2 inhibition provided

by vanucizumab shows a greater effect than single VEGF-A inhibition in this

subpopulation. These data suggest that Ang-2 may be both a prognostic
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biomarker in mCRC and a predictive biomarker for vanucizumab in KRAS wild-

type mCRC. Thus, this evidence can potentially support the establishment of

more tailored treatment approaches for patients with mCRC.
KEYWORDS

angiopoietin-2, predictive biomarkers, VEGF, KRAS mutation status, phase II clinical
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1 Introduction

Vascular endothelial growth factor (VEGF) is a key mediator of

angiogenesis, a pivotal process in tumour growth and metastasis (1,

2), and a regulator of vascular permeability (3). Regimens based on

anti-VEGF agents, such as bevacizumab, have led to improvements

in outcomes for some patients with colorectal cancer (CRC) (4–8).

However, the efficacy of these agents can be limited by the activation

of compensatory alternative angiogenic pathways that provide the

tumour with an escape mechanism(s) allowing angiogenesis to

continue (9). One suggested option for obtaining further control

of angiogenesis would be to combine anti-VEGF agents with other

compounds that are directed towards these angiogenic escape

pathways and have complementary modes of action (10, 11).

Resistance to VEGF-targeted therapies may be partly mediated

by angiopoietin-2 (Ang-2), a Tie2 receptor ligand and a key

regulator of angiogenesis (11, 12). Ang-2 is upregulated in several

tumour types, including metastatic CRC (mCRC), and is associated

with poor prognosis (13–16). Like VEGF, Ang-2 is a driver of

vascular destabilisation (17), and high levels have been found to

counteract the vascular-normalising effects of anti-VEGF therapy

(18). In patients with mCRC receiving bevacizumab-containing

therapy, those with elevated serum levels of Ang-2 had worse

survival outcomes than patients with low Ang-2 levels (19). These

findings suggest that Ang-2 may be a useful biomarker in patients

receiving anti-angiogenic/anti-VEGF treatment and may provide a

rationale for a treatment strategy involving dual inhibition of both

VEGF and Ang-2.

Vanucizumab (RO5520985) is a humanised immunoglobulin

(Ig)G-1-like bispecific monoclonal antibody targeting both VEGF-

A and Ang-2 that has shown anti-tumour, anti-angiogenic and anti-

metastatic effects in preclinical studies (20). In phase I studies,

vanucizumab has been associated with marked post-infusion

reductions in circulating unbound VEGF-A and Ang-2 in plasma,

tumour and wound-healing biopsies, thus confirming its

mechanism of action (21). It has also demonstrated an acceptable

safety profile and favourable pharmacokinetic/pharmacodynamic

effects in patients with advanced cancer (22). In the phase II

McCAVE (Vanucizumab plus mFOLFOX-6 Versus Bevacizumab

plus mFOLFOX-6 in Patients with Previously Untreated Metastatic

Colorectal Carcinoma) study, conducted in previously untreated

patients with mCRC, vanucizumab and bevacizumab (both plus

modified [m] folinic acid [leucovorin], 5-fluorouracil and

oxaliplatin [FOLFOX-6]) showed similar clinical efficacy in terms
0254
of progression-free survival (PFS) and overall response rates (23).

Hence, the efficacy seen with both agents appeared to be mediated

mainly via VEGF-blockade. Of note, overall outcomes were worse

in both treatment arms in patients with higher than median baseline

Ang-2 plasma levels versus those with low/equal Ang-2 levels in the

total study population (23).

There is strong evidence that Kirsten rat sarcoma virus

oncogene (KRAS) mutation status is a predictive biomarker in

mCRC in anti-epidermal growth factor receptor (EGFR) therapy

(24). The KRAS protein acts as a regulator of downstream signalling

pathways, such as cell proliferation and survival, and ultimately

tumorigenesis (25). Mutations in this protein therefore promote

angiogenesis, and impact the prognosis and treatment of CRC (26).

KRASmutations have been reported in up to ~50% of patients with

CRC (26, 27) and in 36% of those with mCRC (28). Shorter survival

outcomes have been reported for patients with CRC and KRAS

mutations than for those with wild-type KRAS CRC (26, 28).

Bevacizumab combined with chemotherapy is the recommended

first-line treatment for patients with mCRC (29) as it prolongs PFS

by 2–6 months, irrespective of KRAS mutation status (30, 31).

However, limited data are available on the impact of KRAS

mutation status on clinical outcomes in patients with mCRC

treated with other anti-angiogenic agents, such as the bispecific

antibody vanucizumab, which targets both VEGF-A and Ang-2.

There are currently no known predictors for the outcome of

anti-angiogenic treatment. Different trials have shown mixed data

on some biomarkers (e.g. VEGF-A, endothelial nitric oxide

synthase, VEGFR1/R2, KRAS mutation status) (24, 32–35), but

no clear predictors have been identified in patients with mCRC

receiving anti-angiogenic/anti-VEGF treatment. The aim of this

exploratory analysis was to investigate the predictive potential of

biomarkers, including Ang-2, in patients with mCRC treated with

vanucizumab or bevacizumab, both plus mFOLFOX-6, in the

McCAVE study. We examined biomarker levels in tumour tissue

and plasma (Ang-2 only) samples, and given the importance of

KRAS mutations on survival in patients with mCRC, we stratified

patients by KRAS mutation status.
2 Methods

In the phase II McCAVE study (NCT02141295), previously

untreated patients with mCRC were randomised to receive either

vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6.
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Thestudy design, patient characteristics and treatment details have

been published (23). All patients provided written informed consent

as approved by local institutional review boards.
2.1 Tissue biomarker sampling and analysis

Tumour tissue (from surgical specimens or biopsies) were

collected from all participating patients before treatment and

analysed separately by treatment arm.

Archival tumour tissue samples were obtained, embedded in

paraffin blocks and sectioned (HistogeneX, now CellCarta, Antwerp,

Belgium). Eight 2.5–4.0 µm thick sections per tumour block were

processed according to routine histology and immunohistochemistry

(IHC) protocols. Sections were stained with haematoxylin and eosin

(H&E) or subjected to chromogenic brightfield simplex, duplex or

triplex assays developed and validated at the Roche Innovation Center

Munich (Penzberg, Germany). Tumour samples were assessed

histologically and only those determined to be from a primary CRC

were included in the biomarker and mutational status exploratory

analysis presented here.

Details on IHC assays used for staining for the various

biomarkers analysed in tumour tissue samples are given in

Table 1. Ang-2 (biomarker of angiogenesis) and CD34

(biomarker of vessels in the total tumour vasculature) were

assessed using duplex staining for Ang-2 (ANGPT2)/CD34.

Perforin (PRF1, cytolytic protein expressed by CD8+ T-cells)/

CD3 (total T-cell marker), MKi67 (proliferating T-cell marker)/
Frontiers in Oncology 0355
CD8 (cytotoxic T-cell marker) and Forkhead box P3 (FOXP3,

regulatory T-cell marker) staining was used to assess densities of

lymphocyte subpopulations. CD163+ CD68+ staining was used to

assess the percentage of area coverage of M2 macrophages in the

tumour area, the cleaved form of caspase 3 (CLEAVED CASP3

[CC3]) was used as a marker for apoptosis and carbonic anhydrase

isoform 9 (CA9) was used as a marker of hypoxia.
2.2 Automated tissue image analyses and
visual slide assessments

Tissue slides were scanned at 20× magnification using a high-

throughput whole-slide scanner (Ventana iScan HT, Ventana

Medical Systems, Inc., Tucson, AZ, USA). Tissue sample quality

and consistency of staining were assessed at the Roche Innovation

Center Munich, Germany. A digital pathology algorithm was used

to detect the tissue area on the slide. Tumour, necrotic and

exclusion areas were annotated manually by a certified

pathologist according to internal guidelines. Digital whole-slide

scans were subjected to automated image analysis using the in-

house developed IRIS digital pathology platform, where the images

were scored using dedicated whole-slide automated image analysis

algorithms written in Matlab (www.mathworks.com).

The digital pathology algorithms included a colour

deconvolution step for stain unmixing (36), followed by a

candidate extraction step. Machine learning classification (random

forest, logistic regression with L1 regularisation or support vector
TABLE 1 Staining details for biomarkers analysed in tumour tissue samples.

Biomarker Antibody clone Detection system Staining
instrument

Ang-2 (ANGPT2)/CD34
duplex staining

Ang2 clone K-20H6 (Roche Diagnostics GmbH) (monoclonal rabbit Ab)
self-prepared dispenser
CD34 clone QBEnd/10 (Ventana Medical Systems) (monoclonal mouse
Ab) ready to use dispenser

Ultraview AP Red (CD34)
(Ventana 760-501)
Optiview DAB (Ang-2) (Ventana
760-099)

Ventana Discovery
XT

Perforin/CD3 duplex staining Anti-PRF1 clone 5B10 (Abcam) (monoclonal mouse Ab) self-prepared
dispenser
Anti-CD3E clone 2GV6 (Ventana Medical Systems) (monoclonal rabbit
Ab) ready to use dispenser

Ultraview AP Red (CD3)
(Ventana 760-501)
Optiview DAB (perforin)
(Ventana 760-099)

Ventana Discovery
Ultra

MKi67/CD8 duplex staining MKi67 clone 30-9 (Ventana Medical Systems) (monoclonal rabbit Ab)
ready to use dispenser
CD8 clone SP239 (Spring bioscience) (monoclonal rabbit Ab) self-
prepared dispenser

Ultraview AP Red (CD8)
(Ventana 760-501)
Optiview DAB (MKi68) (Ventana
760-099)

Ventana Discovery
Ultra

FOXP3 236A/E7 (CNIO, Madrid) (monoclonal mouse Ab) self-prepared dispenser Optiview DAB (Ventana 760-099) Ventana
Benchmark XT

CD163/CD68 duplex staining Anti-CD163 clone MRQ-26 (Cell Marque) (monoclonal mouse Ab) ready
to use dispenser
Anti-CD68 clone PG-M1 (DAKO) (monoclonal mouse Ab) ready to use
dispenser

Ultraview AP Red (CD68)
(Ventana 760-501)
Optiview DAB (CD163) (Ventana
760-099)

Ventana Discovery
XT

CC3/CA9/MKi67 triplex
staining

CASP3 clone J20H1L1 (Spring Bioscience) (monoclonal rabbit Ab) self-
prepared dispenser
CA9 clone 1G7 (Origene Technologies) (monoclonal mouse Ab) self-
prepared dispenser
MKi67 clone 30-9 (Ventana Medical Systems) (monoclonal rabbit Ab)
ready to use dispenser

Iview Blue (CC3) (Ventana 760-
097)
Optiview DAB (CA9) (Ventana
760-700)
Ultraview Red (MKi67) (Ventana
760 501)

Benchmark XT
Ab, antibody.
All chromogenic simplex, duplex or triplex assays are brightfield and were developed and validated at the Roche Innovation Center Munich.
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machine) was used to classify different phenotypes based on a set of

features and to remove non-specific stained structures. The x and y

coordinates of the detected objects were recorded and displayed in the

IRIS viewer in the form of polygons or seeds (cell centroid).

Algorithm results overlayed on the tissue images were visually

checked for accuracy by a pathologist who also manually annotated

and excluded image artefacts. Tissue annotations and algorithm

results (x,y coordinates and respective labels) were stored in a

spatial database for further data analysis.

The reports generated were cell densities (number of cells per

mm2) for the phenotypes total CD3+, PRF1+ CD3E+, PRF1+

CD3E-, total CD8+, MKi67+ CD8A+, MKi67- CD8A+, FOXP3+,

MKi67+, CC3+, and CA9+, vessel densities (number of vessels per

mm2) for the phenotypes ANGPT2+ CD34+ (Ang-2) and CD34+

(total), and ratios for (ANGPT2+ CD34+)/CD34+ (relative amount

of Ang-2+ vessels to total number of vessels), (PRF1+ CD3E+)/total

CD3+ (relative amount of natural killer T cells to total CD3),

(MKi67+ CD8A+)/total CD8+ (relative amount of proliferating

CD8 to total CD8) and CD163+ CD68+ (percentage of area

coverage of M2 macrophages in tumour area).

All digital pathology scoring algorithms were verified for

performance during a development phase before use on clinical trial

data. Detailed descriptions can be found in the Supplementary Material.
2.3 Plasma sampling and analysis

Blood (approximately 6 mL) samples were taken prior to the

receipt of treatment for the determination of free and total Ang-2

circulating levels. Samples were stabilised in K3-EDTA. Free Ang-2

levels were assessed using an enzyme-linked immunosorbent assay

(Quantikine®). Analytical methods have been reported in more

detail (21, 37).
2.4 Determination of KRAS mutation status

Specimens with >50% tumour content were macro-dissected

from archival formalin-fixed paraffin-embedded tumour samples,

and the DNA was extracted. Only samples meeting the minimum

amplifiable DNA copy number for sequence enrichment (quantified

using Asuragen’s QuantideX® DNA QC assay) (38) were processed

further. Sequence enrichment and library preparation were carried

out using the QuantideX® Pan Cancer kit, followed by next

generation sequencing (NGS) (Illumina MiSeq® system) (39).

Target median amplicon coverage was 1000-fold. The QuantideX®

NGS Pan Cancer panel interrogates 46 gene regions (amplicons)

within 21 oncogenes, including KRAS (codon regions 4–15, 55–65,

104–118 and 137–148; for a full list of oncogenes see Kelnar et al.

(40)). Patients were classified as having mutated or wild-type KRAS.
2.5 Statistical analysis

All patients randomised to treatment with either vanucizumab/

mFOLFOX-6 or bevacizumab/mFOLFOX-6 for whom data on KRAS
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mutation status were available were included in this exploratory analysis.

To assess the predictive potential of biomarkers, the association between

PFS and the density of various biomarkers in tissue samples and circulating

levels of free Ang-2 in patient plasma samples was explored. PFS was the

primary endpoint of theMcCAVE clinical trial andwas defined as the time

from randomisation to the date of first documented occurrence of

progression based on Response Evaluation Criteria In Solid Tumors

(RECIST) version 1.1 criteria) (41), as determined by the investigator, or

death from any cause on study, whichever occurred first.

All analyses were performed separately in tissue and plasma

samples from each of the two study arms, stratified by KRAS

mutation status (wild-type vs mutated). Biomarker density in

tumour samples and baseline Ang-2 levels in plasma were classified

as higher than (high) or lower/equal (low) to the median value.

Median PFS for each treatment group by biomarker level (high or

low) and by KRAS mutation status (wild-type or mutated) was

estimated using Kaplan–Meier plots. Between-group differences in

PFS were compared statistically using univariate Cox models. For

each of the specified subgroups, hazard ratios (HRs) and 95%

confidence intervals (CIs) were calculated for the vanucizumab/

mFOLFOX-6 arm relative to the bevacizumab/mFOLFOX-6 arm

using Cox regression. Statistical analyses were conducted using

JMP®, Version 15.2.0. SAS Institute Inc., Cary, NC, USA, 1989–2021.
3 Results

3.1 Patient population

Of 189 patients enrolled in the McCAVE phase II study, 94 were

randomised to the vanucizumab/mFOLFOX-6 arm and 95 were

randomised to the bevacizumab/mFOLFOX-6 arm. Baseline median

age (64.0/63.0 years), and proportion of patients with left-sided

tumours (75.3%/61.1%) or >1 metastatic site (63.8%/63.2%) were

broadly comparable for the two groups; however, greater proportions

of participants receiving vanucizumab/mFOLFOX-6 were male

(59.6%/40.0%) and had an ECOG performance 0 (63.8%/49.5%)

(Supplementary Table 1). KRAS mutation status data were available

for 80 patients receiving vanucizumab/mFOLFOX-6 and 81 receiving

bevacizumab/mFOLFOX-6; 37 (46.3%) and 45 (55.6%), respectively,

carried a KRAS mutation. A breakdown of the KRAS mutation

landscape (Supplementary Figure 1) shows that the KRAS mutations

primarily occurred at codons 12 and 13 of exon 2. A heatmap of the

McCAVE study cohort at baseline by known KRAS mutation status

and treatment arm is presented in Figure 1. This provides a descriptive

overview of baseline patient population information and associated

per-patient tissue biomarker densities. There is no clear relationship

between Ang-2 expression and the listed patient demographics.
3.2 Biomarker analyses

Figure 2 presents the Forest plots of PFS HRs (95% CI) of

vanucizumab/FOLFOX-6 versus bevacizumab/FOLFOX-6 stratified

for each tissue biomarker dichotomised by its median value (see

Supplementary Table 2) and by KRAS mutations status. In patients
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with wild-type KRAS and high baseline densities of Ang-2+ vessels

(ANGPT2+ CD34+), there was a PFS benefit with vanucizumab-based

treatment over bevacizumab/mFOLFOX-6, as demonstrated by the

95% CIs of the HR below 1. A similar finding was observed for the

subgroup of KRAS wild-type patients with a high relative amount of

Ang-2+ vessels to the total number of vessels.

An analogous observation (95% CIs of the HR below 1) was also

seen in patients with wild-type KRAS and high levels of CC3, again

indicating a PFS benefit with vanucizumab/FOLFOX-6 over

bevacizumab/mFOLFOX-6. Higher than median baseline levels of

MKi67 and CA9 showed a trend towards a PFS benefit (upper 95%CI

of the HR just over 1) in patients with wild-type KRAS treated with

vanucizumab/mFOLFOX-6 versus bevacizumab/mFOLFOX-6.

In patients with mutant KRAS and high baseline densities of Ang-2,

the PFS benefit favoured bevacizumab/FOLFOX-6 (95% CIs of the HRs

above 1). In this sub-population, the relative amount of Ang-2+ vessels

also correlated with a favourable clinical outcome. Likewise, high median

baseline levels of MKi67 showed a trend towards a PFS benefit (lower

95% CI of the HR just below 1) in patients with mutant KRAS treated

with bevacizumab/mFOLFOX-6 versus vanucizumab/mFOLFOX-6.

As a clear PFS benefit (i.e. 95% CIs of the HRs above or below 1)

for either bevacizumab/mFOLFOX-6 or vanucizumab/mFOLFOX-6

was observed for higher than median baseline levels of Ang-2, and as

the additional blockade of this angiopoietin represents the main

difference in mode of action between bevacizumab and vanucizumab,

we decided to focus on the Ang-2 analysis in more detail.
3.3 Ang-2 tissue analysis

Data on KRAS mutation status and Ang-2 in tissue samples

were available for 139 patients (68 receiving vanucizumab/
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mFOLFOX-6 and 71 bevacizumab/mFOLFOX-6) (Table 2A); 71

(51%) of whom had mutant KRAS.

High densities of Ang-2+ vessels were associated with a

significantly longer PFS in patients with wild-type KRAS treated

with vanucizumab when compared with those who received

bevacizumab (median 386 vs 223 days, difference: 163 days in

favour of vanucizumab, p=0.01; see Kaplan–Meier curves Figure 3A

and Table 2A). This trend was not seen in KRAS wild-type patients

with low Ang-2+ vessel densities or in KRAS mutant patients with

high or low Ang-2+ vessel densities (Figure 3B). Indeed, in KRAS

mutant patients, high densities of Ang-2+ vessels were associated

with a significantly longer PFS in patients treated with bevacizumab

when compared with those who received vanucizumab (median 394

vs 219 days, difference: 175 days in favour of bevacizumab,

p=0.01; Table 2A).

Representative IHC images of higher than median and lower

than median Ang-2+ CD34+ tissue staining are shown in Figure 4.

Information on response to treatment was available for 134

patients (64 receiving vanucizumab/mFOLFOX-6 and 70

bevacizumab/mFOLFOX-6). Best overall response according to

median tissue density of Ang-2+ and stratified by KRAS mutation

status is shown in Table 3.
3.4 Ang-2 plasma analysis

To confirm the results obtained in tissue samples, we also

investigated the association between higher and lower than

median plasma levels of Ang-2 and PFS in patients with and

without mutant KRAS tumours.

Data onKRASmutation status and Ang-2 in plasma were available

for 156 patients (77 receiving vanucizumab/mFOLFOX-6 and 79
FIGURE 1

Heatmap showing the distribution of McCAVE study patients by KRAS mutation status and treatment arm providing an overview of per patient
clinical information and tissue biomarker densities. ECOG, Eastern Cooperative Oncology Group; mFOLFOX, modified folinic acid (leucovorin), 5-
fluorouracil and oxaliplatin; Rel., relative. Values were normalised in the range 0–1. aImmunophenotyping (pre-existing tumour immune contexture)
analysis was performed on MKi67/CD8-stained slides using an adaptation of density proportion score methodology (40). b(ANGPT2+ CD34+)/CD34
+ ratio – relative amount of Ang-2+ vessels to CD34+ (total number of vessels). c(PRF1+ CD3E+)/total CD3+ ratio – relative amount of natural killer
T cells to total CD3. d(MKi67+ CD8A+)/total CD8+ – relative amount of proliferating CD8 to total CD8. Note: Due to lack of information on some
demographic variables for 2 patients, these patients were not included in this visualisation.
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receiving bevacizumab/mFOLFOX-6); 78 (50%) of whom had mutant

KRAS tumours (Table 2B). In patients with wild-typeKRAS and higher

than median baseline Ang-2 levels (see Supplementary Table 2),

median PFS estimated from the Kaplan–Meier curves was

significantly longer (median PFS 361 vs 224 days; difference: 137

days, p=0.048) in patients who received vanucizumab/mFOLFOX-6

than in those treated with bevacizumab/mFOLFOX-6

(Figure 5A; Table 2B).

No similar trend was seen in KRAS wild-type patients with low

Ang-2 levels or in KRAS mutant patients with high or low Ang-2

levels (Figure 5B). The above-reported benefit of bevacizumab in

KRASmutant patients with high tissue densities of Ang-2+ was not

confirmed in plasma sample analyses.
4 Discussion

The aim of this exploratory analysis, conducted in patients with

mCRC, was to identify potential predictive biomarkers for a survival

benefit with anti-angiogenic treatment. Given its reported impact

on patient survival (26, 28), patients were stratified by KRAS

mutation status. Identifying predictors for the outcome of anti-
Frontiers in Oncology 0658
angiogenic treatment in patients with mCRC could eventually guide

the development of patient enrichment strategies.

In this study, in mCRC patients with wild-type KRAS, higher

than median tissue baseline densities of Ang-2 positive vessels were

associated with a significant PFS benefit of 163 days (~5.5 months)

in patients treated with vanucizumab/mFOLFOX-6 versus those

treated with bevacizumab/mFOLFOX-6. Similar findings were seen

in plasma samples from wild-type KRAS patients, with high baseline

Ang-2 levels associated with a PFS benefit of 137 days in those

treated with vanucizumab/mFOLFOX-6 versus bevacizumab/

mFOLFOX-6.

Previous research has suggested that Ang-2 is a useful

prognostic factor in mCRC patients, with high baseline levels

associated with shorter overall survival in a number of studies

(e.g. Jary et al. (15), Goede et al. (19), Chung et al. (42)). Previously

reported results from the McCAVE study found that baseline

plasma Ang-2 levels were prognostic for PFS in patients receiving

vanucizumab or bevacizumab plus chemotherapy; high Ang-2

plasma levels at baseline were associated with a shorter PFS

compared with low levels (23).

Consistent with these findings, the current exploratory analysis

shows that, overall, low baseline levels of Ang-2 were associated
FIGURE 2

Forest plots of progression-free survival (PFS) hazard ratios (95% CI) for the vanucizumab/mFOLFOX-6 arm relative to the bevacizumab/mFOLFOX-6
arm for each tissue biomarker, dichotomised by the median valuea, and by KRAS mutation status (wild-type vs mutated), calculated using Cox
regression. Each error bar is constructed using the minimum and maximum of the data. mFOLFOX, modified folinic acid (leucovorin), 5-fluorouracil
and oxaliplatin; Rel., relative. aMedian values for each biomarker can be found in Supplementary Table 2. bThe hazard ratio estimation for CD163+
CD68+macrophages not shown as the upper confidence interval could not be reliably estimated (however, the point estimate was close to zero). c

(ANGPT2+ CD34+)/CD34+ ratio – relative amount of Ang-2+ vessels to CD34+ (total number of vessels). d(PRF1+ CD3E+)/total CD3+ – relative
amount of natural killer T cells to total CD3. e(MKi67+ CD8A+)/total CD8+ – relative amount of proliferating CD8 to total CD8.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1157596
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Ferreira et al. 10.3389/fonc.2023.1157596
with longer PFS than high Ang-2 levels, especially in patients with

wild-type KRAS status. Although wild-type KRAS is generally

associated with a better prognosis than mutated KRAS in patients

with CRC (26, 28, 43), the results of our study demonstrate

additionally, for the first time, that those wild-type KRAS patients

who were at risk of a poorer outcome (i.e. those with high Ang-2

levels) had a significant PFS benefit if they received vanucizumab

treatment instead of bevacizumab. The likely mechanism

underlying this observation is that the additional blocking of

Ang-2 signalling pathways with vanucizumab counteracts the

Ang-2 upregulation escape mechanism that has previously been

described (11). None of the above-mentioned studies reporting on

the prognostic significance of Ang-2 in mCRC examined patients by

KRASmutation status (15, 19, 23, 42). A study by Peeters et al. (44),

which found no association between baseline Ang-2 levels and PFS
Frontiers in Oncology 0759
in patients with mCRC receiving trebananib, an investigational

peptide-Fc fusion protein that neutralises the interaction between

angiopoietins-1/-2 and the Tie2 receptor, with or without

chemotherapy, did examine patients by KRAS mutation status,

but found no evidence that this impacted results. However,

Peeters et al. (44) did not report any subgroup analysis of

biomarkers (e.g. Ang-2) according to KRAS mutation status.

The observed significant PFS benefit for high density of Ang-2

positive vessels in KRAS wild-type patients treated with

vanucizumab was accompanied by a parallel result for high levels

of CC3. This biomarker of apoptosis showed a PFS benefit for

vanucizumab over bevacizumab when present at baseline in higher

than median levels in the KRAS wild-type subpopulation (Figure 2).

Also of note is a similar trend shown by CA9 (hypoxia) and MKi67

(proliferation), which could be indicative that the fast growth of the
TABLE 2 Median progression-free survival, estimated using Kaplan-Meier methodology, stratified by KRAS mutation status and treatment arm.

(A) Tissue samples

KRAS wild-type (n=68)

Vanucizumab/mFOLFOX-6 (n=38) Bevacizumab/mFOLFOX-6 (n=30) Difference in
PFS** (days)

HR (95% CI)a Log-rank
p-value

n PFS
(days)

Lower–upper
95% (days)

n PFS
(days)

Lower–upper
95% (days)

Ang-
2+

Higher*** 24 386 320–559 17 223 170–338 163 0.32 (0.13; 0.82) p=0.01b

Lower*** 14 304 304–337 13 445 200–NA -141 2.40 (0.46; 12.46) p=0.17

KRAS mutation (n=71)

Vanucizumab/mFOLFOX-6 (n=30) Bevacizumab/mFOLFOX-6 (n=41) Difference in
PFS** (days)

HR (95% CI)a Log-rank
p-value

n PFS
(days)

Lower–upper
95% (days)

n PFS
(days)

Lower–upper
95% (days)

Ang-
2+

Higher*** 12 219 56–343 17 394 225–459 -175 3.64 (1.05; 12.60) p=0.01b

Lower*** 18 381 237–NA 24 309 222–515 72 0.50 (0.14; 1.80) p=0.16

(B) Plasma samples

KRAS wild-type (n=78)

Vanucizumab/mFOLFOX-6 (n=42) Bevacizumab/mFOLFOX-6 (n=36) Difference in
PFS** (days)

HR (95% CI)a Log-rank
p-value

n PFS
(days)

Lower–upper
95% (days)

n PFS
(days)

Lower–upper
95% (days)

Ang-
2

Higher*** 21 361 304–386 17 224 200–282 137 0.39 (0.14; 1.02) p=0.048b

Lower*** 21 394 337–NA 19 486 284–NA -92 0.84 (0.26; 3.03) p=0.83

KRAS mutation (n=78)

Vanucizumab/mFOLFOX-6 (n=35) Bevacizumab/mFOLFOX-6 (n=43) Difference in
PFS** (days)

HR (95% CI)a Log-rank
p-value

n PFS
(days)

Lower–upper
95% (days)

n PFS
(days)

Lower–upper
95% (days)

Ang-
2

Higher*** 16 343 62–NA 17 292 175–459 51 0.97 (0.32; 2.96) p=0.96

Lower*** 19 265 219–NA 26 338 222–444 -73 0.99 (0.33; 2.96) p=0.99
fro
(A) By baseline Ang-2 densities in tissue samples (n=139)*; (B) by baseline plasma angiopoietin-2 concentration (n=156)*.
*Patients for whom sufficient tumour tissue was available or for whom DNA extraction was successful.
**PFS (vanucizumab/mFOLFOX-6) – PFS (bevacizumab/mFOLFOX-6).
***Baseline Ang-2+ densities/Ang-2 levels were classed as higher or lower than the median value: 85.2 and 22.0 counts/mm2 in biopsies and surgical specimens, respectively/3.0 ng/mL in plasma samples.
aHRs and 95% CIs calculated using univariate Cox regression.
bValue is significant.
Ang-2, angiopoietin-2; CI, confidence interval; HR, hazard ratio; NA, not available; PFS, progression-free survival.
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tumour in these previously untreated patients is not being

supported at the same rate by the formation of new tumour neo-

vascularisation, resulting in apoptosis triggered by hypoxia (45),

and for CD8-related phenotypes.

Altogether our data highlight the interplay between these

biomarkers in the underlying tumour growth mechanism. The

increased need for oxygen and nutrients by growing tumours,

added to the immature and inefficient tumour-associated

vasculature, leads to a hypoxic microenvironment (46) that

activates the Ang-2 signalling pathway, providing further vessel

sprouting and, hence, potentiating angiogenesis (47, 48). Indeed,

Ang-2 has been shown to be present in higher concentrations only

at sites undergoing vascular remodelling and in a hypoxic tumour

microenvironment (48). With our data showing that KRAS wild-

type patients with high densities at baseline of Ang-2, CC3 and CA9

benefit from vanucizumab treatment, we hypothesise that in this

‘Ang-2-rich’ group of patients the added inhibition of Ang-2 is

more effective in slowing tumour growth and metastasis than VEGF

inhibition alone, counteracting tumour escape mechanisms, thus

allowing increased levels of vessel normalisation and immune cell

infiltration, by upregulation of the expression of adhesion molecules

to which T-cells bind in order to cross the endothelial cells layer (49,

50). The normalisation of the tumour vasculature, and more

generally of the tumour microenvironment, stimulates T-cell
Frontiers in Oncology 0860
activation (49) and contributes to a more efficient reach of the

combined FOLFOX chemotherapy.

We additionally investigated the association of the different

patient sub-populations, given by the Ang-2 and KRAS patient

stratification, with best overall response (assessed according to

Response Evaluation Criteria in Solid Tumours [RECIST] 1.1

criteria) and observed that a greater number of patients responded

to vanucizumab than to bevacizumab in the KRAS wild-type high

Ang-2 population, which also suggests that this subpopulation

benefits more from the dual inhibition of Ang-2 and VEGF-A.

No association was observed between PFS and high/low

baseline tissue densities of CD34 (used as a biomarker of vessels),

which suggests that the prolongation of PFS observed with

vanucizumab versus bevacizumab in patients with wild-type

KRAS and high levels of Ang-2 is an effect that cannot be

extended to the general vessels, and can be considered a result of

the additional Ang-2 blockade seen with vanucizumab.

Overall, our current analysis suggests that, although high Ang-2

levels remain a negative prognostic biomarker in mCRC,

vanucizumab treatment has the potential to turn this negative

prognostic into a positive predictive biomarker in the KRAS wild

type mCRC subpopulation. It also underscores the importance of

investigating biomarker combinations for patient stratification

rather than looking at biomarkers, gene mutations, etc., in
BA

FIGURE 3

Kaplan–Meier plots of progression-free survival (PFS) in tumour tissue samples. (A) Patients with wild-type KRAS and higher (high) or lower/equal
(low) median levels of baseline angiopoietin-2 (Ang-2)a treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. (B) Patients with
mutant KRAS and high or low baseline angiopoietin-2 (Ang-2) treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. Numbers of
patients at risk at each time point are shown in Supplementary Table 3. mFOLFOX, modified folinic acid (leucovorin), 5-fluorouracil and oxaliplatin.
aMedian values for Ang-2 can be found in Supplementary Table 2. Hazard ratios (HRs) and 95 confidence intervals (CIs) were calculated using
univariate Cox regression. p-values are from the log-rank test. *Value is significant.
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isolation. In this analysis’s cohort, ~30% of the patients have at

baseline both Ang-2 high levels (dichotomised according to the

median) and KRAS wild-type status (Table 2).

In contrast to our above findings, the Forest plot of PFS HRs for

vanucizumab/FOLFOX-6 versus bevacizumab/FOLFOX-6 showed

that patients with KRAS mutations and high tissue Ang-2 positive

vessels responded better to bevacizumab than to vanucizumab. This

was seen in the analyses of Ang-2 levels in tissue (Ang-2 presence in

vessels’ endothelial cells only) but not in plasma. It should be borne in

mind that KRAS mutations are heterogeneous, and that KRAS
Frontiers in Oncology 0961
mutations in different codons dictate a distinct angiogenic profile

(51–53), which could impact the efficacy of different administered

therapies (51, 52). Hence, targeting Ang-2 may be less effective in a

KRAS-mutated population. Our KRAS mutated mCRC cohort

exhibited typical heterogeneity regarding mutation subtypes, with

most KRAS mutations occurring at codons 12 and 13 of exon 2

(Supplementary Figure 1) (53). G12D, the most common subtype

identified, has been reported to be significantly associated with poor

PFS (43). However, the low patient numbers in each KRAS mutation/

treatment/Ang-2 subgroup in our dataset precluded further
TABLE 3 Best overall response according to median Ang-2+ density.

KRAS mutation
status

Treatment arm Ang-2+ median
density

Best overall response*

Progressive
disease

Stable
disease

Partial
response

Complete
response

KRAS wild-type

Vanucizumab/
mFOLFOX-6

Higher** 0 7 17 0

Lower** 0 8 6 0

Bevacizumab/
mFOLFOX-6

Higher** 2 5 8 1

Lower** 0 3 9 1

KRAS mutation

Vanucizumab/
mFOLFOX-6

Higher** 2 9 1 0

Lower** 1 5 7 1

Bevacizumab/
mFOLFOX-6

Higher** 0 8 10 0

Lower** 2 11 10 0
*Assessed according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 criteria.
**Baseline Ang-2+ densities/Ang-2 levels were classed as higher or lower than the median value: 85.2 and 22.0 counts/mm2 in biopsies and surgical specimens, respectively/3.0 ng/mL in plasma samples.
B

C D

A

FIGURE 4

Representative IHC images of duplex Ang-2+ CD34+ tissue staining, with CD34+ endothelial cells stained in red (total vessel population) and Ang-2
+ endothelial cells stained in DAB (brown). Haematoxylin is stained in blue. (A) Lower than median and (B) higher than median.aWith algorithm
results overlays on (C) lower than median and (D) higher than median. IHC, immunohistochemistry.
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stratification by KRAS mutation subtype and, hence, exploration of

their association with clinical outcome and potential mechanisms

of effect.

Overall, these findings suggest that although Ang-2 status seems

to have a potential predictive value in KRAS-wild type patients,

favouring vanucizumab over bevacizumab, it has no impact on

treatment choice and outcome in the KRAS-mutated population.

Recent advances have been made in the field of KRAS-directed

therapy with several registered trials targeting different KRAS

mutation variants (54, 55). As our understanding evolves on both

angiogenesis and the influence of KRAS, the search for treatment

options for these patients with an unmet need for therapies that

account for their a priori disadvantage might lead to the investigation

of novel combination therapies, similar to previous studies assessing

anti-angiogenic and immunotherapy combination treatment (56).

Strengths of our study include that our finding of an association

between high levels of Ang-2 and improved PFS in vanucizumab-

treated patients with wild-type KRAS was seen in tumour tissue data

and confirmed in plasma data in separate analyses. The patient

subgroups derived from this cohort after stratification were

relatively balanced, both in terms of KRAS mutation status and

tissue biomarker and plasma Ang-2 levels, which precluded the

over- or under-representation of specific patient subpopulations.
Frontiers in Oncology 1062
Limitations include that this analysis of McCAVE study data was

exploratory, hypothesis-generating, andMcCAVE was an early phase

clinical trial in which typically the number of enrolled patients is

small; hence, the low sample sizes of the patient groups analysed,

resulting from the stratification of patients by KRAS status and

baseline biomarker levels, limit the statistical power of the analysis.

An additional limitation is that no post-treatment biomarker or gene

mutation status data are available to determine changes over time or

in response to treatment. Since this work is an exploratory post-hoc

analysis, further studies are required for hypothesis confirmation.

Other bispecific antibodies targeting VEGF/Ang-2 have shown

promising antitumour activity in preclinical studies and in patients

with solid tumours (57, 58). Although the clinical development of

vanucizumab for cancer treatment was discontinued following the

finding of a similar PFS benefit with vanucizumab and bevacizumab

in the overall McCAVE study population (i.e. the primary endpoint

of the study was not met), the vessel stabilisation benefit provided by

dual inhibition of Ang-2 and VEGF-A was further leveraged in

ophthalmology in the treatment of neovascular age-related macular

degeneration and visual impairment due to diabetic macular oedema,

resulting in the development of the bispecific antibody faricimab (59).

In summary, exploratory analyses of biomarker levels in

baseline tumour tissue and plasma samples from patients with
BA

FIGURE 5

Kaplan–Meier plots of progression-free survival (PFS) in plasma samples. (A) Patients with wild-type KRAS and higher (high) or lower/equal (low)
median levels of baseline angiopoietin-2 (Ang-2)a treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. (B) Patients with mutant
KRAS and high or low baseline Ang-2 treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. Numbers of patients at risk at each time
point are shown in Supplementary Table 3. mFOLFOX, modified folinic acid (leucovorin), 5-fluorouracil and oxaliplatin. aMedian values for Ang-2 can
be found in Supplementary Table 2. Hazard ratios (HRs) and 95 confidence intervals (CIs) were calculated using univariate Cox regression. p-values
are from the log-rank test. *Value is significant.
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previously untreated mCRC stratified for KRAS mutation status,

suggest a subgroup of patients with KRAS wild-type and higher than

median levels of baseline Ang-2 in whom vanucizumab/

mFOLFOX-6 was associated with a significant survival benefit of

~5.5 months over patients treated with bevacizumab/mFOLFOX-6.

Our results indicate that both Ang-2 and KRAS mutation status,

separately and in combination, are relevant biomarkers in mCRC.

This evidence potentially supports the goal of developing more

tailored anti-angiogenic treatments for patients with mCRC.
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cetuximab as third-line
treatment in a patient with
advanced BRAFV600E mutated,
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cancer: A case report and
literature review
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Thomas Kühr1,3, Sonja Heibl1,3, Konrad Dörfler3

and Josef Thaler1,3
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of Hematology and Oncology, Kepler University Hospital, Linz, Austria, 3Medical Faculty, Johannes
Kepler University Linz, Linz, Austria, 4Department of Internal Medicine, Klinikum Rohrbach,
Rohrbach, Austria
Metastatic BRAFV600E mutated colorectal cancer is associated with poor overall

survival and modest effectiveness to standard therapies. Furthermore, survival is

influenced by the microsatellite status. Patients with microsatellite-stable and

BRAFV600E mutated colorectal cancer have the worst prognosis under the wide

range of genetic subgroups in colorectal cancer. Herein, we present a patient

case of an impressive therapeutic efficacy of dabrafenib, trametinib, and

cetuximab as later-line therapy in a 52-year-old woman with advanced

BRAFV600E mutated, microsatellite-stable colon cancer. This patient achieved a

complete response after 1 year of triple therapy. Due to skin toxicity grade 3 and

recurrent urinary tract infections due tomucosal toxicity, a therapy de-escalation

to dabrafenib and trametinib was performed, and the double therapy was

administered for further 41 months with ongoing complete response. For 1

year, the patient was off therapy and is still in complete remission.
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Introduction

BRAF is a component of the RAS-RAF-MAPK signaling

pathway (1). Eight to 12% of metastatic colorectal cancer (CRC)

and approximately half of the patients with melanoma have a BRAF

mutation (2). BRAFV600E mutation is the most frequent BRAF

mutation (90%) and leads to constitutive, RAS-independent

activation of BRAF kinase activity and MAPK pathway signaling

through downstream activation of MEK (MEK 1 and MEK 2) and

ERK (ERK1 and ERK2) kinases and promotes tumor cell migration,

proliferation, and survival (2, 3). In metastatic CRC, BRAFV600E

mutation is associated with right-side, poorly differentiated, and

mucinous-type tumors and is a negative prognostic factor (4). Its

mortality is a nearly twofold increase compared to that of BRAF

wild-type tumors (5) due to poor response to standard therapies

(5–7).

Several studies investigated the effect of targeted therapies in

BRAFV600E mutated tumors to improve the outcome. Encorafenib,

dabrafenib, and vemurafenib are potent tyrosine kinase inhibitors

of the BRAFV600E kinase, and trametinib and binimetinib potently

inhibit the MEK kinase, although BRAF or MEK inhibitor

monotherapy showed dramatic response rates in >50% of patients

with metastatic BRAFV600E mutated melanoma (8, 9), and only 5%

of metastatic CRC patients with the same BRAFV600E mutation

responded to monotherapy (10, 11). In contrast to melanoma, it is

hypothesized that a major factor underlying the lack of clinical

response with single-agent BRAF or MEK inhibitor in CRC is a

robust adaptive feedback signaling that leads to reactivation of

MAPK signaling, often mediated by epidermal growth factor

receptor (EGFR) following BRAF-inhibitor treatment (12, 13).

In this case report, we report a patient who had progressive

disease after failure of standard chemotherapies in 2017. At this

timepoint, the currently approved doublet targeted therapy with

encorafenib plus cetuximab, which was approved by the European

Medicines Agency (EMA) in 2020, was still under investigation in

the BEACON trial, and an off-label use was not possible (14). Due

to a lack of therapy alternatives, the patient was offered an off-label

use of cetuximab plus dabrafenib plus trametinib based on a few

clinical trial reports, which are summarized in the following.

Combined inhibition of BRAF and MEK with dabrafenib and

trametinib showed improved response and survival rates compared

with dabrafenib alone in metastatic BRAFV600E mutated melanoma,

which resulted in its approval in 2014 (15). However, this

combination was only evaluated in a small sample size in

metastatic BRAFV600E mutated CRC. In a pharmacodynamic

cohort study, a total of 43 patients with BRAFV600E mutated CRC

were treated with dabrafenib plus trametinib and showed an overall

response rate (ORR) of 12% including a complete response (CR) in

one patient and stable disease in further 56% of patients (16). The

median progression-free survival (PFS) was 3.5 months. One

patient had a CR by week 32 of the study treatment with a

duration of response >36 months. Mutational analysis revealed

that the patient achieving a CR and two of three evaluable patients

achieving a partial response had PIK3CA mutations. Further, the

tumor of the patient with CR was microsatellite instable (MSI). To

achieve greater MAPK suppression and improved efficacy in
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patients with metastatic BRAFV600E mutated CRC, a clinical phase

I study with three arms evaluated dabrafenib plus trametinib plus

panitumumab versus dabrafenib plus panitumumab versus

trametinib plus panitumumab in 142 patients and demonstrated

ORR in 21%, 10%, and 0% (17). Median PFS was 4.2, 3.5, and 2.6

months, and median overall survival (OS) was 9.1, 13.2, and 8.2

months. One patient in the triplet and doublet treatment groups

(dabrafenib plus panitumumab) had a CR. Analysis of the

microsatellite status showed a trend toward a statistically

significant increase in PFS in MSI versus microsatellite stable

(MSS) tumors. None of the MSS patients remained in the study

longer than 1 year with this combination therapy. In the MSI

cohort, one patient achieved a partial response lasting >24 months,

and another patient had a CR over 26 months. Nevertheless, one

patient treated with dabrafenib plus panitumumab was MSS and

achieved a CR. Due to the small sample size and a limited number

of studies, this targeted combination is not approved in BRAFV600E

mutated CRC. Currently, doublet therapy with encorafenib plus

cetuximab is the only approved targeted therapy in this patient

population from second-line therapy based on the results from the

phase III BEACON trial (14).

We want to highlight in this case the potential of targeted

therapies in some patients with pretreated, advanced colon cancer

and that treatment can be discontinued as an ongoing response.

Furthermore, in the Discussion section, EMA-approved standard

treatments for metastatic BRAFV600E mutated CRC are

summarized, and current areas of research to enhance efficacy

and to individualize therapy in different subgroups of metastatic

BRAFV600E mutated CRC will be discussed.
Case description

A 52-year-old woman without a significant medical history

presented to the hospital due to a 3-day history of obstipation,

abdominal pain, and nausea in February 2017. On examination, her

abdomen was distended and mildly tender on the left side. Blood

tests revealed anemia. On the computer tomography scan (CT

scan), one suspicious lesion in the liver with a diameter of 3 cm and

a suspicious mass in the colon descendens were described

(Figure 1). In the diagnostic colonoscopy, a 5-cm non-obstructive

tumor in the colon descendens was found. Biopsies of the primary

tumor confirmed the diagnosis of adenocarcinoma of the colon. In

the magnetic resonance imaging of the liver, two suspicious lesions

in segments VII and VI were described. The liver metastases were

classified by the liver surgeon as primary resectable. An initial

hemicolectomy with simultaneous atypical liver resection was

performed in February 2017. The histology of the primary tumor

revealed a poorly differentiated, MSS, Her2-negative, and

BRAFV600E mutated adenocarcinoma of the colon with a

lymphatic vessel and perineural involvement as well as lymph

node involvement in eight of 14 removed lymph nodes. The liver

metastases were completely resected, and the liver lesions were

confirmed histologically to be metastatic lesions. FoundationONE®

analysis of the primary tumor showed BRAFV600E mutation, PTEN-

loss, DDR1 R514C alteration, KDM5A R782Q alteration, TP53
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Y234 alteration, and MSS status. The tumor mutational burden was

0 Muts/Mb.

A 6-month course of postoperative, pseudoadjuvant

chemotherapy with capecitabine and oxaliplatin (CAPOX) was

planned. The rationale for pseudoadjuvant chemotherapy with

CAPOX was to reduce the risk of recurrences, which occur in

approximately 50% of patients with resectable liver metastases.

However, the best postoperative strategy for primary resected

colorectal liver metastases is uncertain—both pseudoadjuvant

chemotherapy and perioperative chemotherapy tend to show a

favorable effect in PFS, but not in OS (18–20). Further, the patient

preferred an oral regimen. After 3 months of CAPOX therapy, an

interim CT scan was performed in June 2017. The CT scan showed

five new liver metastases without further metastases in other organs

(Figure 1), and the tumor marker carcinoembryonic antigen (CEA)

was elevated. A first-line palliative chemotherapy regimen with

FOLFIRI and bevacizumab was administered from June until

September 2017. After 3 months, the CT scan showed further

progress in the liver, and tumor markers were further increasing.

Resectability of the liver metastases was excluded. For second-line

therapy, the patient was randomized in the control arm of the

BEACON study, and FOLFIRI plus cetuximab was administered

for 2 months in this trial. The interim CT scan in November 2017

showed progression of the liver metastases and detection of new

metastases in the lung, and retroperitoneal lymph nodes metastases

and tumor makers further increased. According to the study, the

patient went off protocol due to progressive disease. A cross-over to

one of the targeted-treatment arms in the BEACON study or off-label

use of this targeted therapy was not possible.

The performance status was reduced to Eastern Cooperative

Oncology Group (ECOG) performance status 2 due to the

progressive disease, but the patient was willing to receive further

therapy. Because of the lack of promising third-line therapy in

BRAFV600E mutated CRC, the patient received an off-label use of

dabrafenib, trametinib, and cetuximab based on reports of a few
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clinical phase I–II trials, which was mentioned above (16, 17). The

therapy was started in December 2017. Two months after the

beginning of the third-line palliative therapy, the CT scan showed

partial response in the liver, lung, and retroperitoneal lymph nodes.

After another 2 months of therapy, the lung metastases and

retroperitoneal lymph node metastases could no longer be detected

on the CT scan. The liver metastases had almost disappeared. Due to

skin toxicity with papulopustular eruption grade 3 (Figure 2), steroid-

containing cream and 100 mg of minocycline per day were

prescribed, and cetuximab therapy was temporarily stopped.

Furthermore, the patient suffered from recurrent urinary tract

infections due to mucosal toxicity requiring antibiotic therapy in

the early stages to prevent urosepsis. In August 2018, no further

progression was detected on the CT scan (Figure 1), and in October

2018, a PET/CT showed a CR. Since October 2018, cetuximab was

terminated due to persistent severe skin toxicity and recurrent

urinary tract infections, and double therapy with dabrafenib and
FIGURE 2

Pronounced skin toxicity due to cetuximab therapy.
FIGURE 1

Computed tomography scan (CT scan) regarding the clinical response during whole course of treatment. (A) Baseline CT scan in February 2017.
(B) CT scan after adjuvant CAPOX in June 2017. (C) CT scan after 1 year of dabrafenib, trametinib, and cetuximab in October 2018.
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trametinib was continued with better tolerance. The urinary tract

infections were fewer, and the skin recovered. Therapy with

dabrafenib and trametinib was terminated on February 2022 at the

request of the patient, and a watch-and-wait strategy with CT scan

and blood tests including CEA every 3 months was recommended.

Until January 2023, the patient is still in CR and in excellent general

condition. Figure 3 shows an overview of the whole course of

treatment in this patient, and Figure 4 shows the changes in the

tumor marker during the therapy. The patient consented to the

publication of her medical history.
Discussion

To the best of our knowledge, achieving an ongoing CR after

treatment cessation with dabrafenib, trametinib, and intermittent

cetuximab as third-line treatment in a patient with an advanced

BRAFV600E mutated, MSS colon cancer is unique.
State-of-the-art therapy

The first-line recommendations for patients with metastatic

BRAFV600E mutated CRC are FOLFOXIRI or doublet
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chemotherapy regimen plus bevacizumab based on the subgroup

analysis of the TRIBE study (21) and TRIBE 2 study (22, 23). The

decision to use triplet or doublet chemotherapy regimens plus

bevacizumab should be based on a risk/benefit discussion with

the patient. In 2020, EMA approved doublet therapy

with encorafenib + cetuximab for the treatment of patients with

BRAFV600E mutated metastatic CRC (mCRC) who have received

prior systemic therapy, according to the results of the phase III

BEACON trial (14). In this trial, 665 patients were randomized to

receive triplet therapy with encorafenib plus binimetinib plus

cetuximab or doublet therapy with encorafenib plus cetuximab or

standard therapy with FOLFIRI/irinotecan plus cetuximab. The

median PFS and the median OS for triplet and doublet therapies

were superior compared to those of the standard group (median

PFS 4.3 vs. 4.2 vs. 1.5 months; median OS 9.0 vs. 8.4 vs. 5.3 months).

The ORR was 26% vs. 20% vs. 2%. However, the study was not

powered to compare the two experimental groups directly.

However, descriptive analyses comparing triplet and doublet arms

showed similar efficacy in the overall population across endpoints

including PFS and OS, and adverse events were higher with triplet

compared to doublet therapies. The results suggested that the

doublet regimen is sufficient to maximize the OS benefit with

better tolerability, and doublet therapy was approved by EMA.
FIGURE 3

Flowchart of the whole course of treatment.
FIGURE 4

Line chart of the changes of the tumor marker CEA during the process of the treatment since February 2017. CEA, carcinoembryonic antigen.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1166545
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Piringer et al. 10.3389/fonc.2023.1166545
Later-line therapies include other chemotherapy combinations,

TAS-102, and/or regorafenib with modest effectiveness (24).

For metastatic BRAFV600E mutated CRC with MSI-h, the

therapeutic approach is different, and microsatellite status should

be tested up-front. In a pooled analysis of four studies, the incidence

of BRAFV600E mutated CRC was 34.6% in patients with mismatch

repair deficiency and 6.8% in patients with microsatellite-stable

CRC (25). The molecular relationship between BRAF mutation and

MSI is through high-level CpG island methylator phenotype and

MLH1 promotor methylation. Pembrolizumab is approved by the

EMA for patients with metastatic MSI-h CRC in the first-line

setting and after fluoropyrimidine-based combination therapy

based on the results from the Keynote-177 study (26) and

Keynote-164 study (27). The Keynote-177 study showed that

pembrolizumab was superior in terms of PFS and OS compared

with chemotherapy in the overall MSI-h population as well as in

patients with BRAFV600E mutated CRC and MSI-h (26).

In second-line and third-line settings, pembrolizumab showed

highly promising outcomes with ORR of 20% and 55% in patients

with BRAFV600E mutated CRC and MSI-h (27). Furthermore, in the

CheckMate-142 trial, the combination of nivolumab plus

ipilimumab in MSI-h-patients who received prior chemotherapy

showed an ORR of 55% and a 12-month OS rate of 85%,

irrespective of BRAF status (28).

BRAFV600E mutated CRC is not a homogenous disease, and up-

front treatment decision is currently made by microsatellite status.

From the second line of therapy, targeted therapy represents the

standard of care and significantly improved outcomes.

Nevertheless, the prognosis of metastatic BRAFV600E mutated

CRC remains poor, and further investigations are needed to

improve survival.
Areas of research

The current objectives of the research are a) the implementation

of targeted therapies in the first-line setting and b) combining

targeted therapies with chemotherapy or c) immunotherapy or d)

other targeted therapies based on molecular analyses. Further, there

is a great need to predict the outcomes by identification of e)

different molecular subgroups.
Fron
a. The ANCHOR study evaluated in a single-arm phase II

study encorafenib plus binimetinib plus cetuximab in

previously untreated metastatic BRAFV600E mutated CRC,

and the results were recently published (29). Among 95

patients, the ORR was 47.4% with all partial responses. The

median PFS was 5.8 months, and the median OS was 18.3

months. The primary endpoint was met. However, these

results showed that the combination therapy in the first-line

setting is quite similar to the recommended chemotherapy-

based regimens in the first-line setting of metastatic

BRAFV600E mutated CRC. The results signal that there is

a need to evaluate mechanisms of acquired resistance, as the

short PFS interval is likely due to resistance that arises

despite inhibiting BRAF, MEK, and EGFR.
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b. To improve the outcome, the phase III BREAKWATER study

explores in three arms the combination of encorafenib plus

cetuximab with or without chemotherapy (mFOLFOX or

FOLFIRI) versus control (mFOLFOX, FOLFIRI, and

FOLFIRINOX ± bevacizumab) in the first-line setting in

765 patients (ClinicalTrials.gov Identifier:NCT04607421).

Updated safety and anti-tumor activity data from the

BREAKWATER safety lead-in demonstrated that the

addition of chemotherapy to encorafenib plus cetuximab

was generally tolerable with preliminary promising

antitumor activity (30). The final results are eagerly awaited.
c. A further interesting approach is the combination of

immunotherapy and targeted therapy in metastatic

BRAFV600E mutated CRC. Currently, immunotherapy is

only approved in patients with MSI-h. However, in

metastatic BRAFV600E mutated CRC, the addition of

immunotherapy is evaluated in not only MSI-h patients but

also MSS patients based on data from preclinical studies that

suggest that combining MAPK inhibit ion and

immunotherapy could enhance antitumor efficacy in BRAF

and KRAS mutant cancers (31–33). A recent proof-of-concept

single-arm phase II study evaluated the addition of a PDL-1

inhibitor spartalizumab to dabrafenib and trametinib in

patients with BRAFV600E mutated CRC (34). Of the 37

included patients, most of them were MSS (n = 32). In these

patients with MSS BRAFV600E mutated CRC, the ORR was

25%, and the disease control rate was 75%. Median PFS was 5

months with 18% of patients remaining on therapy for over 1

year. The authors of the study suggest a potential tumor cell-

intrinsic mechanism of synergy between MAPK inhibition

and immunotherapy, and additional studies are needed to

more fully understand the benefits of MAPK inhibition

combined with immunotherapy in MSS BRAFV600E mutated

CRC. A phase II study evaluates the addition of nivolumab to

encorafenib plus cetuximab versus doublet therapy with

encorafenib plus cetuximab in BRAFV600E mutated, MSS

CRC after the failure of at least one prior treatment. The

primary endpoint is PFS (ClinicalTrials.gov Identifier:

NCT05308446). The SEAMARK trial investigates in a phase

II clinical trial the efficacy of encorafenib plus cetuximab plus

pembrolizumab versus pembrolizumab alone in patients with

untreated metastatic BRAFV600E mutated CRC and MSI-h

(ClinicalTrials.gov Identifier: NCT05217446).

d. The mechanism of resistance to targeted therapies is not

completely understood. Unlike other tumors with BRAFV600E

mutations, like melanoma, non-small cell lung cancer, and

papillary thyroid cancer, BRAF mono-inhibition in CRC

resulted only in marginal clinical activity. BRAF inhibition

causes a rapid feedback activation of EGFR because of the

missing negative feedback mechanism driven by ERK1/2

activation and leads to MEK1/2 activation through several

escape mechanisms. Various mechanisms of resistance have

been discovered, from activation of various receptor tyrosine

kinases to activation of other cell signaling pathways such as
frontiersin.org

https://doi.org/10.3389/fonc.2023.1166545
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Piringer et al. 10.3389/fonc.2023.1166545

Fron
the PI3K/AKT pathway (35, 36). Receptor tyrosine kinases

have multiple pathways by which they can promote cell

signaling, and reactivation of receptor tyrosine kinases

following inhibition of the MAPK pathway stimulates

cellular growth through various pathways. The majority of

resistances are centered around the reactivation of the MAPK

pathway. Several analyses of mutational profiles and

preclinical studies suggested activations of the

phosphoinositide 3-kinase (PI3K) pathway as a potential

mechanism of resistance to BRAF inhibitors (37). To

overcome the potential mechanism of resistance, the

combination PI3K inhibitor alpelisib was investigated (38)

in 28 refractory BRAFV600E mutated CRC in a phase Ib study

and showed good tolerability of the triplet therapy but with

quite similar efficacy compared with dual therapy. The ORR

was 18%, and the disease control rate was 93% in the triplet

arm. However, this was a small study. In a subsequent phase

II study, 52 patients received the same regimens and

demonstrated a PFS of 5.4 versus 4.2 months in the triplet

versus doublet therapy (39). PTEN loss or the signaling

pathway STAT has also been associated with intrinsic

resistance to BRAF/MEK targeted therapies. Targeting the

Wnt/b-catenin signaling pathway represents another

potential future treatment option, as Wnt was shown to

activate signaling through RAF-MEK-ERK targeting (40).

With further understanding of the complex mechanism of

resistance, the therapeutic landscape will be changing to

individualize therapy strategies based on molecular

subtypes, and studies are needed to investigate multi-

targeted combination treatments to overcome resistance.

e. A recently published study evaluating whole-exome

sequencing identified inactivating mutations in RNF43, a

negative regulator of WNT, to predict improved response

rates and survival in patients with BRAFV600E mutated CRC

and MSS tumors treated with anti-BRAF/EGFR

combination therapies (41). The RNF43 mutation

frequency was approximately 43%–44% (92%–100% in

the MSI cohort and 28%–30% in the MSS cohort) in the

discovery and validation cohort. The ORR in the

RNF43mutated subgroup was 63% compared with 31% in

the RNF43wild-type subgroup. Patients with the MSS-

RNF43mutated subtype achieved the highest ORR with 54%

compared to the MSS-RNF43wild-type subtype (21%) and

MSI- RNF43mutated subtypes (18%). Evaluation of

circulating tumor DNA (ctDNA) is a further area of

research. In an exploratory analysis of the BEACON trial,

ctDNA was measured at baseline and the end of treatment.

Variant allele frequency (VAF) of BRAFV600E was

measured, and patients were grouped in high and low

categories (BRAFV600E or ctDNA was not detected). Over

90% of patients had detectable BRAFV600E mutations in the

ctDNA. Patients with a higher VAF for BRAFV600E had a

worse prognosis. Compared with the control group of the

BEACON trial, patients with triplet or doublet therapy had

increased response rates, independent of VAF. CtDNA
tiers in Oncology 0671
VAF was found to be prognostic but not predictive of

drug response (42). Biomarker analysis of the VELOUR

(43) and RAISE studies (44) indicated a non-significant

benefit of the addition of aflibercept in the VELOUR study

and ramucirumab in the RAISE study to chemotherapy in

BRAFV600Emutated mCRC compared with wild-type BRAF

mCRC. Prognostic and predictive biomarkers are of great

interest to further individualize therapy in this rare

subgroup of metastatic CRC.
Conclusion

Patients with BRAFV600E mutated, MSS tumors have the worst

prognosis among the variety of subgroups of CRC patients. The

treatment options for patients with BRAFV600E mutated CRC are

limited. Our patient case showed that even in later lines, a targeted

therapy combination could achieve an ongoing complete remission.

Even a de-escalation from triplet to doublet therapy and subsequent

discontinuation of therapy showed ongoing CR in this impressive

patient case.
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Targeted therapy has been standardized in front-line therapies for metastatic

colorectal cancer (mCRC), while explicit recommendations for third- or later-

line are still lacking. This study evaluated the efficacy and safety of combining

targeted therapy with chemotherapy in the third- or later-line treatment for

mCRC via meta-analysis, providing evidence-based guidance for clinical or

research practice. Comprehensive retrieval of related studies was conducted

according to the PRISMA guideline. Studies were stratified with patient

characteristics and pharmacological classification of the drugs. For the data

available for quantitative analysis, pooled overall response rate, disease control

rate, hazard ratios (HRs) for overall survival (OS) and progression-free survival

(PFS), and adverse events rate with respective 95% confidence intervals (CIs)

were calculated. A total of 22 studies (1,866 patients) were included in this meta-

analysis. Data from 17 studies (1,769 patients) involving targets of epidermal

growth factor receptor (EGFR) and vascular endothelial growth factor (VEGF)

were extracted for meta-analyses. The overall response rates for monotherapy

and combined therapy were 4% (95% CI: 3%, 5%) and 20% (95% CI: 11%, 29%). The

pooled HRs (combined therapy vs. mono) for OS and PFS were 0.72 (95% CI:

0.53, 0.99) and 0.34 (95% CI: 0.26, 0.45). Another five studies were included in

narrative depiction, involving targets of BRAF, HER-2, ROS1, and NTRK. The

findings of this meta-analysis indicate that VEGF and EGFR inhibitors manifest

promising clinical response rates and prolonged survival in the treatment of

mCRC with acceptable adverse events.
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Introduction

Colorectal cancer (CRC) is one of the most common

malignancies worldwide; the estimated annual incidence and

mortality are 19.7/100,000 and 8.9/100,000 (1, 2). Among patients

diagnosed with CRC, 20% had metastatic colorectal cancer (mCRC)

and 40% had recurrence after previous treatment of localized

diseases (3, 4). Furthermore, prognosis remains poor after

standard treatment for patients with mCRC, with a median 5-

year survival rate of less than 20% (4).

At present, the standard first-line and second-line therapies for

mCRC are a combination of doublet or cytotoxic triplet

chemotherapy and targeted therapies, including anti-epidermal

growth factor receptor (EGFR) or anti-vascular endothelial

growth factor (VEGF) antibody, the choice of treatment is

influenced by patient features, cancer characteristics, and

molecular profiles (5–8). In addition, RAS and BRAF tests are

recommended by the European Society for Medical Oncology

(ESMO) and the United States (US) National Comprehensive

Cancer Network (NCCN) guidelines before the initiation of first-

line therapy (9, 10). The choice of second-line regimen depends on

the first-line systemic treatment, and approximately two-thirds of

mCRC patients received second-line treatment (11). Fluorouracil,

folinic acid, and irinotecan (FOLFIRI) and fluorouracil, folinic acid,

and oxaliplatin (FOLFOX) are typical second-line chemotherapy

options for mCRC patients (12). However, the efficacy of

chemotherapy is very low in the third-line treatment of CRC, and

tumor shrinkage is rarely observed (13). Immunotherapy

revolutionized the oncology landscape in the past 10 years,

pembrolizumab or nivolumab are recommended as treatment

options in second-line and beyond for patients with deficient

MMR/MSI-high mCRC (11, 12). For CRC patients receiving

third-line treatment, considering molecular cancer characteristics

and clinical trial registration is an important aspect of management

(12). Cetuximab or panitumumab is particularly effective for KRAS/

NRAS wild-type mCRC patients not previously treated with EGFR

antibodies and is recommended as the standard treatment for the

third-line or later-line follow-up treatment (14, 15). Regorafenib is

recommended in RAS wild-type patients previously treated with

EGFR antibodies (10). Furthermore, receptor tyrosine kinase

inhibitor (rTKI) has been shown to prolong progression-free

survival (PFS) in refractory mCRC patients with acceptable

tolerability (16). Agents targeting human epidermal growth factor

receptor-2 (HER2), neurotrophic tyrosine receptor kinase (NTRK),
Abbreviations: mCRC, metastatic colorectal cancer; HRs, hazard ratios; OS,

overall survival; CIs, confidence intervals; CRC, colorectal cancer; EGFR,

epidermal growth factor receptor; ESMO, European Society for Medical

Oncology; US, United States; NCCN, National Comprehensive Cancer

Network; FOLFIRI, fluorouracil, folinic acid, and irinotecan; FOLFOX,

fluorouracil, folinic acid, and oxaliplatin; rTKI, receptor tyrosine kinase

inhibitor;PFS, progression-free survival; HER2, human epidermal growth factor

receptor-2; NTRK, neurotrophic tyrosine receptor kinase; ROS1, receptor

tyrosine kinase; PRISMA, Preferred Reporting Items for Systematic Reviews

and Meta-analysis.
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and c-ros oncogene 1, receptor tyrosine kinase (ROS1) were used in

the treatment of mCRC (17–19). Nevertheless, EGFR inhibitors are

associated with toxicity, including rash and diarrhea in tissues

expressing EGFR. Multi-kinase inhibitors can cause hand-foot

skin reactions, rash, fatigue, diarrhea, and hypertension (20).

Therefore, when the quality of life gains importance as a

therapeutic goal, the difference in the mechanism of action and,

more importantly, the safety of available third-line/later-line mCRC

therapy may guide the treatment choices of individual patients.

Targeted therapy has been standardized in front-line therapies for

mCRC, but explicit recommendations for third- or later-line are still

lacking. As far as it is concerned, several studies reported the efficacy

and safety of targeted treatment alone or combined chemotherapy

(16, 21–28). This study aimed to conduct a meta-analysis through a

synthesis of the evidence to generate a comprehensive assessment of

efficacy and safety of third-line or later-line targeted treatment for

patients with mCRC and subsequently to provide evidence and clues

for clinical research and practice.
Materials and methods

Statements

This meta-analysis was conducted based on published citations

that had declared ethical approvals, and no original clinical raw data

of the published results were collected or utilized, thereby ethical

approval was not warranted for this study. This study was based on

the Preferred Reporting Items for Systematic Reviews and Meta-

analysis (PRISMA) (29).
Search strategy and selection criteria

We systematically searched the online electronic databases,

PubMed, Scopus, and Embase, from the databases’ inception to June

16, 2022, with articles in English all considered. The following

keywords and terms were used for the online database search: third-

line, later-line, fruquintinib, famitinib, bevacizumab, ramucirumab,

cetuximab, panitumumab, trastuzumab, pertuzumab, tucatinib,

lapatinib, larotrectinib, entrectinib, encorafenib, vemurafenib, targeted

therapy, VEGF, ALK, ROS1, EGFR, HER2, NTKR, BRAF, metastatic

colorectal cancer, and mCRC. The search strategy was

((((((((((((((((((((((((third-line[Title/Abstract]) OR (later-line[Title/

Abstract])) OR (fruquintinib[Title/Abstract])) OR (famitinib[Title/

Abstract])) OR (bevacizumab[Title/Abstract])) OR (ramucirumab

[Title/Abstract])) OR (cetuximab[Title/Abstract])) OR

(panitumumab[Title/Abstract])) OR (trastuzumab[Title/Abstract]))

OR (pertuzumab[Title/Abstract])) OR (tucatinib[Title/Abstract])) OR

(lapatinib[Title/Abstract])) OR (larotrectinib[Title/Abstract]))

OR (entrectinib[Title/Abstract])) OR (encorafenib[Title/Abstract]))

OR (vemurafenib[Title/Abstract])) OR (targeted therapy[Title/

Abstract])) OR (VEGF[Title/Abstract])) OR (ALK[Title/Abstract]))

OR (ROS1[Title/Abstract])) OR (EGFR[Title/Abstract])) OR (HER2

[Title/Abstract])) OR (NTKR[Title/Abstract])) OR (BRAF[Title/

Abstract])) AND ((metastatic colorectal cancer[Title/Abstract]) OR
frontiersin.org

https://doi.org/10.3389/fonc.2023.1165040
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xue et al. 10.3389/fonc.2023.1165040
(mCRC[Title/Abstract])) AND (english[Filter]). The references of

related reviews and included articles were also searched to retrieve

additional studies not previously identified in the initial literature

search. Inclusion criteria were as follows: clinical trials or cohort

studies evaluating the efficacy and safety of third-line or later-line

targeted treatment of patients with mCRC and relevant outcomes

regarding treatment effects and adverse events were reported or could

be calculated from the available data in the citation. Exclusion criteria

included conference abstracts, case reports or case series, reviews, news,

and editorials.

Two independent investigators (Wen-Hui Xue and Xue-Wei Li)

accomplished the literature search and conducted the process of

study selection. A third author (Wen-Hui Yang) was involved if no

consensus was achieved.
Data extraction and quality assessments

The following information was extracted from each study: name

of the first author, year of publication, country, study design,

number of patients, age of patients, percentage of females, patient

performance, targeted molecule, lines of current treatment, therapy

schedule, response rate, complete response rate (ORR), partial

response rate, stable disease rate, disease progression rate, disease

control rate, hazard ratios (HRs) for overall survival (OS) and

progression-free survival (PFS), and adverse events rate. Clinical

response and disease progression were assessed according to

Response Evaluation Criteria in Solid Tumors (RECIST version

1.1) (30). The Cochrane Collaboration tool was used to evaluate the

risk of bias in randomized trials enrolled in this meta-analysis (31).

The methodological index for non-randomized studies (MINORS)

was used for single-arm studies (32).
Statistical analysis

The R (A language and environment for statistical computing.

Version 3.6.1) was used for statistical analyses. Pooled rates and

HRs with their respective 95% confidence intervals (CIs) were

synthesized with a random or fixed-effects model. A random-

effects model was used if the I² value was > 50%; otherwise, a

fixed-effects model was used. The Cochran Q test was used to assess

heterogeneity between studies, and the I² statistic was used to test

the magnitude of the heterogeneity. Egger’s tests were performed to

evaluate the publication bias in this meta-analysis. A p-value less

than 0.05 was considered to be of statistical significance.
Results

Study selection and characteristics

A total of 620 articles were identified from the databases

searched. Sixty-one duplicates were eliminated, and 537 studies

were excluded through an initial screening. After a full-text

assessment for eligibility of the remaining 22 articles, 17 studies
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were eligible for inclusion in this meta-analysis, and five studies

were narratively depicted. No additional studies were identified

through reference screening of the included papers and relevant

reviews. Figure 1 shows details on the literature search and study

selection. The enrolled 22 citations contained 1,866 patients with

confirmed mCRC and reported relevant eligible outcomes for data

synthesis. Twenty studies were clinical trials, and two studies were

cohort studies. These studies were conducted in China, the United

States, Italy, South Korea, Vietnam, France, Spain, and Japan.

Table 1 shows detailed characteristics of the included studies. The

quality of included studies was rated as high based on the Cochrane

Collaboration tool and the MINORS scale (Tables 1, 2).
Treatment response

Nine studies assessed the efficacy of EGFR inhibitors

monotherapy or combining chemotherapy as third-line or later-

line treatment for mCRC. The other eight studies evaluated the

efficacy of VEGF antibodies in treating mCRC. The pooled ORRs

for monotherapy and combined therapy were 4% (95% CI: 3%, 5%)

and 20% (95% CI: 11%, 29%). In the subgroup analysis of molecule

targets, the pooled ORRs for VEGF and EGFR inhibitors were 4%

(95% CI: 2%, 5%) and 19% (95% CI: 10%, 27%). The pooled disease

progression rates for monotherapy and combined therapy were 53%

(95% CI: 25%, 80%) and 34% (95% CI: 28%, 40%), respectively. The

respective pooled disease progression rates for VEGF and EGFR

inhibitors were 46% (95% CI: 20%, 72%) and 36% (95% CI: 29%,

43%). Concerning stable disease rates, the pooled rates for

monotherapy and combined therapy were 49% (95% CI: 34%,

64%) and 43% (95% CI: 34%, 51%), and the pooled rates for

VEGF and EGFR inhibitors were 57% (95% CI: 44%, 69%) and

37% (95% CI: 31%, 42%). The pooled disease control rates for

monotherapy and combined therapy were 62% (95% CI: 50%, 74%)

and 61% (95% CI: 54%, 68%), respectively. The pooled disease

control rates for VEGF and EGFR inhibitors were 59% (95% CI:

50%, 68%) and 62% (95% CI: 54%, 71%) (Table 3).

The efficacy of BRAF inhibitor monotherapy for mCRC is not

promising, with 0% to 5% ORRs (37). The anti-HER2 antibody

trastuzumab and the dual EGFR/HER2 kinase inhibitor lapatinib

were used in a phase 2 trial performed at four Italian academic

cancer centers; the results were as follows: ORR of 30%, DCR of

74%, with 22% of Grade 3 toxicity (41). In addition, results of the

MyPathway Study revealed that trastuzumab plus pertuzumab

showed an ORR of 38% (95% CI: 23% to 55%) in 37 mCRC

patients (19). In the study of Hong et al., four in eight patients

with TRK fusion-positive colon cancer demonstrated a response to

larotrectinib with a median response duration of 3.7 months (18).

Doebele et al. reported that one in four patients with CRC

responded to entrectinib, an ROS1 and NTRK inhibitor (17).
Survival

A total of four studies reported the Kaplan–Meier estimates of

overall survival in the treatment and control groups. The pooled HR
frontiersin.org

https://doi.org/10.3389/fonc.2023.1165040
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xue et al. 10.3389/fonc.2023.1165040
was 0.72 (95% CI: 0.53, 0.99) (Figure 2). For PFS, the pooled HR of

five trials was 0.34 (95% CI: 0.26, 0.45) (Figure 3).
Adverse events

Hematological adverse events were the most frequently

reported in included studies. The occurrence rates of anemia for

VEGF and EGFR inhibitors were 26% (95% CI: 7%, 44%) and 42%

(95% CI: 3%, 87%). The pooled occurrence rates of leucopenia for

VEGF and EGFR inhibitors were 36% (95% CI: 9%, 63%) and 33%

(95% CI: 6%, 60%). With regard to neutropenia, pooled occurrence

rates for VEGF and EGFR inhibitors were 34% (95% CI: 9%, 60%)

and 47% (95% CI: 24%, 71%). The occurrence rates of

thrombocytopenia for VEGF and EGFR inhibitors were 25%

(95% CI: 14%, 36%) and 18% (95% CI: 12%, 23%).
Publication bias

P-values of Egger’s tests for publication bias were < 0.001, 0.129,

0.001, 0.052, 0.588, 0.622, 0.078 in the pooled analyses of overall

response, stable disease, disease progression, disease control, HR for

OS, HR for PFS, and adverse events, respectively.
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Discussion

CRC is one of the most important tumors, with high incidence

and mortality rates worldwide (43). Many patients are diagnosed at

the metastatic stage of the disease; for these patients, treatment is

mainly based on chemotherapy (44). Maintaining the quality of life

is the primary goal and urgent need of mCRC patients undergoing

third-line or later-line treatment (8). However, few insights are

gained to guide the selection and sequencing of treatments for these

patients (10, 14). Recently, prolonged OS in patients with mCRC

has been observed through targeted therapies, such as antibodies

against EGFR and VEGF (44).

In the meta-analysis, 17 published articles containing 1,769

patients with diagnosed mCRC and treated with targeted therapies

were included. This meta-analysis showed that the pooled ORRs for

VEGF and EGFR inhibitors were 4% and 19% in the third-line or

later-line treatment of mCRC. Targeted therapy combined with

chemotherapy demonstrated favorable ORR and disease control

rate with less disease progression than target monotherapy. The

results corroborated the findings from previous clinical trials.

Furthermore, targeted therapy revealed increased OS and PFS; the

goal of the third-line or later-line treatment is to prolong survival

and prevent tumor progression without affecting the quality of life.

The molecular type of mCRC in included studies was not specified.
FIGURE 1

Search results and flow chart of the meta-analysis.
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It is reported that the benefit in PFS and OS was observed only in

the KRAS wild-type patients for both cetuximab and panitumumab

(45, 46). Moreover, the NCCN clinical practice guideline

recommended that regorafenib could be utilized in fit patients

with the refractory disease after standard chemotherapy including

fluoropyrimidine, oxaliplatin, and irinotecan and anti-VEGF or

anti-EGFR therapies (RAS wild type) (47).

However, hematological adverse events, including anemia,

neutropenia, leucopenia, and thrombocytopenia, were commonly

observed in included studies. In addition, the evidence on clinical

trials of other targeted therapies, namely, BRAF inhibitors, HER2

inhibitors, anti-NTRK agents, and ROS1 inhibitors, was limited, so

we could not pool these outcomes. Therapies with HER2, NTRK,

and ROS1 blockade have shown significant antitumor activity, and

more well-designed clinical trials are needed to verify the efficacy

and safety of these agents. It is recommended in HER2-positive

patients with mCRC, treatment with HER2 dual blockade is

optionally recommended, especially in RAS WT tumors (48).

This meta-analysis was conducted at the population level,

because individual patient data cannot be obtained. In the current

study, a comprehensive literature search in English was performed

to increase the probability of obtaining all relevant included studies.

Data extraction was conducted by two independent reviewers using

a pre-designed form. In addition, we assessed the quality of enrolled

studies using the Cochrane Collaboration tool and the MINORS

scale. The quality of included studies was rated as high. We assessed

the heterogeneity between the studies. Results showed significant

heterogeneities in the analyses of OS and PFS. The heterogeneity

may be attributed to differences in patient characteristics, study

design, drug compliance, prior lines of therapy in each study, and

other relevant factors. Due to heterogeneity between third-line or

later-line treatment regimens, it is difficult for us to determine the

specific subgroups, and therefore subgroup analysis based on

regimens was not performed. Meta-regression was not performed

due to a limited number of studies in each subgroup. Furthermore,

the findings of Egger’s tests indicated that publication bias might

not be neglected in analyzing several indicators. Albeit with the

heterogeneity and publication bias in included studies and

limitations of this meta-analysis, the results may provide

evidence-based information on the efficacy and safety of third-

line or later-line target therapy for patients with mCRC.

Based on the outcomes of this meta-analysis, we may conclude

that targeted therapies, including VEGF and EGFR inhibitors,

showed promising clinical response rates and prolonged survival

in the treatment of mCRC patients with progression after first- and

second-line therapy. Targeted therapy for mCRC patients with

biomarker selection may improve marginal prognosis but is

unlikely to change the treatment pattern of most patients

significantly. Incidences of hematological adverse events were

durable and acceptable. However, the pathogenesis of these

adverse events remains poorly understood (49). Personalized

treatment or combined therapy was recommended based on the

feature of mCRC. It is expected that well-designed clinical trials, as

well as real-world studies, should be conducted to address issues on

the evaluation of efficacy and safety of VEGF and EGFR inhibitors

and other targets in the treatment of mCRC. Very preliminary
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TABLE 2 Quality evaluation for Cochrane tool.

Study

Random
sequence
generation
(selection

bias)

Allocation
concealment
(selection

bias)

Blinding of
participants

and
peraonnel
(perfor-

mance bias)

Blinding
of

outcome
assess-
ment
(detec-
tion bias)

Incom-
plete

outcome
data

(attrition
bias)

Selective
reporting
(report-
ing bias)

Other
bias

Total
quality
scores

Chi, 2021 (34) * * * * * * * 7

Li, 2015 (25) * * * * * * * 7

Li, 2018 (38) * * * * * * * 7

Xu, 2017a (27) * * * * * * * 7

Xu, 2017b (16) * * * * * * * 7
F
rontiers in Oncolo
gy
 0881
 fr
Each * equals 1 point.
TABLE 3 Subgroup analysis of treatment responses.

Treatment responses
VEGF inhibitors EGFR inhibitors Monotherapy Combined therapy

Pooled rate 95% CI Pooled rate 95% CI Pooled rate 95% CI Pooled rate 95% CI

Overall response 4% (2%, 5%) 19% (10%, 27%) 4% (3%, 5%) 20% (11%, 29%)

Disease progression 46% (20%, 72%) 36% (29%, 43%) 53% (25%, 80%) 34% (28%, 40%)

Stable disease 57% (44%, 69%) 37% (31%, 42%) 49% (34%, 64%) 43% (34%, 51%)

Disease control 59% (50%, 68%) 62% (54%, 71%) 62% (50%, 74%) 61% (54%, 68%)
EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor; CI, confidence interval.
FIGURE 2

Forest plot of HR for overall survival in included studies.
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evidence was found regarding the targets of HER2, NTRK, and

BRAF. Further studies are needed to investigate if such targets may

perform an essential role as VEGF and EGFR in the later line

management of mCRC.
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The crosstalk between anoikis
and epithelial-mesenchymal
transition and their synergistic
roles in predicting prognosis in
colon adenocarcinoma

Jiahui Zhou1†, Sheng Yang2,3†, Dawei Zhu1†, Hao Li1†,
Xinsheng Miao1, Menghui Gu1, Wei Xu1, Yan Zhang1, Wei Tang1,
Renbin Shen1, Jianhua Zha1, Jianhua Zhu1*, Zheng Yuan1*

and Xinhua Gu1*

1Department of Gastrointestinal Surgery, The Affiliated Suzhou Hospital of Nanjing Medical University,
Suzhou Municipal Hospital, Gusu School, Nanjing Medical University, Suzhou, China, 2Department of
Colorectal Surgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China,
3Colorectal Institute of Nanjing Medical University, Nanjing, China
Anoikis and epithelial-mesenchymal transition (EMT) are significant phenomena

occurring in distant metastasis of colon adenocarcinoma (COAD). A

comprehensive understanding of their crosstalk and the identification of key

genes are vital for treating the distant metastasis of COAD. The objective of this

study was to design and validate accurate prognostic predictors for COAD

patients based on the anoikis and EMT processes. We obtained gene

signatures from various databases and performed univariate and multivariate

Cox regression analyses, principal component analysis (PCA). The COAD patients

were categorized into the worst prognosis group, the Anoikis Potential Index

(API) Low + EMT Potential Index (EPI) High group and the others group. Then we

utilized gene set enrichment analysis (GSEA) to identify differentially expressed

genes and to establish a prognostic risk model. The model classified patients into

high- or low-risk groups, with patients in the high-risk group displaying worse

survival status. A nomogram was established to predict overall survival rates,

demonstrating high specificity and sensitivity. Additionally, we connected the risk

model to the tumor microenvironment (TME) using single-sample GSEA and the

MCP counter tool, as well as evaluated the sensitivity to common

chemotherapeutic drugs, such as Gefitinib and Gemcitabine. Lastly, cell and

tissue experiments suggested a positive correlation among anoikis resistance,

EMT, and liver/lung metastasis of COAD. This is the first study to

comprehensively analyze the crosstalk between anoikis and EMT and offers

new therapeutic targets for COAD metastasis patients.
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Introduction

According to the statistics presented by the American Cancer

Society (2023), COAD ranks third in terms of the incidence and

mortality rate of all cancers, irrespective of gender. It affects young

individuals and poses a serious health risk to the public (1). It has been

reported that Stage I patients can attain a 5-year survival rate (after

surgical resection) of ≥90%, while the patients with distant metastasis

showed a 5-year survival rate of only 11%, despite the application of

adjuvant chemotherapy, targeted drugs, or immunotherapy (2, 3). This

has necessitated the need to thoroughly understand and urgently

address the problem of COAD metastasis.

EMT is a phenomenon where epithelial cells can acquire a

mesenchymal phenotype, which is first observed in embryonic

development. Once EMT is activated, tumor cells undergo many

changes, such as their dissociation with tight junctions, disruption

of apical-basal polarity, and remodeling of cytoskeletal structures,

all of which contribute to the movement of cells from their primary

location, invasion of neighboring tissues, survival during the

circulation process, and the eventual formation of metastatic foci

at distant sites (4, 5). Several studies have reported an association

between EMT and COAD metastasis. Wang et al. revealed that the

THZ1 could promote EMT by inhibiting the degradation of Snail,

which in turn increased colorectal cancer liver metastasis (6). Xiang

et al. demonstrated that Snail could facilitate the formation of M2-

macrophages by secreting CXCL2, which finally promoted the lung

metastasis of colorectal cancer (7).

Epithelial cells increase their survival rate by attaching to the

ECM. In addition, they undergo apoptosis after they get detached

from the ECM, which is defined as the anoikis phenomenon (8). It

was noted that the tumor cells acquire resistance to anoikis, where

even when they get detached from the ECM they cannot undergo

apoptosis easily, invade the surrounding tissues, and subsequently

metastasize distantly (9). Many recent studies have highlighted the

correlation between anoikis and COAD metastasis. Wei et al.

reported that simultaneous inhibition of PDK1 and STAS3-Y705
Abbreviations: EMT: epithelial-mesenchymal transition, COAD: Colon

adenocarcinoma, qPCR: quantitative polymerase chain reaction, IHC:

Immunohistochemistry, PCA: principal component analysis, ECM:

extracellular matrix, CTC: circulating tumor cells, ARGs: anoikis-related genes,

ERGs: EMT-related genes, GSEA: Gene Set Enrichment Analysis, TCGA: The

Cancer Genome Atlas, CNV: copy number variation, OS: overall survival, ROC:

receiver operating characteristic, AUC: area under the ROC curve, API: Anoikis

Potential Index, EPI: EMT Potential Index, GO: gene ontology, FDR: False

discovery rate, DEGs: differentially expressed genes, KEGG: Kyoto Encyclopedia

of Genes And Genomes, LASSO: least absolute shrinkage and selection operator,

PAEGs: prognostic anoikis-related genes and EMT-related genes, KM: Kaplan

Meier, DCA: decision curve analysis, ssGSEA: single sample GSEA, HLA: human

leukocyte antigen, H&E: Hematoxylin-eosin, MF: molecular functions, BP:

biological process, COAD: cellular components, NAT1: Arylamine N-

acetyltransferase 1, PCOLCE2: Procollagen C-endopeptidase enhancer 2,

CDKN2A: Cyclin-dependent kinase inhibitor 2A, TME: The tumor

microenvironment, CAF: cancer-associated fibroblasts, CTL: Cytotoxic T

lymphocyte, MHC: major histocompatibility complex.
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enhanced the anoikis process, which further inhibited colorectal

cancer liver metastasis (10). Xu et al. demonstrated that CPT1A-

mediated FAO activation promoted anoikis resistance in colorectal

cancer cells and improved lung metastasis (11).

Both the EMT and anoikis phenomena occur during the invasive

stage of primary tumors and undergo a few crosstalks (12). It was

observed that up-regulated Claudin-1 reduced E-cadherin expression

via ZEB-1 modulation, attenuating the invasive ability, and anoikis of

COAD cells (13). Up-regulatedmiR-450a was reported to inhibit EMT,

promote anoikis, and thus inhibit the migration and invasion capacities

of ovarian cancer cells (14). The deletion of 4.1N facilitated EMT,

anoikis resistance, and consequently the metastasis of epithelial ovarian

cancer cells (15). Therefore, the co-analysis of EMT and anoikis could

help to identify the genes that play key roles in COAD metastasis.

This study comprehensively and substantively described the

interaction between anoikis and EMT. We divided COAD patients

into the worst prognosis group and the others groups by univariate

and multivariate Cox regression analysis and PCA. We then used

GSEA to identify differentially expressed genes and to establish a

prognostic risk model containing NAT1, CDKN2A, and PCOLCE2

with high specificity and sensitivity. In addition, we linked the risk

model to the TME and assessed the sensitivity to common

chemotherapeutic drugs. Finally, cell and tissue experiments

further demonstrated the correlation between anokis, EMT and

COAD metastasis. Figure 1 depicts the flowchart used in this study.
Materials and methods

Data sources and analysis

A total of 338 ARGs (anoikis-linked genes) were obtained from

GeneCards (https://www.genecards.org/), and the genes showing a

relevance score of >1 were chosen in the study. The EMT signature

containing 198 genes (EMT-related genes, i.e., ERGs) was derived

from the MSigDB portal in GSEA (http://software.broadinstitute.org/

gsea/msigdb). The genetic information and clinically-relevant data

from The Cancer Genome Atlas (TCGA) database (https://

portal.gdc.cancer.gov/repository) was acquired for 459 COAD

patients. Meanwhile, gene expression matrices containing 317

ARGs and 195 ERGs were extracted independently using R

language software, and the ‘limma’ software was used to analyze

the variations between the two. Thereafter, 152 DEGs for ARGs (diff-

ARGs) and 125 DEGs for ERGs (diff-ERGs) were selected based on

the following screening criteria: |FC|>1.5 and p<0.05. The ‘Rcircos’

software was applied to map the location of anoikis and EMT-related

genes on human chromosomes. The data associated with the somatic

mutations, genome mutations, and Copy number variations (CNV)

in COAD were also derived from TCGA.
Survival analysis

In this study, univariate and multivariate Cox regression

analyses were carried out with the help of the ‘survival’’ package.

The Kaplan Meier (KM) curves were plotted to compare the
frontiersin.org
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differences (variations) in overall survival (OS) between different

groups. The logarithmic rank test was employed to determine the P-

value between different groups. Furthermore, the time-dependent

receiver operating characteristic (ROC) curves were assessed using

the ‘survivalROC’ packets. The area under the ROC curve (AUC)

value was used to evaluate the prognostic performance of the

ROC curve.
Computational models of anoikis and EMT
levels in COAD

In this study, Principal component analysis (PCA) was

conducted for determining the anoikis and EMT scores for

understanding the degree of anoikis and EMT in each sample.
Frontiers in Oncology 0387
Then, univariate Cox regression analysis was conducted for

analyzing the survival of anoikis and EMT-related genes. Then,

the gene expression matrix (P<0.05) for PCA was extracted, and the

principal components 1 and 2 were determined as the main

subjects. Based on a few earlier reports (16–18), the Anoikis

Potential Index (API) and EMT Potential Index (EPI) were

defined, respectively: API or EPI=S (PC1i+PC2i), where i denotes

the expression of related genes.
Gene set enrichment analysis

GSEA was utilized to study the relationship between both

groups after dividing the TCGA samples into the API Low + EPI

High group and the others group. For each analysis, 1000 genome
FIGURE 1

The flowchart of overall study methods and results.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1184215
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhou et al. 10.3389/fonc.2023.1184215
permutations were carried out. The enrichment function was

selected using the below-mentioned criteria: the ‘clusterProfiler’

software was used to enrich and evaluate the gene set with the false

discovery rate (FDR) of 0.25 and 0.05 NOM p-value. The first five

up- and down-regulated functions of the two enrichment sets were

visualized by multiple GSEA maps. Then, the DEGs were identified

using the differential expression analysis. Thereafter, the

‘ClusterProfiler’ was employed for carrying out Gene ontology

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analyses for enriching and analyzing the DEGs. Finally,

the ‘Enrichplot’ and ‘ggplot2’ software were used for presenting the

enrichment results as a bar graph, bubble graph, chord graph, and

cluster circle graph.
Construction of an anoikis-related and
EMT-related prognostic model

In this study, univariate Cox regression analysis was conducted

for identifying 12 anoikis-linked genes and 11 EMT-related genes.

The ‘glmnet’ software was utilized for determining the optimal

value of the penalty parameter, lambda, through 1000 times of

cross-validation with the Least absolute shrinkage and selection

operator (LASSO) regression technique. The risk scores for every

COAD patient were estimated using the coefficient and expression

of the candidate prognostic anoikis-related genes and EMT-related

genes (PAEG), with the following risk scoring formula:

on
i=1Coefi * Expri; where Coefi denotes the coefficient of gene

i, and Expri denotes the expression of every gene in patient i (18).
Validating the PAEG risk model

The expression levels of 3 mRNAs, risk score, survival duration,

and risk level for each TCGA sample were integrated into a table

and used as a training set. The GSE17536 dataset was used as the

test set to validate the training set’s accuracy. The risk prognosis was

examined using the KM chart and a log-rank test. Also, the ROC

curve was plotted using the ‘timeROC’ tool. Then, the risk heat

map, survival state diagram, and risk curve were generated using the

‘pheatmap’ program. PCA and t-SNE analysis were carried out

using the ‘Rtsne’ and ‘ggplot2’ packages, respectively. Lastly, the risk

score values were combined with clinical parameters (such as age,

sex, grade, and TNM stage) and visualized using the forest map.
Nomogram construction and calibration

In this study, clinical characteristics such as age, TNM stage,

and risk scores were used as research subjects for univariate Cox

analysis. The survival rates of COAD patients after one, three, and

five years were anticipated by a nomograph using the ‘RMS’ tool.

Here, calibration curves were used to evaluate the nomogram’s

accuracy. Lastly, the ‘ggDCA’ software was used for plotting the

decision curve analysis (DCA) curve for predicting the clinical

values of various objects.
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Immune infiltration levels in the high- and
low-risk groups

Firstly, the ‘ESTIMATE’ software was employed for assessing

the stromal score, immune score, and tumor purity between both

groups. Then, the differences in immune function, the activity of

immune cells, and the immune pathways between the two groups in

the training set and test set were examined using the single sample

GSEA (ssGSEA) test, and the data were visualized using the box

graph. Based on the COAD expression matrix, the ‘MCP counter’

web tool was used for estimating the abundance of various non-

immune and immune stromal cells. The data were then observed

using violin plots. Then, the human leukocyte antigen (HLA) gene

expression and the expression levels of various immune checkpoint

genes in both groups were estimated.
Prediction of chemosensitivity

In this study, the half maximal inhibitory concentration (IC50)

of three commonly used chemotherapeutic drugs, such as Gefitinib,

Gemcitabine, and Camptothecin, was determined in colorectal

cancer using the ‘pRRophic’ package. Thereafter, the difference in

the sensitivity levels of the above chemotherapy drugs between the

high- and low-risk groups was assessed by comparing the variations

in the IC50 values between both groups.
Patient tissue specimens and cell lines

Herein, the tissue specimens of COAD patients without distant

metastasis, with liver metastasis, and with lung metastasis were

extracted from the patients after surgical resection in the

Department of Gastrointestinal Surgery, Suzhou Municipal

Hospital, Jiangsu, China. The patients had not undergone

preoperative chemoradiotherapy, and all specimens were sampled

within 10 mins after resection and subsequently fixed in 10%

formalin. The Ethics Committee in the hospital approved the

experimental procedures used in the study, and the patients were

also asked to sign a consent form.

The HCT-116 and DLD-1 colon cancer cell lines were supplied

by the Shanghai Cell Bank, Chinese Academy of Sciences (China).

These cells were cultured in the DMEM medium (Hyclone, USA)

containing 10% (v/v) fetal bovine serum (Hyclone, USA), and 1%

(v/v) penicillin/streptomycin solution (Beyotime, China), at 37°C,

under 5% CO2 and 95% humidity conditions. The anoikis-

resistance model was developed based on published literature (19,

20). Herein, the above-mentioned COAD cell lines were continually

cultivated in ultra-low-attachment 6-well cell culture plates

(Corning, USA) for 7 days and were transferred to the normal

culture plates for 24 h. The re-adhered cells were defined as anoikis-

resistant cells. All the experiments were conducted using

mycoplasma-free cells. The Shanghai Cell Bank of the Chinese

Academy of Sciences (China) validated all the cell lines used in the

past three years.
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RNA extraction and qRT-PCR analyses

The TRIzol reagent (Takara, Japan) was used for isolating the

total RNA samples from the normal and anoikis-resistant cells.

These RNA samples were reverse-transcribed into cDNA using the

HiScript II RT SuperMix qPCR kit (Vazyme, China). The qRT-PCR

experiments were carried out with the aid of the SYBR Premix Ex

Taq Kit (Takara, Japan) on an RT-PCR instrument (7500 Sequence

Detection System, Applied Biosystems, USA). The primers were

designed and acquired from RiboBio (China). In this study,

GAPDH was employed as the internal control for all experiments.

The gene expression was represented using the 2-DDCT technique.

Table S1 lists the primer sequences used in the study.
Hematoxylin-eosin staining and
immunohistochemistry

Herein, H&E staining and IHC experiments were conducted as

mentioned in an earlier study (21). Table S2 lists the antibodies used

in this study.
Statistical analysis

All data were statistically analyzed using the R language (ver.

4.1.2) and GraphPad Prism software (ver. 8.0.1). The Kolmogorov-

Smirnov normality test was carried out for determining if the data

followed the Gaussian distribution, and the data were compared for

every sample. If the data conformed to a non-Gaussian distribution,

a non-parametric test (Wilcoxon rank test or Spearman correlation)

was carried out. On the other hand, when the data conformed to a

Gaussian distribution, the parametric test was conducted (unpaired

Student’s test, one-way ANOVA, or Pearson correlation). Values

with P<0.05 were deemed statistically significant.
Results

Identifying the differentially expressed
ARGs and ERGs associated with prognosis

Initially, the ARGs and ERGs were downloaded from

GeneCards and GSEA, and subsequently, the diff-ARGs and diff-

ERGs were selected, respectively. The locations of diff-ARGs and

diff-ERGs on human chromosomes were mapped separately in

Supplementary Figure 1A, B. Then, the clinical prognostic data of

COAD patients were acquired from TCGA, and subsequently, 152

diff-ARGs and 125 diff-ERGs were combined with the clinical data

using univariate Cox analysis (P<0.05), to eventually obtain 12

prognosis-related ARGs (TIMP1, BDNF, IGF1, CDKN2A, MTA1,

NAT1, INHBB, CD24, CD36, TRAF2, NOTCH3, PPP2R2A) and 11

prognosis-related ERGs (BGN, CXCL1, FSTL3, GPC1, MMP3,

OXTR, PCOLCE2, SCG2, SERPINE1, SERPINH11, TPM2)

(Figure 2A, B). Thereafter, the expression levels of the 23 genes in
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521 COAD samples (41 normal samples and 480 tumor samples)

from TCGA were determined, and box plots were generated

independently, which indicated that the genes were differentially

expressed between healthy and malignant tissues (Figures 2C, D).

Meanwhile, the correlations between these 12 ARGs and 11 ERGs

associated with prognosis were further analyzed and plotted using

the ‘corrplot’ package (Figure 2E). Then, the pairs of genes for the

Sankey diagram (P<0.05, |cor|>0.3) were selected, where the

positive value represented the positive relationship, whereas the

negative value indicated a negative correlation (Figure 2F).
Construction of API and EPI with
negative correlation

To further investigate the crosstalk between ARGs and ERGs,

the anoikis and EMT levels in each tumor tissue were calculated and

quantified based on the 12 prognosis-related ARGs and 11

prognosis-related ERGs with PCA, and the API and EPI were

separately defined (Figure 3A, B). A negative correlation was

detected between API and EPI in COAD patients (Figure 3C).

Subsequently, the COAD patients were classified into four

molecular subtype groups based on their API and EPI scores,

namely API High + EPI High; API High + EPI Low; API Low +

EPI High; and API Low + EPI Low. The results of the prognosis

analysis indicated that patients in the API Low + EPI High group

exhibited the shortest survival time compared to the other three

groups (Figure 3D). Then, the data from the other groups of COAD

patients were combined and compared with the API Low + EPI

High group for prognostic analysis, and the corresponding p-

value<0.001 was obtained (Figure 3E). Both analysis results

indicated that high anoikis resistance and high EMT levels were

associated with an unfavorable prognosis.
Enrichment analysis of DEGs in the ‘API
Low + EPI high’ and ‘the others’ group

Subsequently, the DEGs in the API Low + EPI High group were

analyzed and compared to the others groups. Based on the criterion

of |FC| > 1.8, 70 DEGs were screened, and a volcano map was

plotted (Figure 4A) using the clustering heat map (Figure 4B).

KEGG analysis that was drawn using the barplot indicated that the

DEGS in the two groups were primarily enriched in “Focal

adhesion”, “Viral protein interaction with cytokine and cytokine

receptor”, “ECM-receptor interaction”, “NF-kB signaling pathway,”

“IL-17 signaling pathway”, “Chemokine signaling pathway”,

“Cytokine-cytokine receptor interaction”, and “PI3K-Akt

signaling pathway” (Figure 4C). GO analysis plotted by chord

diagram suggested a major difference in molecular functions

(MF), biological process (BP), or cellular components (CC) in

both groups. The DEGs were mainly enriched in “collagen fibril

organization”, “extracellular matrix organization”, “extracellular

structure organization”, “antimicrobial peptide-mediated

ant imicrobia l humoral immune response” , “external
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encapsulating structure organization”, “humoral immune

response”, “antimicrobial humoral response”, and “wound

healing” (Figure 4D). The GSEA enrichment analysis between the

two groups was described using multiple GSEA diagrams based on

the following filtering criteria: FDR<0.25 and NOM P<0.05
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(Figure 4E). The top five functions that were enriched in the API

Low+EPI High group were “Asthma”, “ECM-receptor interaction”,

“Glycosaminoglycan biosynthesis”, “Protein digestion and

absorption” and “Systemic lupus erythematosus”. The five leading

functions enriched in the others group were recorded to be
A B
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C

FIGURE 2

Identifying the differentially expressed ARGs and ERGs associated with prognosis. Forest map of 11 prognostic anoikis-related genes (A) and 12
prognostic EMT-related genes (B) by univariate Cox analysis (P< 0.05). The differential expression box plot of 11 prognostic anoikis-related genes (C)
and 12 prognostic EMT-related genes (D) in COAD. (E)Pearson correlation analysis of 11 prognostic anoikis-related genes and 12 prognostic EMT-
related genes. The red color represents a positive correlation; the blue color represents a negative correlation. (F) The Sankey diagram displayed the
relationship between 11 prognostic anoikis-related genes and 12 prognostic EMT-related genes. *p< 0.05, **p< 0.01, and ***p< 0.001.
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“Ascorbate and alternate metabolism”, “Fatty acid degradation”,

“Ni t rogen me tabo l i sm ” , “Pen to s e and g lucu rona t e

interconversions,” and “Protein export”.
Construction of the prognostic ARGs
and ERGs (PAEG) risk model, PCA
analysis, and survival analysis of
clinicopathological parameters

To construct a risk model for COAD patients based on anoikis and

EMT, the 12 prognosis-associated ARGs and 11 prognosis-associated

ERGs were combined, and the 23 genes were then subjected to Lasso

regression analysis (Figure 5A, B). The corresponding coefficient

criterion was evaluated by 1,000-fold cross-validation. the optimal

penalty parameter lambda was determined, and the corresponding

coefficient criterion was calculated depending on a minimum criterion.

Lastly, a three-mRNA (NAT1, PCOLCE2, CDKN2A) prognostic risk

model was constructed. The risk score was calculated using the

following formula: risk score = (-0.135312062940216 ×NAT1
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expression) + (0.178733977096469 × PCOLCE2 expression) +

(0.0267778987311829 ×CDKN2A expression). The COAD patients

were classified into high-risk or low-risk groups depending on risk

score values. Then, the GSE17536 data set was selected as the test set

for verification, whereas the TCGA data set (n = 452) was chosen as a

training set. The risk curve, scatter plot, and risk heat maps were used

for highlighting the relationship between the survival time, risk score,

and abundance of three genes in COAD patients, determined using the

training (Figure 5C) and test sets (Figure 5D). The results of the

prognostic analysis revealed that high-risk patients exhibited a short

survival duration compared to the low-risk patients in the training

(p<0.001) (Figure 5E) and test sets (p=0.006) (Figure 5F). Furthermore,

ROC curves were used for characterizing the specificity and sensitivity

of the risk model. For the 1-, 3-, and 5-year risk scores, the area under

the ROC curve (AUC) values in the training set were 0.658, 0.684, and

0.680 (Figure 6A), respectively, whereas the test set’s corresponding

values were 0.655, 0.633, and 0.634 (Figure 6D). Also, the Rtsne

package and ggplot2 packages were employed for plotting the t-SNE

analysis images from the training set (Figure 6B) and test set

(Figure 6E), independently. The scatterplot3d program was utilized
A B
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C

FIGURE 3

Construction of API and EPI with negative correlation. PCA analysis of 11 prognostic anoikis-related genes (A) and 12 prognostic EMT-related genes (B).
(C)Scatter plot showing the spearman correlation of API and EPI. The KM plot showing overall survival in 4 groups (D) and two newly defined groups (E).
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to capture the 3D images of the PCA analysis of the training

(Figure 6C) and test sets (Figure 6F). The above findings highlighted

the fact that the high- and low-risk patients showed a favorable

heterogeneity in the training and test sets. Finally, the COAD

patients were sub-classified in the training set depending on their

clinical traits (such as gender, Stage, age, and TNM stage), and the
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survival durations of high- and low-risk patients were compared after

subclassification. The KM curves revealed that a few of the subgroups

such as age (both ≤ 65 and >65), gender (male and female), M0

(patients with no distant metastasis), N0 or N 1-2 (patients with or

without lymph nodes metastasis), stage III-IV, and T 3-4 (Figure 6G)

showed a significant survival duration (P< 0.05).
A B
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C

FIGURE 4

Enrichment analysis of DEGs in the ‘API Low + EPI high’ and ‘others’ group. (A)Volcano plots displaying the DEGs between two groups. (B) Heatmap
created by the DEGs between two groups. The results of KEGG and GO enrichment analysis of the DEGs between two groups showing by barplot
(C) and chord diagram (D). GSEA results illustrating ten significant enrichments of KEGG in two groups.
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Cox regression analysis and
nomogram development

In this study, univariate and multivariate Cox regression analyses

were carried out to determine if the risk model could serve as an
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outstanding independent prognostic signature. The findings of the

univariate Cox regression analysis implied that some factors like age, T

stage, M stage, N stage, and risk score were significantly and positively

related to OS in the training set (Figure 7A). Furthermore, a strong and

positive relationship was observed between the risk score, grade, and
A B
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C

FIGURE 5

Construction of the prognostic ARGs and ERGs (PAEG) risk model. (A) 1000 cross-validation to determine the optimal penalty parameters lambda. (B)Lasso
regression of the 11 prognostic anoikis-related genes and 12 prognostic EMT-related genes. Scatter plot showing risk score distribution of high-risk and low-
risk and the relationship between survival time and risk score based on the training set (C) and test set (D). KM plot showing overall survival in training set (E)
and test set (F).
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OS in the test set (Figure 7C). On the other hand, the multivariate

regression analysis of the significant factors involved in the univariate

analysis indicated that characteristics such as age, M stage, T stage, and

risk score in the training set were significantly linked to OS (Figure 7B),

while risk score and grade in the test set were significantly and

positively related to OS (Figure 7D). The aforementioned findings

demonstrated that the risk prediction model was an effective and
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independent predictor that outperformed clinical factors such as age

and TNM stage.

Thereafter, based on the above findings, a nomogram was

developed in this study, which included factors like stage, age, and

risk score (Figure 7E). Also, calibration curves were plotted for the

nomogram, where the results indicated that all three calibration curves

(1-, 3-, and 5-year) were close to the standard curve, thus
A B

D E F
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C

FIGURE 6

PCA analysis and survival analysis of clinicopathological parameters. The 1-,3- and 5-year ROC curve of risk score in training set (A) and test set (D).
The t-SNE analysis of training set (B)and test set (E). The 3D scatter plot of PCA results of training set (C) and test set (F). (G) KM plot in subgroups
including gender, age and tumor stages.
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demonstrating an acceptable predictive effect (Figure 7F). The DCA

curve indicated that the nomogram was much more beneficial than the

extreme curves (Figure 7G). The ROC curves indicated that AUC

values for the nomogram, age, risk, and stage were 0.792, 0.662, 0.606,
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and 0.730, respectively (Figure 7H). The nomogram curve exhibited a

greater AUC value compared to the risk score curve, age curve, and

stage curve, suggesting that the nomogram was a better predictor

of prognosis.
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FIGURE 7

Cox regression analysis and nomogram development. Univariate Cox regression analysis displaying the association between patients’ overall survival
and clinicopathological parameters along with the PAEG risk score in training set (A) and test set (C). Multivariate Cox regression analysis revealing
independent prognostic factors in training set (B) and test set (D). (E) Nomogram depending on the PAEG risk score and other clinicopathologic
feature predicting the 1 -, 3 - and 5-year overall survival for COAD patients. (F) Calibration curves uncovering the consistency between predicted
and observed 1-, 3- and 5-year overall survival rates in COAD patients based on the nomogram. DCA curve (G) and ROC curve (H) of nomogram,
risk and other clinicopathologic feature in COAD.
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Immune infiltration analysis, MCP counter,
and drug sensitivity of the PAEG risk model

Earlier studies have shown that the TME was linked to COAD

distant metastasis, immunotherapy response, and drug sensitivity (22–

24). The content of stromal cells present in the TME is indicated by the

stromal score. The immune score indicates the content of immune cells

in the TME. The high-risk patients showed higher stromal cell levels

(Figure 8A), however, no remarkable difference was observed in the

proportion of immune cells between the low- and high-risk groups

(Supplementary Figure 2A). A higher tumor purity is linked to a better

prognosis as it indicates the proportion of tumor cells present in the

tissue. The tumor purity was higher in the low-risk group (Figure 8B).

TIDE scores were used to assess the potential of tumor immune

infiltration in the gene expression profile of the malignant samples and

could anticipate the response to the immune checkpoint blockade

therapy. The high-risk patients showed enhanced expression of the

cytotoxic T lymphocyte (CTL) exclusion, cancer-associated fibroblasts

(CAF), and CTL dysfunction (Figure 8C). The ssGSEA technique was

then used to investigate the infiltration status of 16 immune cells and

derive the scores of 13 immunological functions to further assess the

relationship between immune infiltration and the risk model. The low-

risk patients displayed a higher infiltration of CD8+ T cells, Th1 cells, B

cells, Th2 cells, and Treg cells as well as higher immunological

functions like APC_co_inhibition and Cytolytic_activity. On the

other hand, the high-risk patients displayed a higher infiltration level

o f macrophages and immuno log i ca l func t ions l i ke

Type_II_IFN_response in the training set (Figures 8D, E). In the test

set, the low-risk group displayed higher immunological functions such

as Check-point, Cytolytic_activity, APC_co_inhibition, HLA,

T_ce l l_co_ inh ib i t ion , Inflammat ion-promot ing , and

T_cell_co_stimulation. They also showed a higher infiltration level of

aDCs, B cells, Neutrophils, TILs, iDCs, Th2 cells, Th1 cells, CD8+ T

cells, and Treg cells (Figure 8F, G). Then, the MCPcounter software

was used for comparing the contents of 10 immune and stromal cells in

the two groups. The high-risk group contained a higher number of

endothelial cells and fibroblasts, whereas the low-risk group contained

more B lineage, cytotoxic lymphocytes, and NK cells (Figure 9A,

Supplementary Figure 2B). Also, 10 common immune checkpoint

molecules and 24 major histocompatibility complex (MHC) molecules

in the high- and low-risk groups were evaluated, and no remarkable

differences were noted (Supplementary Figure 2C, D).

Finally, the sensitivity of the high- and low-risk patients to the

common therapeutic drugs used in COAD was evaluated, and the

findings implied that the high-risk patients showed a higher

sensitivity to gemcitabine, while the low-risk patients showed a

higher sensitivity to gefitinib. Both groups showed no difference in

their sensitivity to camptothecin (Figure 9B).
Validation of PAEG in the risk model in cell
and tissue experiments

In this study, the anoikis-resistant COAD cell lines such as HCT-

116 and DLD-1 were constructed. Then, the mRNA expression levels
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of NAT1, CDKN2A, and PCOLCE2 in the parental and anoikis-

resistant groups were detected separately by means of qPCR. The

findings of this experiment indicated that the NAT1mRNA expression

level was decreased, whereas the CDKN2A and PCOLCE2 mRNA

expression levels were elevated in the anoikis-resistant group, which led

to the conclusion that NAT1 could facilitate anoikis, while CDKN2A

and PCOLCE2 were responsible for anoikis resistance (Figure 10A).

Considering the significant role of PAEGs in the distant metastasis of

COAD, four cases of primary COAD tissues without distant metastasis,

with liver metastasis, and with lung metastasis were selected,

respectively, to detect the protein expression levels of the above-

mentioned three genes by IHC. An earlier study showed that

Claudin-1 could attenuate E-cadherin expression in colorectal cancer

by upregulating ZEB-1, which, in turn, promoted EMT and reduced

anoikis (13). Also N-cadherin is one of the key markers of EMT.

Hence, Claudin-1 and N-cadherin were used as references and

compared to the three PAEGs. The results implied that the NAT1

protein expression level was elevated in the tissues without distant

metastasis compared to the tissues with liver and lung metastasis,

whereas the CDKN2A and PCOLCE2 protein expression levels were

increased in the tissues with liver and lung metastasis. The above

findings indicated a positive correlation between high anoikis

resistance, high EMT, and more distant metastasis of

COAD (Figure 10B).
Discussion

Distant metastases severely limit the prognosis of COAD

patients. Although current therapeutic approaches are more

mature, a recent meta-analysis suggested that median recurrence-

free survival was 1.3 years after resection of colorectal liver

metastases (25). A high recurrence rate is an important cause of

death for COAD patients. Most patients with distant metastases are

not detected during the initial diagnosis and suffer a worse

prognosis. Therefore, it is essential to investigate techniques that

help in preventing distant metastasis of COAD. According to

existing research (26, 27), the first step of distant metastases of

COAD involves the invasion of tumor cells into the stromal

environment. Both anoikis and EMT play important roles in

inhibiting and promoting invasion during this phase; therefore,

an in-depth study of the crosstalk between anoikis and EMT can

help uncover key genes involved in distant metastasis.

In this study, API and EPI were quantified for determining the

anoikis and EMT levels in COAD, using the PCA technique, and

the group that showed the worst survival curve (i.e., the API Low +

EPI High group) was isolated. This was in agreement with an earlier

finding that anoikis repressed metastasis and EMT promoted

metastasis (28, 29). This is the first study that used this technique

for clustering COAD patients, and a favorable prognostic difference

presents the rationality and effectiveness of this type of grouping

technique , which needs to be fur ther analyzed and

experimentally validated.

Next, a risk model was developed using three genes: NAT1,

CDKN2A, and PCOLCE2. Arylamine N-acetyltransferase 1
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(NAT1) was shown to catalyze the N- or O-acetylation of different

arylamine and heterocyclic amine substrates and was observed to be

involved in tumor progression and chemotherapy resistance (30).

MicroRNA-6744-5p facilitated anoikis and targeted NAT1 in breast

cancer cells (31). NAT1 expression levels also correlated with EMT

status and metastatic behavior in breast cancer patients (32).

Moreover, by interacting significantly with CDK4 and CDK6, the
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cyclin-dependent kinase inhibitor 2A (CDKN2A) functioned as a

negative regulator of the proliferation of normal cells (33).

CDKN2A also played a vital role in regulating the anoikis in

hepatocellular carcinoma cells (34) and pancreatic cancer cells

(35–38) and hence could serve as an anoikis-related signature

gene to predict the prognosis of endometrial carcinoma patients

(39). Meanwhile, CDKN2A may facilitate colorectal cancer cell
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FIGURE 8

Immune infiltration analysis of the PAEG risk model. (A, B) The violin and box plot displaying the difference of the stromal score and tumor purity in
two groups. (C) TIDE analysis showing the difference of tumor immune dysfunction and exclusion in two groups. The infiltrating levels of 16 immune
cell types in training set (D) and test set (F) estimated by ssGSEA. The infiltrating levels of 13 immune functions in training set (E) and test set (G)
estimated by ssGSEA. ns means p>0.05, *p< 0.05, **p< 0.01, and ***p< 0.001.
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metastasis through the induction of EMT and may be associated

with the infiltration status of multiple immune cells (40, 41).

Procollagen C-endopeptidase enhancer 2 (PCOLCE2) refers to a

collagen-binding protein that binds to the C-terminal pro-peptide

of types I and II procollagens and could enhance the cleavage of the

pro-peptide by BMP1 (42). PCOLCE2 can be considered as an

EMT-linked gene for anticipating the prognosis of gastric cancer

patients (43, 44) and the metastasis ability of COAD (45). However,

none of the studies determined the role of PCOLCE2 in anoikis. The

risk model was used for categorizing the COAD patients into the

high- and low-risk categories, and the OS duration of the patients

with different clinicopathological parameters like gender, age, and
Frontiers in Oncology 1498
stage was seen to be significantly different between both categories.

The nomogram curve that was developed using the risk model was

more sensitive and specific in reflecting the prognosis of COAD

patients than age, stage, and risk model.

Furthermore, the stromal and immune infiltration analysis was

carried out based on the risk model. The findings revealed that this

risk model was associated with a few acquired immune cells like

Th1 cells, Th2 cells, B cells, and Treg cells, and with the innate

immune cells like lymphocytes, monocytes, and NK cells, but not

with numerous MHC molecules and immune checkpoint genes.

However, it showed a stronger correlation with stromal infiltrates

such as CAF and endothelial cells. Anoikis resistance and EMT are
A

B

FIGURE 9

MCPcounter and drug sensitivity analysis of low-risk and high-risk group. (A) The violin diagram showing the abundance of 6 types of differentially
expressed immune and stromal cells between two groups using MCPcounter. (B) Sensitivity difference of three common chemotherapeutic drugs in
two groups.
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related to cell adhesion and ECM remodeling, while stromal cells

are involved in the composition and remodeling of ECM (46–49).

Hence, the risk model can better reflect the differences in stromal

cell distribution, and the specific molecular mechanisms deserve

further investigation.
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Lastly, our cell experiments confirmed the relationship between

the expression of NAT1, CDKN2A, PCOLCE2, and anoikis,

suggesting that NAT1 promoted anoikis while CDKN2A and

PCOLCE2 contributed to anoikis resistance in COAD cells. IHC

was used for verifying the link between these PAEGs and distant
A

B

FIGURE 10

Validation of PAEG in the risk model in cell and tissue experiments. (A) Relative expression of NAT1, CDKN2A and PCOLCE2 in the parental and
anoikis-resistant groups by qPCR. (B) The protein expression of NAT1, CDKN2A, PCOLCE2, Claudin-1 and N-cadherin in the primary tumor in the no
distant metastasis group (n=4), liver metastasis group (n=4) and lung metastasis group (n=4) were detected by IHC (scale bars, 200 mm.) and the
AOD values were expressed as scatter plots. *p< 0.05, **p< 0.01, and ***p< 0.001.
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metastasis of COAD, and the results also suggested that the high

NAT1 expression level was associated with no distant metastasis

while the high CDKN2A or PCOLCE2 expression levels were

related to hepatopulmonary metastasis. The above findings were

in agreement with the findings of the univariate Cox analysis of

these genes in TCGA.

This study has some limitations despite its superiorities. Firstly, we

obtained the EMT signature containing 198 genes from the MSigDB

portal in where some important genes of EMT such as ZEB1, ZEB2,

SNAI1 are not included. This may bring some uncertainties, and a

more complete database may yield better analysis results. Secondly, the

ROC curves for the 1-year, 3-year, and 5-year risk scores were<0.7 in

the training and test sets, indicating that the prediction rate was less

accurate, and the risk model needs further improvement. Thirdly, after

classifying the patients into the API Low + EPI High and the others

group, the immune infiltration, stromal infiltration, and drug

sensitivity rates in the two groups were determined by means of

gene enrichment and DEG analyses. The ESTIMATE tool indicated

no significant difference in the immune cell proportion between the

low- and high-risk groups, it should be noted that the analysis did not

include some important immune cells such as dendritic cells or NK

cells. Fourthly, the study found no significant difference in the

expression of 10 immune checkpoint molecules and 24 MHC

molecules between the low- and high-risk groups, suggesting that the

immune checkpoint blockade therapy response may not be affected by

the risk model. Finally, the molecular mechanisms of the three PAEGs

in anoikis and EMT need to be explored and validated by further in

vivo and in vitro experiments. Additionally, the univariate Cox analysis

of PCOLCE2 revealed that it is a poor predictive gene, although its

expression is low in tumor tissues relative to normal tissue, which is an

intriguing and paradoxical finding. More research is needed to

determine its role and mechanism in colorectal cancer, as very few

studies have investigated the role played by this gene. Hence, more

research needs to be conducted to determine its role and mechanism in

the future.

This is the first study that combines the anoikis and EMT

analysis based on distant metastasis of COAD. Herein, a favorable

molecular group and prognostic risk model was constructed, which

can help to establish biomarkers and drug intervention targets for

patients with distant metastasis. Moreover, drug sensitivity analyses

were conducted in this study, which can provide some clinical drug

references for these patients.
Conclusions

Collectively, based on the anoikis and EMT gene sets, the

prognosis-related ARGs and ERGs were identified using univariate

Cox analysis, and then PCA stratified analysis was used for categorizing

the patients into two groups based on the greatest prognostic

differences. A prognostic risk model was constructed, which showed

good predictive sensitivity and specificity. This risk model was linked to

the tumor microenvironment, especially stromal infiltration. Finally,

the findings in this study could help in developing novel molecular

biomarkers, therapeutic targets, and clinical medicines for treating

patients with COAD metastasis.
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Colorectal cancer (CRC) is a prevalent malignancy that affects a large percentage

of the global population. The conventional treatments for CRC have a number of

limitations. Nanoparticles have emerged as a promising cancer treatment

method due to their ability to directly target cancer cells and regulate drug

release, thereby enhancing therapeutic efficacy and minimizing side effects. This

compilation examines the use of nanoparticles as drug delivery systems for CRC

treatment. Different nanomaterials can be used to administer anticancer drugs,

including polymeric nanoparticles, gold nanoparticles, liposomes, and solid lipid

nanoparticles. In addition, we discuss recent developments in nanoparticle

preparation techniques, such as solvent evaporation, salting-out, ion gelation,

and nanoprecipitation. These methods have demonstrated high efficacy in

penetrating epithelial cells, a prerequisite for effective drug delivery. This article

focuses on the various targeting mechanisms utilized by CRC-targeted

nanoparticles and their recent advancements in this field. In addition, the

review offers descriptive information regarding numerous nano-preparative

procedures for colorectal cancer treatments. We also discuss the outlook for

innovative therapeutic techniques in the management of CRC, including the

potential application of nanoparticles for targeted drug delivery. The review

concludes with a discussion of current nanotechnology patents and clinical

studies used to target and diagnose CRC. The results of this investigation suggest

that nanoparticles have great potential as a method of drug delivery for the

treatment of colorectal cancer.

KEYWORDS

colorectal cancer, nanomaterials, anticancer drug, tumor microenvironment, enhanced
permeability and retention
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GRAPHICAL ABSTRACT
Introduction

In many cases, a cancerous growth called colorectal cancer

(CRC) can be found in the gastrointestinal tract. Currently, CRC is

the third leading cause of death in the globe (1). Around a quarter of

all cancer cases are due to CRC, making it one of the most common

malignancies. Younger patients are increasingly more likely to have

colon cancer (2). Economic and living conditions have steadily

improved over the past few decades, which has led to an increase in

CRC (3). Colorectal cancer (CRC) can be caused by genetic

mutations, just like other types of cancer. These mutations affect

oncogenes, tumor suppressors, and genes involved in DNA repair

processes (4). Depending on the source of the mutation, CRC can be

classified as sporadic, hereditary, or familial. Sporadic CRC refers to

cancers that occur during a person’s lifetime and are caused by
Abbreviations: CRC, Colorectal cancer; CDC, Center for disease control and

prevention; EPR, Enhanced permeability and retention; 5-FU, 5-Fluorouracil;

TME, Tumor microenvironment; HDW, Hedyotis diffusa Willid; EMT,

Epithelial-mesenchymal transition; RES, Reticuloendothelial system; NPs,

Nanoparticles; CEA, Carcinoembryonic antigen; CHEK2, Checkpoint kinase 2;

TPP, Tripolyphosphate; DDS, Drug Delivery Systems; CS, Chitosan; CCSNPs,

Cromolyn chitosan nanoparticles; Doc, Docetaxel; EC, Ethyl Cellulose; CAP,

Cellulose Acetate Phthalate; ICD, Immunogenic cell death; IMT-PNPs, Imatinib

polymeric nanoparticles; SLNs, Solid lipid nanoparticles; FA, Folic acid; FER,

Ferulic acid; ROS, Reactive oxygen species; GNPs, Gold nanoparticles;

SC, Subcutaneous.
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mutations that are not related to genetic diseases. These mutations

affect people’s brains and their offspring and account for 70 percent

of all colon cancers. The molecular mechanisms behind cancer are

diverse and target many genes (5). However, approximately 70% of

CRC patients follow a specific mutation pattern that results in

characteristic mutations. The system usually starts with a mutation

in the adenomatous polyposis coli (APC) gene, a tumor that causes

benign adenoma or polyp formation. Subsequent mutations in

genes such as KRAS, TP53 and DCC contribute to the disease.

Inherited cancers represent a small fraction, comprising only 5% of

all colorectal cancer cases. These cancers arise from inherited

mutations affecting one allele of the mutated gene. When a point

mutation occurs in the other allele, it initiates the formation of

tumor cells and eventually carcinoma development (6, 7). On the

other hand, familial CRC comprises around 25% of all cases and is

also caused by inherited mutations. However, it is not classified as

an inherited cancer in the strict sense, as it does not fit into any

specific inherited cancer syndrome variant (8).

In addition to genetic mutations, various personal traits and

habits are recognized as risk factors for the development of CRC or

polyps. Advancing age is a significant risk factor, with the chances

of developing CRC notably increasing after the age of fifty, while

occurrences before this age are rare except in cases of inherited

cancers (9). Recent research indicates that individuals diagnosed

with bowel diseases tend to have a heightened awareness of

colorectal cancer compared to others (10–14). Conditions such as

inflammatory bowel disease, chronic ulcerative colitis, and Crohn’s
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disease, particularly when accompanied by adenomatous polyps,

are considered primary lesions that elevate the risk of developing

CRC (15–18). Family history also plays a significant role, as

numerous studies have demonstrated a 2.5 to 3 times greater risk

of colorectal cancer among relatives of affected individuals (19).

Other risk factors, such as leading a sedentary lifestyle, can

elevate the likelihood of developing colorectal cancer (20). A

sedentary lifestyle is often associated with obesity, another major

risk factor for colon cancer. More importantly, this increased risk

has been attributed to dietary choices and the accumulation of

adipose tissue (VAT), the metabolic equivalent of total body fat.

VAT promotes colon cancer development by causing inflammation

in the colon and rectum by releasing proinflammatory cytokines.

This process also causes insulin resistance and affects metabolic

enzymes such as adiponectin and lectins (21). Smoking and alcohol

increase the risk of colon cancer. Alcohol, especially its metabolite

acetaldehyde, is considered carcinogenic and increases the risk of

cancer, especially in individuals with specific enzymes that

metabolize alcohol. Smoking, on the other hand, was associated

with a 10.8 percent increased risk of lung cancer, mainly due to the

presence of carcinogens such as nicotine, which can reach the

stomach and cause polyps (22).

CRC is cured with a variety of surgical, radiation,

chemotherapy, and other modalities, including immunotherapy

and targeted therapy (23). Because CRC is difficult to detect in its

earliest stages, people who present with symptoms are almost

always in the middle or later stages of the illness. Drug resistance

and recurrence of CRC may result from the presence of tumor stem

cells (24). Recent advances in pharmaceutical colloidal system

preparation have made it possible to develop drug carriers that

are both safe and effective. Liposomes, niosomes, polymeric,

nanoparticles, micelles, gold nanoparticles, and other colloidal

carriers are examples of drug delivery systems. NPs have risen to

the top for the drug delivery due to an increase in their therapeutic

efficacy over the last decade. NPs are solid colloidal particles with a

diameter ranging from 10 nm to 1000 nm used in pharmaceuticals

(25). There are three ways to deliver medication or biologically

active ingredient: dissolving, encapsulating, or attaching to the

surface of macromolecular molecules. To make nanoparticles of

one type or the other, a variety of different preparation methods and

starting materials are required. The morphology and structure of

these two kinds are vastly different. A dense polymeric matrix

makes up nanospheres, whereas a polymeric membrane encloses

the core of nano capsules (1).. By acting as a unique carrier for

biomacromolecules, nanoparticles can enhance ingestion and

absorption of insoluble medications and targeted release

pharmaceuticals, as well as achieve precisely focused therapy

(26).. Antitumor medications can be delivered to specific tumours

using this method in a variety of ways, including passive and active

targeting (27). Passive targeting indicates that the nano DDS can

efficiently accumulate in the tumor depending on the physiological

and pathological properties of the tumor location and the nature of

the nano delivery system (23). Tumours have a distinct

microenvironment compared to healthy tissue. Because the

microvascular structure of solid tumours differs from that of

normal tissue, macromolecules and massive particles are unable
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to permeate the capillary wall because the endothelial space is dense

and complete. Solid tumor tissue has many new blood vessels, the

vascular wall space is broad, the structural integrity is poor, and

lymphatic reflux is absent (28). Macromolecular drugs or particles

with diameters of 100 nm are more likely to accumulate in tumor

tissue because of this difference; additionally, specific pH, enzyme

environment, and reduction environment in tumor site can be used

to achieve the release of drugs at specific sites in order to achieve the

goal of targeted drug delivery (29). Tumor cells proliferate rapidly,

resulting in a lack of blood vessels and lymphatics in the tumor

tissue, which results in a high rate of leakage of substances from

blood vessels into the tumor tissue, which can’t easily return to the

lymphatic vessels, increasing the retention and infiltration of the

tumor (30). To distribute macromolecules or nanoparticles by

tumor extravasation, the retention effect of solid tumours is

unique. Tumor vascular endothelium has huge gaps that allow

macromolecule medicines to selectively extravasate into tumor

tissue as a result of increased vascular density brought on by

angiogenesis in solid tumours (31). For example, EPR-based

cancer therapy for macromolecular cancers could be used to treat

more tumours. Nitroglycerin has been shown to boost the EPR

impact of tumours by increasing the transfer of medications to

tumours by 2-3-fold and thereby improving the therapeutic effect

(32). Deficiencies in tumor lymphatics can potentially increase

tumor interstitial pressure and hinder the diffusion of medicines

within the tumor. Nanocarriers modified by hydrophilic polymer

materials serve as active targeting agents, delivering medications to

specific organs or tissues (33). For example, in contrast to passive

drug targeting, active targeting is the combination of active

recognition between specific molecules on the surface of the

nanosystem and specific molecules and proteins on the tumor site

in order to obtain selective drug concentrations in tumor tissue and

cells. Most active drug targeting is aimed at improving target cell

identification and uptake rather than increasing total tumor

accumulation (34). Targeted nano-drug preparations can be made

by combining polymer nano-carriers with precise combinations of

tumor cell surface receptors or antigens, allowing for the active

delivery of medicines. Pharmacological nanocarriers that can

remain in the bloodstream for a long period of time—such as

liposomes, micelles, or polymeric nanoparticles—may be utilized to

transport drugs into tumours by passive accumulation. It is

common for nano drug carriers to have a long in-vivo half-life

(35). Targeting tumor cells without damaging non-tumor cells is

now possible due to improvements in targeted drug delivery.

Different nanoparticles are being formulated and investigated for

the efficient transport of cytotoxic drugs to the target site, improving

drug distribution and bioavailability while concurrently reducing

adverse effects. Immunotherapy still remains only an experimental

approach despite the fact that few clinical trials have shown the

ability to help patients with CRC. For successful CRC treatment,

evaluation of the ongoing and finished studies is required.

Researchers are working to create new carrier systems that might

improve the targeting capacity of chemo- and immune-therapeutics

with poor therapeutic index. Numerous preclinical investigations

have shown that nanotherapy is more effective than traditional

methods in treating CRC (36).
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So that medications have a longer half-life and are more readily

absorbed by tumor tissue due to their hydrophilic groups, nano-

drug carriers can inhibit macrophage system affinity. The lifespan

and quality of life of cancer patients, particularly in the late stages of

the disease, have been dramatically diminished as a result of

multidrug resistance and harm to normal cells. Some 20 to 400

nanometer-sized drug-loaded nanoparticles such as liposomes and

dendrimers, as well as micelles, have improved drug delivery for

CRC therapy in recent years (37). Nanoparticle-based drug delivery

systems can increase medication bioavailability, reduce adverse

effects, and protect healthy cells by delivering pharmaceuticals to

the target spot (38). Small-molecule antitumor drugs, genes, or

proteins can be transported by nanocarriers, which can avoid

normal tissues while allowing the drugs to accumulate in tumor

tissue, thus increasing their concentration in tumours while

reducing the toxicity of the remaining body compared to the

effects observed with free drugs (39). To top it all off,

nanopillars provide a number of advantages over conventional

pharmaceuticals, including lower renal clearance and better drug

half-lives, controlled release and improved solubility. Despite the

rapid development of nanomaterials, few nano agents have been

successfully employed for tumor therapy at the present time (40).
Colorectal cancer stages

Staging is the process of determining whether or not cancer has

migrated from the colon/rectum to other areas of the body (41).

Staging is important because it helps decide the best course of action

for therapy. Oncologists use the term “stage” to describe how far

cancer has spread. Treatment options for colon cancer must be

determined based on its stage. The TNM staging system, developed
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by the Union for International Cancer Control and endorsed by the

American Joint Committee on Cancer, is used to classify colon

cancer. For patients diagnosed with metastatic CRC, the survival

rate ranges from 90 percent to 10 percent, depending on the disease

stage (42). The greater the possibility of survival, the earlier in the

disease process the diagnosis is made. Cancer’s level in the body is

one of the most important criteria in determining which therapy

will be most effective and how successful it will be. Colorectal cancer

is depicted in Figure 1. When abnormal cells form in the colonic

mucosa, they have the potential to develop into malignancies (43).

In stage I, cancer has spread from the mucosa of the colon wall into

the submucosa and the muscularis propria of the colon. After

spreading to the visceral peritoneum (IIB) and the connected

organs, cancer in stage II spreads farther from the muscularis

propria into the peri-colorectal tissues (IIA) (IIC) (Figure 1).

Muscularis propria metastases in surrounding tissues or 1–3

regional lymph nodes or submucosa spreading with metastases in

4–6 lymph nodes and IIIB and 7 or more regional lymph nodes in

stage (IIIC) (44). Stage IV cancer is further subdivided into IV A

and IV B, with metastatic spread confined to a single organ s3uch as

the liver, ovary, lung, regional node, etc. (45). A 5 year survival rate

of 90% for stage 1 CRC and 10% for stage IV CRC was found in

research studies conducted over a period of five years. Physical

inactivity, a diet high in processed meats, smoking, being

overweight, and abusing alcohol are some of the most common

risk factors and primary causes of colorectal cancer. A person

having a chronic inflammatory bowel illness, type 2 diabetes, or a

genetic disorder like lynch syndrome has an increased risk of CRC

and a family history of the disease (46). It is possible to treat CRC in

stages 0 through 1, 2, and 3, but it is rare to treat stage IV(Table 1),

which can be managed depending on the illness’s rate of growth and

spread (47).
FIGURE 1

Schematic representation of CRC stages. CRC tumor growth progresses via four stages: metastasis, progression, promotion, and initiation. The liver,
lung, and bone are the most typical metastatic sites. It is impossible to estimate how long each stage will take, but decades will probably be needed
to develop CRC.
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Screening methods for
colorectal cancer

CRC can be detected using a variety of screening assays, each

with its own set of advantages and disadvantages. There are several

factors that go into determining which screening test is best for a

patient or clinician, including their perceptions and preferences.

The actual positive rate is the percentage of patients who get a

positive result from a screening test, which is the essential quality to

look for in a screening test (48). In addition to sensitivity, but less so

than specificity, which is the percentage of patients without disease

who have a negative result, is significant, but less so than specificity

(also known as the true-negative rate). The accuracy of a test is

defined by its combination of sensitivity and specificity, which are

typically traded off against one another based on the clinical

scenario. Sensitivity is preferred over specificity when a serious or

grave consequence of failing to detect a lesion or disease state is at

stake. Specificity is preferred to sensitivity when the risk of

overtreatment is the greatest (49). The use of a single test with

both high sensitivity and high specificity is recommended in many

screening applications. False-positive results would lead to excessive

worry and follow-up, whereas false-negative results would leave

CRC undiscovered. High precision is therefore crucial in the search

for CRC. Repeatability and precision are other important

considerations for the test. Obtaining high levels of cooperation

from those who require screening is essential for a good screening

program; as a result, the test must be acceptable to the individual.

The test should be simple to administer and use, accessible, cost-

effective, and safe in order to encourage a high participation rate in
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screening activities (50). CRC screening approaches, their

advantages and disadvantages as well as where they are most

successful in the CRC formation process, have been outlined here.
Current treatments available for
colorectal cancer

Surgery, chemotherapy, and radiation are among the most

common types of treatment. Research into colorectal cancer has

resulted in significant changes in treatment. In the past, Surgery,

chemotherapy, and radiation were among the most common

treatment modalities. There has been an increase in the number of

therapeutic options for both local and advanced diseases as a result of

a better understanding of pathophysiology (51). Patients can get a

wide range of treatments, including endoscopic and surgical

excisions, downstaging preoperative radiation, and systemic

therapy, as well as major surgery for local and metastatic illness.

Cancer patients who receive systemic chemotherapy and multimodal

treatment are more likely to be cured or live longer than those who do

not receive these treatments. Adjuvant and neoadjuvant CRC

treatment are the two major treatment types. Neoadjuvant therapy,

on the other hand, refers to treatments that are administered prior to

the major cancer treatment, such as surgery (52). Neoadjuvant

therapy has the ability to eradicate early metastases, hence reducing

the severity of the cancer and reducing the likelihood of surgical

complications. Surgical treatment is tailored to each individual

patient and tumor and attempts to maximize survival and

minimize recurrence risk. At the moment, there are a wide variety
TABLE 1 Different stages of cancer along with its progression and the current treatment approaches available for Colorectal Cancer.

Stages
of
Cancer

Progression of each stage Current Treatment Approaches for CRC References

Stage 0 The earliest phase of CRC, also known as carcinoma
"in situ" or intramucosal carcinoma, denotes that the
disease has not yet spread through the colon or
rectum wall and is present only in the mucosa (the
moist tissue lining the colon).

Local treatments: Surgical resection (39)

Stage I Although it has penetrated the mucosal (second or
third) layer of the colon, the cancer is still present in
the inner lining. But it is still not been spreaded in
the surrounding lymph nodes nor any distant sites
have been affected by it.

Local treatments: Surgical removal of the cancerous polyp or partial colectomy of
the tumour and local lymph nodes

(40)

Stage II The colon or rectum's outer walls have been affected
by cancer, which has spreaded and connected into
other surrounding tissues or organs. But it hasn't
migrated to local lymph nodes or distant regions.

Local and systematic treatments: Chemotherapeutic treatment (5-FU, leucovorin,
oxaliplatin, or capecitabine); surgical excision without chemotherapy

(41)

Stage III In stage 3, colon or rectum has developed cancer, or
there are tiny tumour deposits in the fat
surrounding the colon or rectum. It hasn't spread to
distant sites.

Local, systematic, and combined treatments: Adjuvant chemotherapy, such as
FOLFOX (5-FU, leucovorin, and oxaliplatin) or CapeOx (capecitabine and
oxaliplatin), & is administered after surgery. For some advanced colon cancers,
neoadjuvant chemotherapy, radiation therapy, and/or chemotherapy are options
for patients who are not sufficiently stable for surgery.

(42)

Stage IV Cancer has metastasised to distant sites and has
been carried through the lymph and blood systems
to distant parts of the body. The lungs and liver are
the organs most likely to experience metastases from
colorectal cancer.

Local, systematic, and combined treatments: Radiation therapy, chemotherapy
with 5-FU, LV, and irinotecan ( FOLFOIRI), FOLFOX, CAPIRI (capecitabine and
irinotecan), CAPOX, 5-FU with LV, irinotecan, capecitabine and Trifluridine plus
Tipiracil (Lonsurf), immunotherapy with Pembrolizumab (Keytruda) or
Nivolumab (Opdivo), targeted therapies

(43)
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of surgical instruments and novel surgical techniques, such as

minimally invasive surgery, being researched. Completely removing

the tumor as well as its surrounding mesentery is a primary goal of

CRC surgery (53). Patients who are unable to have this surgery due to

the tumor’s location or invasion of the sphincter complexmay benefit

most from abdominoperineal surgery. Systemic treatment for cancer,

chemotherapy involves the use of chemotherapy medications (54).

Chemotherapy is usually administered orally or intravenously. 5-FU,

oxaliplatin, irinotecan, and capecitabine are some of the

chemotherapies used to treat CRC. When it comes to CRC

treatment, the first line of defense is typically chemotherapy. 5-

FU is the most commonly used chemotherapeutic medication in

the treatment of CRC. It has been shown that 5-FU inhibits

thymidylate synthase and has an anti-CRC function

because it prevents the conversion of deoxyuridine to

deoxythymidine. Chemotherapy’s adverse effects, which can range

from nausea and vomiting to dry mouth and tongue to numb hands

and feet to hair loss and reduced red blood cells, are well-known.

Because of this, patient’s quality of life declines and can lead to the

termination of chemotherapy treatment due to intolerance.

Chemotherapy-induced side effects are currently not alleviated by

any single drug. As a result of the advent of immunotherapy and

targeted therapy, the cure rate and quality of life for patients with

CRC have increased. Some tumours have responded well to

immunotherapy treatment. Invasion of surrounding tissues by

tumor cells in the tumor microenvironment (TME) is possible, as

is metastasis via blood and lymphatic arteries (55). Therefore, it is

essential to understand the TME’s immune status and investigate the

distribution and activity of immune cells in order to increase the

efficacy of immunotherapy in cancer. Multiple cell types in solid

tumor tissues, such as malignant, innate, and adaptive immune

system components including fibroblasts and endothelial cells and

fibroblast-endothelial interfacial cells, contribute to the inflammatory

and immunological condition of tumor tissues through cell-to-cell

contact. It is possible to eradicate tumor cells from the body using the

adaptive immune system and the natural immune system. As a result,

tumor immunotherapy boosts the immune system’s ability to fight

cancer by reducing immunosuppressive elements in the tumor

microenvironment. Boosting the activity of T cells is the first step.

Inflammatory checkpoint inhibitors can boost T cell responsiveness.

immunosuppressive checks include CTLA-4, PD-L1, OX40, and

Lag3. For example, nivolumab can inhibit CTLA-4 (56).

Targeted therapy has made a big difference in the success

rate of CRC patients in recent years. Precision, efficiency, and

low toxicity are the hallmarks of targeted therapy. The quality of

life of CRC patients increases as a result of targeted therapy.

Targeted drug research is the primary focus of the development

of targeted therapy. Tumorigenesis, development, survival, or

anti- tumor immunity are the primary goals of targeted

treatments. For anti-cancer effects, targeted medications can

interfere with these molecule’s functions and inhibit their

signaling pathways (57). According to their method of action,

CRC-targeted medicines can be categorised into three groups.

For example, Cetuximab and Panitumumab inhibit tumor cell

development by targeting tumor cell growth signaling pathways.

S e cond , tumor g rowth-mic roenv i ronment - t a rge t ing
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medications like bevacizumab and regorafenib restrict tumor

cell blood supply.

Traditional Chinese medicine, on the other hand, is becoming

increasingly significant in modern medicine and cancer therapy.

Traditional Chinese remedies have been demonstrated to have

curative effects on colorectal cancer. Colorectal cancer has been

discovered to respond well to a number of natural medicines (58).

In Scutellaria baicalensis Georgi, Baicalein is one of the naturally

occurring active components. Baicalein’s anti-inflammatory and

anti-tumor properties are well-documented. A study found that

baicalein was effective in the treatment of CRC in humans.

Inhibiting colorectal cancer growth can be accomplished by

baicalein’s ability to modulate gene expression. HT-29 and DLD1

cell growth, migration, and invasion are all inhibited by baicalein

treatment. Hedyotis diffusa Willid (HDW) is an effective Chinese

herbal remedy for treating colorectal cancer. This is according to

JIUMAO LIN’s research, which states that HDW can suppress CRC

by affecting the STAT3 pathway (59). HDW possesses

antiangiogenic activity, which is essential for cancer growth and

progression. The ability of EEHDW to prevent cancer growth has

been established both in vivo and in vitro. There are multiple CRC-

related signaling pathways that EEHDW inhibits and controls the

expression of, among other things. The primary active ingredient in

ginseng is ginsenoside, which has been shown to be effective against

colorectal cancer. Many kinds of cancer, including CRC, are

influenced by the epithelial-mesenchymal transition (EMT).

Antiangiogenic therapy has been used successfully to treat

colorectal cancer because tumor tissue contains a large number of

blood vessels (60). This ginsenoside possesses anti-vascularization

properties, can prevent tumor growth and metastasis and can make

cancer cells more sensitive to treatment.
Nano construct preparative methods

The efficacy of many medications and therapeutically active

molecules like nucleic acids and proteins can be enhanced by using

nanocarriers, while the risk of harmful and side effects is reduced

(61). It is possible to shield therapeutic compounds from

degradation, manage their release, bypass biological barriers, and

target specific locations of action with biodegradable nanoparticles

(NPs) (62). By altering interactions with the biological

environment, the physicochemical features of nanoparticles can

influence the biodistribution and pharmacokinetics of medications.

For intravenous delivery, the size of the nanoparticles is particularly

important because opsonin’s (plasma proteins) adsorb onto the

particles, resulting in the macrophages of the RES being able to

recognize and remove them from the bloodstream (63). NPs with a

diameter less than 80 nm were demonstrated to be more difficult to

remove from the bloodstream than larger particles, which had a

higher concentration of plasma proteins on them. The spleen’s

ability to filter out NPs and the hepatic parenchyma’s ability to trap

them both depended on their size. Cancer therapy can benefit from

the so-called EPR, the leaky vasculature of some solid tumours,

combined with weak lymphatic drainage, may result in a selective

accumulation of colloidal carriers within the target tissue,
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allowing for more effective treatment (64). Many human

tumours endothelium has an effective pore size ranging from 200

nm to 600 nm, according to research. Particles must be fewer than

200 nm in diameter to benefit from the EPR effect, and much more

preferable less than 100 nm. A diameter of more than 10 nm, on the

other hand, usually prevents the diffusion of NPs through artery

endothelium, which minimizes negative effects in healthy tissues

(65). The mechanisms of NP internalization, phagocytosis, or

endocytosis, are impacted by size at the cellular level as well (66).

As a result, precise control of NP size and size distribution is

required to provide effective and secure drug delivery. The detailed

discussion of various preparative methods as described below:
Nanoprecipitation method

Fessi et al. awarded a patent in 1989 for nanoprecipitation. For

hydrophobic drug compounds, it was mostly used after its

invention (nanocapsule or nanosphere forms) (67). Numerous

biodegradable polyesters such as PLA (Polylactide acid), PLGA

(Poly (d,l-lactic co-glycolic acid)), and PCL (Poly-caprolactone)

have been employed to achieve this goal, among them PLA, PLGA,

and PCL. According to Fessi et al., the preparation of solvent and

nonsolvent phases is necessary before the addition of one phase to

the other under moderate magnetic stirring in this process. NPs can

be suspended in water by evaporating organic solvents at room

temperature or using a rotavapor (68). Ethanol, acetone, hexane,

methylene chloride, and dioxane are the most common

nanoprecipitation solvents. Water predominates in the non-

solvent phase. Nonsolvent phases may also be supplemented with

hydrophilic excipients. Particle size and surface morphology can be

determined using TEM, SEM, or dynamic light scattering (DLS).

The physical features of nanoprecipitates, such as their size, drug

encapsulation effectiveness, and so on, are influenced by a wide

range of parameters in nanoprecipitation. Using nanoprecipitation
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(Figure 2), the most prevalent breakthroughs in the pursuit of

polymer, lipid, and hybrid particles involve submicron and

nanometric scales of nanoprecipitation. This technique is simple,

energy-efficient, and adaptable. Nanocarrier’s In vivo behavior is

becoming better understood since industrial-scale production

necessitates better control and standardization of operations. As a

result, the technique and the starting materials used to make them

have been improved to meet these needs. Particles with

hydrophobic and hydrophilic molecular entrapment or behavior

as stealth carriers can be produced using sophisticated devices with

sizes less than 100 nm, and the procedure has been fine-tuned

through chemical modification of polymers or careful definition of

working conditions (69). Even more interesting is the invention of

hybrid nanoparticles, which are able to offer substantial drug

loadings, long-term drug-release patterns, and improved

pharmacokinetic features. For the production of safe particles,

nanoprecipitation appears to be a viable option regardless of the

carrier material being used. Even when solvents with a high level of

inherent toxicity are used, the positive results of safety testing show

that they can be used in the pharmaceutical industry.

Pereira et al. described that PLGA-PEG NPs were generated by

nanoprecipitation and loaded with paclitaxel (PCX), after which they

were surface-functionalized with a monoclonal antibody targeting the

carcinoembryonic antigen (CEA) of intestinal epithelial cells. Two

intestinal cancer cell lines, Caco-2 clone and non-Caco-2 clone SW480,

were used to evaluate the nanoparticles’ physical and chemical

characteristics, cytotoxicity, and ability to target. Nanoparticles with a

diameter of 200 nm and close to charging neutrality were successfully

produced, encasing up to 99 percent of paclitaxel. Further development

of functionalized nanoparticles showed that they were non-cytotoxic to

intestinal cells. Flow cytometry confirmed the capacity of functionalized

nanoparticles to target Caco-2 CEA-expressing cells, unlike SW480

cells. PCX nanocarriers with CEA-targeting antibody were successfully

generated as nanoparticles and interacted with CEA-expressing

cells. These particles can be exploited as targeted systems for CRC
FIGURE 2

Formation of nanoparticles by the two-step nanoprecipitation method.
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therapies because of their unique interaction (70). Ahmad et al.

reported the development of amino cellulose-grafted polymeric

nanoparticles containing LCS-1 for synthetic lethal targeting of

checkpoint kinase 2 (CHEK2)-deficient HCT116 colon cancer cells

to surpass the limitations associated with the solubility of LCS-1 (a

superoxide dismutase inhibitor). To create nanoparticles containing

LCS-1, amino cellulose (AC), a biocompatible and biodegradable

hydrophilic polymer, was grafted onto polycaprolactone (PCL). This

study utilized LCS-1-loaded PCL-AC NPs to suppress CHEK2-

deficient HCT116 CRC cells using the synthetic lethal interaction

between SOD1 and CHEK2. PCL-AC nanoparticles were also

examined in terms of their size, cellular absorption, and cell survival

after the development of protein coronas. An LCS-1-loaded NPs were

analyzed for their polydispersity index (PDI), zeta potential (ZP), and

morphological properties by transmission electron microscopy (TEM),

scanning electron microscopy, and atomic-force microscopy. Confocal

imaging showed that nanoparticles were taken up by HCT116 cells, as

demonstrated by the cellular internalization. It was also shown that

NPs were cytocompatibility because they did not harm hTERT and

HEK-293 cells. When compared to colon cancer cells expressing

CHEK2, the LCS-1-loaded PCL-AC NPs were up to 240 times more

selective in their ability to kill CHEK2-deficient cells. As a result, the

protein corona-coated nanoparticles of PCL-ACNPs were shown to be

incubated in human and fetal bovine serum by SDS-PAGE analysis.

Hydrodynamic diameter increased slightly for PCL-AC nanoparticles

coated with corona, and this was validated by TEM. There was also cell

uptake and no harmful effects on hTERT cells when PCL-ACNPs were

coated with a coronal layer. By developing a nano formulation of LCS-

1, researchers hoped to increase its ability to kill colorectal cancer cells

with CHEK2 lack (71).
Ionotropic gelation method

It is one of the simplest and most cost-effective methods for

ionotropic gelation in the laboratory. Nanoparticles and

microparticles made of polymeric materials are being used in the
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hunt for novel and better treatments (Figure 3). There are

numerous advantages to these formulations due to the inclusion

of biocompatible and biodegradable polymers. As a result of the

technique’s simplicity and mildness, the complexation of chitosan

(CS) nanoparticles with two oppositely charged macromolecules

has garnered considerable interest. As a result, electrostatic cross-

linking, rather than chemical cross-linking, has been used to

minimise probable toxicity and other negative effects on the

reagents. CS can interact electrostatically with polyanion

tripolyphosphate (TPP). It was after the report of Bodmeier et al.

that many researchers began to investigate the possible

pharmacological use of the TPP–CS complex. It is possible to

obtain the cation of CS by dissolving CS in an aqueous acidic

solution in the ionic gelation technique. To make a polyanionic TPP

solution, add this solution dropwise while stirring continuously. It is

possible to cross-link chitosan nanoparticles by reacting with the

negatively charged phosphoric ions of TPP because the chitosan

molecules have an abundance of the NH3 group. Cross-linking and

hardening processes may aid to maintain drug release by

evaporating water from the particles throughout this period. The

solution, aggregation, and opalescent suspension all occurred in

making the nanoparticles (72). There is an end in sight at this point.

Insulin-loaded CS nanoparticles were made by first combining

insulin with TPP solution and then adding this to CS solution

while stirring constantly. Both CS hydrochloride salts, with

molecular weights and deacetylation levels varied, were used to

create nanoparticles. CS and TPP concentrations were changed so

that the CS/TPP ratio was equal to 3.6:1. A positive surface charge of

between +34 and +45 mV was found on the chitosan nanoparticles

produced. As a result of this strategy, insulin loading was adjusted

up to 55%. Due to the gelation of protonated amino groups of CS1,

the method’s effectiveness was contingent on the deacetylation of

CS. For example, peptide and protein formulations are shown to

improve oral bioavailability in a number of ongoing studies. With

the addition of nanoparticles of bioadhesive polysaccharide CS, it

appears that their intestinal absorption is enhanced (73). P53

polyplex-loaded enteric-coated calcium pectinate microbeads for
FIGURE 3

Schematic representation of Ionic gelation method.
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oral gene delivery were developed and tested by Bhatt et al. as a

potent new treatment option for CRC. In CRC, mutations in the

p53 gene are a primary event and an important target for gene

therapy treatment. Colon cancer cell lines were transfected with

polymethacrylates-based non-viral vectors to test its ability to

complex, protect, and transfect p53. At varied N/P ratios,

polyplexes were formed by the complexation of cationic polymer

with anionic pDNA. Ionotropic gelation was used to create p53

polyplex-loaded calcium pectinate (CP) microbeads covered with

Eudragit® S100. Enteric-coated CP microbeads were shown to

protect the release of p53 polyplex in the upper GIT in in vitro

release tests with less than 10% release. Polymethacrylate carriers

have been shown to effectively transfect pDNA in both in vitro and

in vivo investigations in rat cell lines. Results from an in vivo gene

expression investigation demonstrated the potential of enteric-

coated calcium pectinate microbeads to transfer pDNA to the

colon of rats. As a result, calcium pectinate microbeads covered

with enteric-coated calcium pectinate released p53 polyplex in the

colon and may be an effective alternative to CRC therapy (74).

Motawi et al. created Cromolyn chitosan nanoparticles (CCSNPs)

using an ionic gelation process to enhance bioavailability and tested

for their anticancer properties in a dimethylhydrazine-induced

model of colorectal cancer in rats. To promote colon cancer in

the rats, groups were separated into seven and given

dimethylhydrazine for 16 weeks; group 1 was given a normal

control, group 2 cromolyn control, and group 3 CCSNPs control.

Protective therapies for groups 5–7 included cromolyn solution,

non-medicated NPs, and CCSNPs. Dimethylhydrazine was found

to be ineffective in reducing tumor-signaling molecules and the

number of abnormal crypt foci in comparison to optimal CCSNPs

(size 112.4 nm, charge 39.9 mV, encapsulated 93.6% cromolyn,

displayed a sustained drug release pattern over 48 h) Cromolyn

solution, on the other hand, was found to have a protective impact

on colon cancer cells that was enhanced by CCSNPs’ ability to

improve tumor pathology. Finally, in colorectal cancer tissue,

CCSNPs improved tumor pathology and malignant oncogenic

signaling molecules. CCSNPs, on the other hand, may offer a

novel method of protecting against colorectal cancer treatment.
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Additionally, the anticancer properties of cromolyn were improved

when it was encapsulated in chitosan nanoparticles (75).
Solvent evaporation method

The emulsion solvent evaporation technique is a method to

develop NPs and nanocapsules that is well suited for uses that need

high purity and low toxicity materials, including biomedicine or

electronics. An organic solvent such as chloroform, acetone or ethyl

acetate is used to dissolve premade polymers such as PLA or PLGA.

An emulsion of an oil and water mixture is formed by dissolving the

medication in a polymer solution, which is then transferred to an

aqueous phase containing a surfactant such as polyvinyl alcohol

(PVAL). It is possible to speed up the evaporation of organic

solvents by extending the homogenization process (76). An

ultracentrifuge collects the nanoparticles at the end of the

homogenization stage. The Figure 4 depicts a schematic

representation of this approach. Polymer-to-organic solvent ratio,

type of organic solvent, and homogenization time and speed can all

be manipulated to produce the desired particle size and other

characteristics. The emulsion–solvent evaporation process has

been mysteriously understudied for a long time. Basically, a

polymer dissolves in an excellent solvent, which is emulsified into

an aqueous solution that contains a surfactant. Nucleation of the

polymer occurs on the water–solvent interface due to the sluggish

evaporation of the polymer-solvent. The rate of evaporation is

determined by the solubility of solvent in the continuous phase;

hence temperature and the type of the solvent are critical factors.

Gas chromatography or NMR spectroscopy can be used to monitor

the evaporation process, which is normally completed within a few

hours. Particle hardening is affected by evaporation, given that the

solvent in the dispersed phase is largely evaporating from a

saturated continuous phase and its diffusion rate into the

dispersed phase is much faster than the evaporation kinetics of

the solvent. Wang and Schwendeman found that the rate-limiting

phase for solvent mass transport is dependent on the solvent’s

characteristics in an experiment, including dichloromethane, ethyl
FIGURE 4

Schematic diagram of nanoparticles preparation by emulsification solvent evaporation method.
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acetate, and acetonitrile as solvents. While ethyl acetate and

acetonitrile were discovered to be gas-side limited, chloromethane

was found to be liquid-side limited. Temperature and impeller

diameter had the greatest impact on the pace at which water

evaporated. Particle hardness profiles might be anticipated and

determined without having to monitor the conc. of polymer in the

solvent at any given moment, but rather by measuring the

concentration of solvent and knowing its permeability coefficient

at the liquid–air interface. The dispersions can be dialyzed to

remove low molecular weight polymer and freeze-dried after the

solvent has been evaporated (77). Docetaxel (Doc) and LL37

peptide polymeric nanoparticles (Doc+LL37 NPs) were

coencapsulated in a thermosensitive hydrogel system by Fan et al.

to create a biodegradable and injectable drug delivery system for the

treatment of colorectal peritoneal cancer. Biodegradable Doc+LL37

NPs were first prepared via a solvent-evaporation approach

including a water-in-oil-in-water double emulsion of PLA-

Pluronic L35-PLA. This was followed by the preparation of a

biodegradable and injectable thermosensitive PLA-L64-PLA

hydrogel with reduced sol–gel transition temperatures near body

temperatures. The Doc+LL37 NPs produced by the PLA-L35-PLA

copolymer were found to be spherical using TEM. That Doc and

LL37 were correctly packaged was verified using Fourier-transform

infrared (FTIR). Doc was found to be encased in an amorphous X-

ray diffraction pattern. HCT116 peritoneal carcinomatosis in vivo

was greatly slowed down, and animals bearing the tumor had a

longer survival time after receiving an intraperitoneal injection of

Doc+LL37 NPs–hydrogel (78). The colon-specific DDS developed

by Dang et al. was developed as matrix-type microspheres by

solvent evaporation utilizing the ethyl cellulose (EC), cellulose

acetate phthalate (CAP), and eudragit L 100-55. The drug

concentration, particle size, bulk density, and angle of repose of

microspheres were all measured. Drug conc. varied between 74.49%

and 91.50% depending on the polymer and polymer ratio of the

microcapsules, which ranged from 228 to 608 micrometer’s. There

was a good flow property of 1.2 g/ml mean bulk density, and a free-

flow property of 40 angle of repose. Except for the microspheres

containing CAP, and EC which had a rough and porous surface, all

of the microspheres were spherical and nonporous. Eudragit L 100-

55 microspheres combined with other polymers provided superior

sustained release (78.9 and 76.6 percent after 8 hours for

formulations F4 and F5, respectively) than the other microsphere

formulations tested. A 1:2:1 ratio of diclofenac sodium, EC and CAP

in microspheres shows the maximum drug content, good flow

characteristics and surface shape, and promising drug release for

colorectal cancer treatment using diclofenac sodium

microspheres (79).
Salting out

Bindschaelder et al. patented the salting-out process in 1988,

and it describes how to make a pseudo-latex (a colloidal dispersion)

out of a water-insoluble polymer. A premade polymer dispersed in

an aqueous media yields pseudo-latexes, which are colloidal systems

with particles with an average size of less than one millimeter.
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Pseudo-latexes can be made from a variety of polymers using the

salting-out approach. In addition, low-toxicity solvents like acetone

or ethanol can be used to synthesize drug-loaded PNPs, in contrast

to other approaches. The first step in the salting-out process is the

mechanical mixing of two phases to create an oil-in-water emulsion.

The water-miscible solvent is used to dissolve a water-insoluble

polymer and an active ingredient in the oil phase, while colloidal

stabilizers and salting-out agents are used in the aqueous phase.

Sodium bicarbonate, the salting-out agent in the water, blocks

solvent diffusion. It’s then diluted with enough clean water to

drop the salting-out agent’s concentration below a threshold,

allowing the organic solvent to rapidly permeate into the water

and causing interfacial turbulences and PNPs. Distillation at lower

pressure removes the solvent from the PNP suspension. The salting-

out agent is removed by ultracentrifugation and repeated washing

processes and the leftover stabilizer. Cross-flow filtering can be used

to remove the salting-out agent and the solvent (80). PNPs can be

formed by salting-out in a manner similar to that postulated for the

solvent displacement approach, despite the lack of research into the

mechanism. An emulsion spreads violently when it is mixed with

water because of the quick mutual miscibility of the solvents.

Nanometric-sized solvent droplets are snatched off the interface.

The surfactant ingredient quickly stabilizes these droplets, causing

the polymer to aggregate into nanoparticles after complete solvent

diffusion. The salting-out technique has a number of advantages

over the solvent displacement method, including the ability to

produce high-concentration and stable dispersions because of the

inclusion of substantial amounts of polymer. When lipophilic

medicines are utilized, high doses of medication can be integrated

with good entrapment efficacy. Another advantage is that it may be

easily scaled up to produce larger nanoparticles with the suitable

selection of agitation settings (81). Allemann et al. developed

aqueous polymeric nano dispersions by a reversible salting-out

process. Surfactants and chlorinated solvents were avoided in the

emulsion approach used to create the polymeric nanoparticles as

aqueous dispersions. PVAL is a viscosity-enhancing agent and

stabilizer that is added to an acetone solution of the polymer

under continuous stirring in order to form the final product. A

salting-out technique prevents acetone from combining with water

in the saturated aqueous solution. Nanospheres are formed when

water is added to an oil-in-water emulsion in a sufficient amount to

allow for the complete diffusion of the acetone into the water phase.

PVAL conc. And its type in the aqueous phase were also altered as

well as stirring rate and internal/external phase ratio during the

manufacturing process (82). Sengel et al. prepared nanoparticles by

using salting-out and emulsion-evaporation steps. It was shown

that PLGA and PVAmolecular weight differences had an impact on

the NPs’ physicochemical qualities. Over the course of three

months, meloxicam’s stability in NPs was evaluated. Assays for

cell uptake and viability were performed using the HT-29 cell line,

which expresses COX-2. Size range was from 170–231 nm; the PDI

was lower for NPs with a spherical form and a negative ZP. The

physical stability of NPs produced with high molecular weight

PLGA was demonstrated for three months at 4°C. When the

polymer and the emulsifier increased in molecular weight, it also

decreased meloxicam’s in vitro release rate. It was found that
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meloxicam-loaded NPs were cytotoxic to HT-29 cells at 800 M.

Coumarin-6-loaded NPs were highly absorbed by cancer cells. To

treat colon cancer, the PLGA NPs created in this study could be an

effective DDS for meloxicam (83).
Cellular mechanism of nanoparticles

Particles enter cells via the endocytosis route, that includes

phagocytosis and pinocytosis, in biological systems (84).

Nanoparticles with diameters of less than 200 nm are engulfed by

micropinocytosis (Figure 5), which can take place in one of the

following ways: with or without clathrin/caveolae (85). Phagocytosis/

micropinocytosis takes in large particles. Both the pathways are

distinct in their mechanisms and strictly regulated at the molecular

level. The route that NPs take inside cells determines the intracellular

nanoparticle transport its biological and therapeutics outcome (86).

The interaction of NPs with the target cells can be essential or

destructive to the organism as a whole, depending on the intended

outcome as required for the particular application. NPs interact with

serum and extracellular matrix (ECM) proteins as they enter the

human, creating a “protein corona” surrounding them (87). Some of

the NPs are recirculated back into the extracellular space via the

clathrin-mediated mechanism (88). The cellular uptake of NPs (20–

100 nm) is mediated by caveolin pathway, whereas the cellular uptake

of submicron particles (100–350 nm) is mostly mediated by

the clathrin-mediated pathway (89) Based on studies indicated, the

co-localization of caveolin-1 proteins over internalised NPs

discovered in the caveolae and caveosomes suggested that

nanoparticle uptake could occur by caveolae-mediated endocytosis

(90, 91). When chemotherapeutic drugs are delivered in nanoparticle

form, their fate in the bloodstream is determined by their
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physicochemical qualities, as well as the elemental compositions of

those nanoparticles (92). Kou et al. have revealed a number of

different mechanisms by which nanoparticles can be absorbed into

cells. Nanoparticles should be made from non-toxic or biocompatible

materials to avoid hazardous effects, in addition to their

physicochemical features (93). Several caveolin and clathrin-

independent endocytosis pathways, such as Arf-6, Rho-A (or

IL2Rb-dependent pathway), flotillin, or CDC42 (CLIC/GEEC)-

dependent endocytosis, exist in addition to the mechanisms

mentioned above; however, the present review will not go into

further detail on these pathways because they do not significantly

contribute to cellular NP uptake.
Role of nanomedicine in targeted
delivery for treatment of CRC

In the case of CRC, targeted therapy for nanoparticles has

significantly improved the overall survival in patients with the

condition. The development of checkpoint inhibitors is

accelerating at an unparalleled rate due to the increasing efficacy

of therapies like the anti-EGFR (epidermal growth factor receptor)

agent (cetuximab) and the anti-angiogenesis agent (bevacizumab),

which target multiple immunological pathways (58). Targeted

delivery, which can be attained by passive or active targeting,

which tries to precisely target specific cancer cells. Passive

targeting uses the enhanced permeability and retention (EPR)

effect, whereas active targeting involves conjugating small

molecules, aptamers, peptides, and antibodies. Targeted drug

delivery, as compared to free drug, aids in lowering the toxicity in

normal cells, protecting drugs from deterioration, prolonging half-

life, increasing loading capacity, and enhancing solubility (94, 95).
FIGURE 5

The scheme of endocytosis of the nanoparticle modified by antibodies that recognize cancer markers at the cell membrane. (1) Receptor (aptamer
or antibody) on the drug-loaded nanoparticles recognize the clathrin-coated pits in the tumor cell and bind to it. (2) Phagocytosis of drug-loaded
nanoparticles facilitates the transport of the carrier into the tumor cells. (3) An endocytic vesicle is formed. (4) Endosome induces the release of drug
from the nanoparticles and penetrates into the nucleus. Representation of the different kinds of NPs included in this review is also shown.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1211603
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jain and Bhattacharya 10.3389/fonc.2023.1211603
We included examples of published in vitro and/or in vivo

nanoparticle targeting ligands and their receptors for

nanomedicine applications in Table 2.
Passive targeting nanoparticles

The term “passive targeting” refers to nanoparticles that lack

specific surface targeting ligands (96–98). Because the malignant

tumor lacks functional lymphatic vessels and has a wide gap

between tumor endothelial cells. The effect that makes NPs

accumulate in the malignant cells is called as EPR (99, 100). In

the research study, resveratrol and oxaliplatin were encapsulated

into N, O-carboxymethyl chitosan NPs using emulsification

crosslinking and ionic crosslinking, respectively. In comparison to

the free drug, the NPs improved the solubility, stability, and EPR

effect of resveratrol and oxaliplatin, leading to higher anti-CRC

action in SC tumor-bearing rats (101).

The non-specific nature of the interactions between NPs and

cells is indicated by passive targeting and the absorption of

nanoparticles in both healthy and diseases state may be facilitated

by these non-specific interactions (102). In recent years, researchers

have gradually come to understand how the tumor-targeting
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mediated by EPR is extremely heterogeneous. In order to improve

the targeting capability of NPs based on EPR, it should be combined

with different targeting mechanisms (103).
Active targeting nanoparticles

In active targeting, the surface of nanoparticles is modified with

the targeting ligands to enable specific interaction along with the

binding of these nanocarriers to cell (103). Cancer cells produce

macromolecules and overexpress certain receptor types, which

promote the proliferation cancer cells and its surrounding

tissues through autocrine or paracrine pathways (104). In recent

times, the active targeting of nanoparticulate targeted DDS for CRC

has primarily utilized the receptor-ligand binding strategy, which

involved many highly expressed receptors in CRC, including the

EGFR, mannose receptor, CD44, epithelial cell adhesion molecule

(EpCAM), nucleolin, v3 integrin receptor, folate receptor,

carc inoembryonic ant igen, hya luronic acid receptor ,

glucocorticoid receptor, lipoprotein receptor-related protein etc

(103). Ge et al. developed biological conjugates loaded with

celastrol that could be captured by CRC overexpressed with

EpCAM in order to decrease drug toxicity and enhance
TABLE 2 Examples of different types of nanoparticle targeting ligands and their receptors along with its active agents.

Nanoparticulate Drug
Delivery System

Drug (Active
Agent)

Ligand Receptor Size
Range
(nm)

Sources

PEGylated hollow mesoporous ruthenium
nanoparticles

[Ru(bpy)2(tip)]2+,
RBT

SS-Fc Carcinoembryonic antigen 110 (93)

Hyaluronic Acid–Doxorubicin nanoparticles Doxorubicin Hyaluronic acid RHAMM, CD44 175 (58)

Cyclodextrin-based host–guest complexes Regorafenib Mannose Mannose receptor 100 (94)

Cationic liposomes ESC8, anti-Hsp90
plasmid

Dexamethasone Glucocorticoid receptor 251 (95)

Polymersomes Doxorubicin Transferrin Transferrin receptor 72 (96)

Self-assembled nanoparticle Bortezomib Folate Folate Receptor 196 (97)

PLGA nanoparticles 5-Fluorouracil Wheat germ agglutinin N-acetyl-D-glucosamine, sialic
acid

156 (98)

Nanoscale metal organic framework Talazoparib,
temozolomide

Fucoidan P-selectin 84 (99)

PAMAM dendrimers Celastrol EpCAM aptamer Epithelial cell adhesion
molecule

300 (91)

Human serum albumin nanoparticles 5-Fluorouracil LRP-1 targeting peptide Lipoprotein receptor-related
protein-1

208 (100)

Lipidic core nanocapsules Thymoquinone Anisamide Sigma receptors 217 (101)

Mesenchymal-stem-cell -derived exosomes Doxorubicin MUC1 aptamer MUC1 50 (102)

Silica nanoparticles coated with chitosan AntimiR-21,
Doxoubicin

AS1411 aptamer Nucleolin 87 (103)

Nanoparticles Paclitaxel, chlorin e6 Tumor-homing peptide
tLyp-1

NRP-1 107 (104)

PLGA and PEG-based polymeric nanoparticles 5-Fluorouracil Anti-EGFR mAb Epidermal Growth Factor
Receptor

252 (92)
fro
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therapeutic efficacy. The conjugates were composed of dendrimers,

PEG, and the EpCAM aptamer. The findings demonstrated that

when exposed to biological conjugates, SW620 will experience

significant apoptosis. Moreover, the biological combination

demonstrated reduced toxicity in xenograft mouse and zebrafish

models (105). Another example was to deliver anti-EGFR receptor-

5-fluorouracil (5-FU) in which Sankha Bhattacharya developed

PLGA-PEG-coa t ed NPs , wh i ch cou ld enhance th e

pharmacodynamics and distribution of the drug in vivo. Through

the RES, the polymeric NPs composed of PLGA and PEG can

inhibit opsonic action. These nanoparticles have significant

therapeutic significance due to their quick and easy production

processes of solvent emulsification and evaporation (106).

Integrating cell surface receptor-specific targeting ligands to

nanoparticle surfaces may improve cellular interactions. Besides

specifically targeting cancer cells, active targeting approaches can

also exploit the distinctive characteristics of the tumor

microenvironment. One approach involves exploiting the

hypoxic microenvironment within tumours for targeted

therapy. Hypoxia-activated prodrugs have been developed to

release cytotoxic agents specifically in response to the low

oxygen levels in tumor tissues (107). Cetuximab, when

combined with chemotherapy, has demonstrated improved

outcomes in patients with metastatic colorectal cancer. It’s

worth noting that other targeted therapies, such as anti-VEGF

agents (bevacizumab) and immune checkpoint inhibitors

(pembrolizumab), are also being studied for colorectal cancer

and utilize active targeting strategies to engage specific molecular

targets in the tumor microenvironment (107).

However, precise targeting of cell populations in vitro and in

vivo necessitate that the surface modifications of NPs can

maintain its integrated design function. As a result of these

findings, scientists now have the chance to develop nanoparticle

surface patterns that can address the challenge to improve the

interactions and its specific delivery between targeted cells and

nanoparticles (86).
Role of nanotherapeutic in the
management of CRC

One of the three most frequent malignancies in the world,

colorectal cancer is typically diagnosed in the middle or late stages,

and the affected population is getting younger. Intensive

chemotherapy is required, especially in individuals with late-stage

CRC, although it might have undesirable side effects and unpleasant

reactions because of drug resistance and damage to normal cells.

Various types of nanoparticles have been explored for their

potential in combating drug resistance in colorectal cancer. For

example, polymeric NPs like PLGA NPs have been utilized to

encapsulate conventional chemotherapy drugs such as 5-FU and

oxaliplatin. These nanoparticles enhance drug stability, prolong

drug release, and increase drug accumulation within cancer cells,

thereby overcoming mechanisms of drug resistance (108, 109).

Additionally, nanoparticles have the ability to deliver innovative

therapeutic agents to address drug resistance. One approach
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involves loading small interfering RNA (siRNA) into

nanoparticles to silence specific genes associated with drug

resistance pathways. By silencing these genes, nanoparticles can

sensitize cancer cells to chemotherapy and enhance their

therapeutic response (110). Additionally, nanoparticles could be

designed for combination therapy targeting multiple pathways

involved in the immune system. For example, nanoparticles can

simultaneously deliver therapeutic drugs and drug efflux pump

inhibitors such as P-glycoprotein (P-gp). By inhibiting drug efflux

mechanisms, nanoparticles improve intracellular antibody

accumulation and overcome drug resistance (111). In conclusion,

nanoparticles show the potential to resolve resistance to colon

cancer by improving drug, improving drug stability and targeting

cancer. Improved bioavailability and reduced adverse effects can be

greatly attributed to research on targeted drug delivery, which

enables the treatment of cancer without harming healthy cells

(112). Small molecule medications can be carried and

accumulated in tumor tissue using nanocarriers, a type of

nanosystem. Nanocarriers are superior to free medications

because of their excellent efficacy and low incidence of side

effects. Protect the medication against degradation, limit renal

clearance, boost half-life and bioavailability, and slow drug release

rate with nanocarriers in addition (113). In this section, we

emphasized that chemotherapeutics, targeted medicines, and

natural medications are all influencing the creation of nano

preparation for the treatment of CRC (Table 3).
Liposomes

A lipid vesicle with a membrane made of amphiphilic

phospholipids is called a liposome, and it contains an aqueous

volume. All of these compounds are made up of neutral

phospholipids like lecithin or cholesterol as well as positively- or

negatively-charged ones. Inert, biodegradable and biocompatible

liposomes made of phospholipid molecules, which make up most

of the membranes in living organisms, are produced by the RES. For

the majority of phospholipids, self-assembly in water results in the

formation of two or more bilayers or multilayer vesicles with an

average bilayer thickness of roughly 5 nm. Liposomes can load

medicinal substances selectively by encapsulating hydrophilic drugs

in the aqueous core and hydrophobic drugs in the lipid bilayer

throughout this process. Oral, intravenous, and rectal administration

of liposomes for the treatment of CRC have all been documented in

the literature. Panitumumab and cetuximab are two monoclonal

antibodies that specifically target ERBB1 (EGF receptor) signaling,

which plays a crucial role in the progression and development of

colorectal cancer (114). Blood arteries in the vicinity of tumours are

the primary target for passive targeting liposomes. Endothelial cell

gaps can range from 100 to 780 nm in different cancer types, whereas

in normal endothelial cells, the gap is only 5 to 10 nm wide. As a

result, liposomes of a size that is acceptable in this context can

extravasate into cancerous tissues. Antigens, antibodies and enzymes

can all be conjugated to the surface of liposomes in order to boost

their potential to target cancer cells more effectively. Proteins

overexpressed in tumor cells, such as folate receptors and
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TABLE 3 Detailed description of nano-vesicular based delivery system for the management of colorectal cancer.

Author
(s)

Delivery
system (s)

Preparative
method

Drug (s) Therapeutic Intervention References

Bansal
et al; 2016

Liposomes Cast film
method

Oxaliplatin Folic Acid conjugated liposomes encapsulating Oxaliplatin were entrapped in
alginate beads and subsequently coated with Eudragit-S-100 for efficient delivery to
colon cancers. The study indicated that Eudragit coated alginate beads got into the
colon of Balb/c mice between 4.20 and 4.50 h after oral administration. In vivo
findings demonstrated that folic acid associated liposomes encapsulated in alginate
beads supplied 2.82 ± 0.58 and 21.52 ± 2.76 mg L-OHP/g tissues in the colon and
tumour after 12 h, showing its targeting capacity to colon and tumour.

(107)

Yang et al;
2011

Liposomes Reverse-phase
evaporation
method

Oxaliplatin An investigation was conducted on the efficacy of PEG-Oxaliplatin long circulating
liposomes, to increase the therapeutic index of colorectal cancer. PEG-liposomes were
able to form a stable bond with cells after only 2 hours, and the mean fluorescence
intensity increased when the induction period was lengthened. Comparatively, 23.21
percent ± 3.38 percent, respectively, of the cells were apoptotic in the presence of
PEG-oxaliplatin liposomes (P-ox-L) and free oxaliplatin liposomes (ox-L). Using
In-Vivo Imaging, fluorescence imaging showed that PEG-liposomes specifically
targeted tumour tissue. Compared to free (ox-L), (P-ox-L) PEG-liposomal L-oHP
reduced tumour volume by 26.08 percent ± 12.43 percent and increased life span by
45.36 percent, respectively, after intravenous injections.

(108)

Soo et al;
2015

Liposomes Extrusion
technique

Polymeric nanoparticles and liposomes have demonstrated limited success in
encapsulating resveratrol. Liposomes were used in this study to co-encapsulate both
the lipophilic and hydrophilic components of the medicine by adopting a novel
dual carrier strategy to build and optimise a novel drug carrier. The final
formulation had a particle size of 131 nm, a polydispersity index of 0.089 nm, and
a zeta potential of -2.64 mV. Nanoformulations released 100 percent of the
medication in 24 hours, compared to a drug release profile of 40-60% for free
resveratrol and standard liposomal formulations. It remained steady at 4°C for 14
days. Resveratrol was found to have an increased cytotoxicity profile when it was
incorporated into liposomes rather than free resveratrol. The findings of the
study shows that liposomal formulations containing pristine resveratrol and its
cyclodextrin complex are a viable approach for improving hydrophobic
chemotherapeutic drug distribution.

(109)

Chaurasia
et al; 2015

Polymeric
nanoparticles

Emulsification-
diffusion-
evaporation
method

Curcumin Curcumin bioavailability and anti-cancer activity in vitro and in vivo have been
improved by the development of a novel polymeric nanoparticle. In terms of
particle size and entrapment efficiency, curcumin encapsulated nanoparticles
(CENPs) were found to be satisfactory. Compared to pure CUR, in vitro
cytotoxicity experiments using 50% cell growth inhibition values showed a 19-fold
reduction when CENPs were used. Oral administration of CUR as CENPs increased
its oral bioavailability by 91- and 95-folds, respectively, compared to oral
administration of pure CUR.

(110)

Tummala
et al; 2015

Polymeric
nanoparticles

Solvent
evaporation
emulsification
method

5-
Fluorouracil

The primary goal was to synthesise chitosan polymeric nanoparticles. Simulated
GIT tract fluids were used for in vitro drug release investigations, with pH values
ranging from 1.25 to 7.0. 5-FU nanoparticles with a drug:polymer ratio of 1:2 and
1:3 have shown improved particle size (149 nm and 138 nm respectively) and
entrapment efficiency (48.12 ± 0.08 percent and 69.18 ± 1.89 respectively). Drug
release from 5-FU after four hours is superior to that from non-enteric coated
tablets, which released more than half of their medication before it reached the
colon. Nanoparticles generated by this process employing a polymer with an
optimum ratio can be used as a potential drug delivery mechanism for the effective
delivery of the active pharmaceutical ingredient to colorectal cancers.

(111)

Yakati
et al; 2022

Polymeric
nanoparticles

Emulsion-
solvent
evaporation
method

Paclitaxel Polymeric nanoparticle delivery systems that target both cancer cells and
endothelial cells should be developed, using CPKSNNGVC (CPK in short) as a
nanoparticle surface-bound targeting ligand for cancer cells. Nanoparticles with a
diameter of 215 ± 4 nm, a zeta potential of 12 ± 3 mV, and a concentration of 16–
17.5 percent w/w paclitaxel (PTX) were manufactured. Using maleimide-thiol
chemistry, CPK peptide was then attached to the surface of nanoparticles (CPK-
PTX-NPs). MCT1 receptor-overexpressing colorectal cancer (CRC) cells displayed
MCT1 receptor-mediated cellular uptake and apoptosis-mediated cell death in
CPK-PTX-NPs, but the other nontargeting nanoparticles failed to show MCT1
receptor-mediated cellular uptake. CPK-PTX-NPs were able to decrease
angiogenesis in a chick embryo angiogenesis assay by targeting the specific CPK-
PTX molecule. PTX-encapsulated and CPK-decorated polymeric nanoparticles,
which are selective for the MCT1 receptor and encapsulated and decorated with

(112)

(Continued)
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transferrin receptors, can be targeted by these compounds with a high

degree of specificity (EGFRs). Affinity interaction occurs when

targeted liposomes arrive at cancer areas, allowing them to

aggregate around tumor tissues (115). Shen et al. construct a

bifunctional liposome by self-assembly of oxaliplatin-prodrug (Oxa

(IV)) conjugated phospholipid and alkylated NLG919 (aNLG), an

IDO1 inhibitor, together with other commercial lipids. An NLG919-

mediated inhibition of IDO1 in the NLG/Oxa (IV), liposomes can

effectively prevent the depletion of tryptophan to immunosuppressive

kynurenine in cancer cells, as well as release the cytotoxic oxaliplatin

into the cytosol to induce immunogenic cell death (ICD). ANLG/Oxa
Frontiers in Oncology 15117
(IV)-Lip, on the other hand, has been shown to have a extensive

blood circulation period, allowing for highly efficient passive tumor

homing. Anti-tumor efficacy of such aNLG/Oxa(IV)-Lip is enhanced

in both SC and orthotopic CT26 tumours due to significantly primed

anti-tumor immunity of enhanced intratumoral CD8+ T cell,

cytotoxic cytokines and downregulation of immunosuppressive

regulatory T cells, which are present in both tumor types. There’s a

lot of potential for future clinical use of this bifunctional NLG/OXA

(IV)-Lip due to its good biocompatibility and strong therapeutic

performance (116). Alomrani et al. prepared chitosan-coated

flexible liposomes (chitosomes) containing 5-FU were developed
TABLE 3 Continued

Author
(s)

Delivery
system (s)

Preparative
method

Drug (s) Therapeutic Intervention References

peptides unique to the CRC, are effective carriers for antineoplastic drug delivery
that result in dramatically improved therapeutic efficacy.

Smith
et al; 2020

Solid lipid
nanoparticles

Hot and cold
homogenization
technique

5-
Fluorouracil

It was possible to create the SLN-loaded 5-FU through the use of a SMART (Strategic
and Unique Method to Advance and Refine the Treatment) for CRC. PEGylated
lipids and a mix of surfactants were used to create the SLN. Cytotoxicity, clonogenic
assays, flow cytometry, and confocal microscopy were used to investigate the cellular
uptake and efficacy of 5FU-SLN in HCT-116 cancer cells. Drug effectiveness
investigations on mice with subcutaneous HCT-116 cancer yielded pharmacokinetic
(PK) and receptor expression data. 5FU-SLN was the most effective formulation with
particle size of 263 ± 3 nm, zeta potential of 0.1 ± 0.02 and entrapment effectiveness
of 81 ± 10 percent. -Fu-IC50 SLN value was lower than that of 5-FU (17.7 ± 0.03 µM)
by 2.3 times, according to the results of this study. Compared to 5-FU, 5FU-
SLN considerably reduced tumour growth, and the area under the plasma
concentration-time curve (AUC) of 5FU-SLN was 3.6 times greater than that of 5-FU.
Comparing 5-FU-SLN treated animals to 5FU-treated mice, HER2 receptor expression
was significantly reduced, but liver and kidney tissues revealed minimal damage at a
dose of 20 mg/kg. When compared to 5-FU, 5FU-SLN was highly cytotoxic to HCT-
116 cells and greatly reduced tumour growth in mice in the subcutaneous region. An
efficient delivery system for anticancer medicines is therefore critical, as evidenced by
this finding.

(113)

Serini
et al; 2018

Solid lipid
nanoparticles

Microemulsion
technique

Resveratrol Resveratrol esterified to stearic acid was used as a lipid matrix for the encapsulation
of omega-3 PUFA in the form of solid lipid nanoparticles (SLN). Increase the
efficiency of fatty acid incorporation into cells and prevent peroxidation/
degradation of these fats was our goal. The antioxidant activity of SLN derived
from resveratrol was studied and defined. An increase in the amount of omega-3
PUFAs incorporated into human HT-29 CRC cells and the growth inhibitory effects
they had on these cancer cells were seen when the SLN was filled with the fats.

(114)

Kamel
et al; 2017

Solid lipid
nanoparticles

Ultrasonication
method

5-
Fluorouracil
+
(Cinnamon/
oregano)

In order to achieve a particle size of 254.77nm, a polydispersity index of 0.28, a zeta
potential of +15.26, and an entrapment efficiency percent of 77.3 percent for
cinnamon and 69.1 percent for oregano, the experimental model developed
suggested an optimal formulation with 2% lipid and 2.3 percent surfactant and 0.4
percent chitosan as the key ingredients. Unencapsulated/encapsulated cinnamon
and oregano extracts with or without 5-Flourouracil were tested for cytotoxic
activities on HCT-116 cells in phase three. To reduce side effects and allow for
continued treatment, this study demonstrated the effectiveness of the 5-Flourouracil
combination proposed for treating human colon cancer at low doses.

(115)

Safwat
et al; 2016

Gold
nanoparticles

Citrate
reduction
method

5-
Fluorouracil

Thioglycolic acid (TGA) and glutathione (GSH) were used to load 5-FU onto gold
nanoparticles in order to increase their anticancer activity while reducing their
negative effects. Researchers synthesized and evaluated GNPs in different molar
ratios of 5-FU/ligand. Colorectal cancer tissue was examined using flow cytometry
to determine the anticancer activity of 5-FU/GSH-GNPs. The GNPs were spherical
and ranged in diameter from 9 to 17 nm. GNP stability and drug release were
studied as a function of salt concentration and solution pH. For both TGA-GNPs
and GSH-GNPs, maximal 5-FU loading could be achieved at molar ratios of 1:1
and 2:1. GNPs with a pluronic F127 coating was more resistant to salt. The 5-FU
released from GNPs was discovered to be pH-dependent and progressive. In
colorectal cancer cells, 5-FU/GSH-GNPs induced apoptosis and halted cell cycle
progression. They have a two-fold stronger anticancer effect compared to free 5-FU.
These data show that 5-FU's anticancer efficacy can be enhanced by GNPs.

(116)
frontiersin.org

https://doi.org/10.3389/fonc.2023.1211603
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jain and Bhattacharya 10.3389/fonc.2023.1211603
and characterized to use as a novel approach to target CRC cells.

Using film hydration and electrostatic deposition, 5-FU-loaded

flexible liposomes, as well as 5-FU-loaded chitosomes, were created.

A positive surface charge ranged from 6.1 mV to 14.7 mV for

chitosomes, while a negative surface charge ranged from 2.3 mV to

16.3 mV for liposomes, according to the results. Compared to 5-FU

solution and liposomes, chitosomes inhibit 5-FU release an in vitro

drug release investigation. Cytotoxicity tests on the CRC cell line HT-

29 revealed that 5-FU-loaded chitosomes outperformed liposomes

and the 5-FU solution in killing cancer cells over the long term. It was

thus possible to successfully produce chitosomes that carry 5-FU as a

nanocarrier in order to potentially harm cells of colorectal

cancer (117).
Polymeric nanoparticles

Due to various characteristics, including size, surface property,

and shape, the mononuclear phagocytic system (MPS) quickly

opsonizes and clears standard nanoparticle formulations in

circulation. These factors are mostly governed by polymer

property. Recent research into the effects of polymeric

nanoparticle characteristics has proven great therapeutic

usefulness in the delivery of medical medicines and bioactive

substances (118). EPR effect is a mechanism by which polymeric

nanoparticles travel through leaky blood arteries and preferentially

aggregate at tumor sites because of their small size and stealth

qualities (often between 10nm and 200nm). It is possible to use

natural or synthetic polymers in the manufacture of these

nanoparticles. Improved medication bioavailability, control of

drug release, longer circulation time and reduced non-specific

toxicity can be achieved by using polymeric nanoparticles in the

medical industry. By boosting the intracellular penetration of

medicines into tumor cells, polymeric NPs’ targeting functionality

for both active and passive allows them to selectively target certain

tissue regions. A regulated and targeted DDS for CRC therapy can

take advantage of the biodegradable polymer nanoparticle’s great

capabilities (119).

Udompornmongkol et al. developed Curcumin-loaded polymeric

NPs for enhanced anti-CRC applications. Curcumin was incorporated

into polymeric NPs for increased anti-CRC. Chitosan and gum arabic,

two naturally occurring polysaccharides, were used in the

emulsification solvent diffusion process to create nanoparticles.

Curcumin was found to be encapsulated in carriers with a +48 mV

ZP, 136 nm size, and excellent encapsulation efficacy, according to the

findings (95 percent). They rectified in their research work that

curcumin NPs could withstand hydrolysis by gastric juice or tiny

intestinal enzymes, and consequently, it should reach the colon

substantially intact, based on an in vitro release study. Due to their

enhanced cellular absorption, curcumin nanoparticles demonstrated

stronger anti-CRC effects than free curcumin. It was so determined that

curcumin was successfully encapsulated with superior anti-CRC action

in chitosan-gum arabic NPs (120). Badran et al. investigated the activity

of 5-FU loaded chitosan coated PLGA NPs (C-5-FU PLGA NPs) and

PCL. To deliver cancer treatment, (C-5-FU PCL NPs) were used as
Frontiers in Oncology 16118
carriers. The synthesized NPs had a PDI of 0.30 and had a spherical

shape with a particle size range of 188.1–302.2 nm. ZP changed from a

negative to a positive value when nanoparticles were coated with

chitosan. 5-FU’s entrapment efficiency was found in the range from

32% to 51%. Initially, 5-FU was released rapidly in vitro, followed by a

steady release profile. CRC cells (HT-29) were significantly inhibited in

vitro by the C-5-FU PLGA NPs compared to other NPs and

medication solution. These findings demonstrate that C-5-FU PLGA

NPs are a promising cancer therapeutic delivery vehicle (121).

Bhattacharya. S develop chitosan based polymeric NPs of Imatinib

(IMT-PNPs) for CRC targeting. Ionic gelation and central composite

design were used to make IMT-PNPs. There were 21 batches in which

the F10 formulation has been optimized. Approximately, 208 ± 0.01

nm particle size was identified in the improved formulations, as well as

a ZP of −32.56 ± 0.03 mV, an in-vitro cumulative drug release of 86.45

± 0.05%, and a drug entrapment efficacy of 68.52 ± 0.01%. After

intravenous delivery of fluorescent nanoparticles, epithelial colon cells

display a greater concentration of fluorescent nanoparticles. Because

just 0.46 percent of IMT-PNPs formulations had hemolysis as a result

of intravenous administration, the formulation is considered safe.

Histopathological study of the final formulations found no evidence

of tissue injury, indicating that the I.V. mode of administration of the

final formulation is safe. The MTT assay shows that entrapped IMT-

PNPs cause greater cytotoxicity in CT26 CRC cell lines and it’s this

cytotoxicity is better regulated. IMT-PNPs may be a viable method for

targeting colorectal cancer utilizing the intravenous route, according to

the findings of this study (122).
Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) or lipospheres are a promising

class of pharmaceutical nanocarriers for regulated drug delivery.

Biodegradable and non-toxic lipidic components typically make up

SLNs. In addition to being able to transport a range of treatments,

SLNs may also carry genetic material (DNA/siRNA), vaccination

antigens, and other biomacromolecules. Aqueous colloidal

dispersions of solid biodegradable lipids provide the matrix of

SLN. Colloid-based carriers, such as the SLN, combine the

advantages and prevents the disadvantages of numerous colloidal

carriers of its type, such as physical stability, protection from

degradation of included labile medicines and regulated release,

great tolerability. SLN formulations have been produced and

comprehensively studied in vitro and in vivo for a variety of

administration routes (parenteral, oral, cutaneous, ophthalmic,

pulmonar, and rectal). To ensure the SLNs’ quality, they must be

properly and adequately characterized. Because of the small size of

the particles and the dynamic nature of the delivery mechanism,

characterizing SLN is extremely difficult (123). Particle size, ZP,

lipid modification (polymorphism), degree of crystallinity, and

coexistence of additional colloidal structures (miscelles, liposome,

super cooled melts, drug nanoparticles), time scale of distribution

processes, in vitro drug release, surface morphology, and drug

content are some of the important parameters evaluated for the

SLNs. They may load both hydrophilic and lipophilic medicines,

which makes them unique among tiny drug molecules. From
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popular and convenient modes of administration, such as oral and

intravenous administration, the latter ones are quite difficult to

provide. SLNs have a lovely interior core structure that can

accommodate lipophilic compounds. Being small, these particles

have advantages in terms of the biopharmaceutical features of

nanoparticle trafficking in vivo, followed by drug administration

and controlled release at the target site of action. Depending on how

they are prepared, they are colloidal in size and can be loaded with

hydrophilic and lipophilic medicines. The heated microemulsions

from which SLN are made have a versatile component that can be

tailored to the kind of medicine and the mode of administration

(124). Rajpoot et al. develop and optimize oxaliplatin (OP) loaded

SLNs. These SLNs comprise Tween 80, DSPE, Lipoid S75, tristearin,

and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE).

Folic acid (FA) conjugation was made possible by the use of an

enhanced SLN formulation developed using the Box–Behnken

design. Particle size, ZP, entrapment efficiency (EE), and the

shape of the formulations were assessed for several physiological

characteristics, such as XRD and DSC. OPSLNs and OPSLNFs with

FA-coupled SLNs (OPSLNFs) loaded with OP showed good EE of

49.2 ± 0.38 percent and 43.5 ± 0.59 percent, respectively, and small

PS of 146.2 ± 4.4 nm and 158.8 ± 5.6 nm. Results from XRD

patterns and DSC analysis showed that OP was evenly distributed in

SLNs in an amorphous state. Up to a six-day sustained drug release

of OPSLNs and OPSLNFs formulation was demonstrated in an in

vitro drug release investigation. As compared to OPSLNs and OP

solution, OPSLNFs had the strongest anticancer activity on the cell

line HT-29. The results of this study show that HT-29 cells are more

sensitive to the medication encased in OPSLNFs than OPSLNs and

OP solution. As a result, this unique technique may hold promise

for the treatment of CRC (125). Senthil et al. evaluated the

effectiveness of chitosan-coated-trans-resveratrol (RSV) and

ferulic acid (FER) loaded SLNs that conjugated with folic acid

(FA) (C-RSV-FER-FA-SLNs) in CRC targeting in relevant models

(in vitro). A co-encapsulation approach of the stearic acid is used to

perform the conjugation of the FAs. Even under acidic conditions,

these SLNs show greater durability, demonstrating their potential

for use as DDS. Physiochemical evaluations, such as FTIR, XRD,

1HNMR and particle size, ZP and drug release, are also carried out

on the optimised formulations. When compared to free RSV-FER,

the C-RSV-FER-FA-SLNs efficiently involved and elevated

cytotoxicity in cancer cells that resulted in apoptosis, as

demonstrated by fluorescence labelling, flow cytometry and

western blot analysis. Therefore, it is suggested that this C-RSV-

FER-FA-SLNs may be a suitable candidate for new nanodrug

formulations in cancer therapy due to its good stability under

acidic circumstances (126).
Gold nanoparticles

When it comes to the ability of AuNPs to serve as an optimum

drug carrier and overcome biological obstacles like macrophage

clearance, their physicochemical qualities, such as their size, shape,

and surface features, are critical. The interaction between

membrane receptors and NPs is one of the most essential features
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that governs the pace of cellular uptake (endocytosis) and hence

enhances the accumulation of drug-loaded NPs at the tumor site. In

order to avoid early clearance by the MPS organs, the nanoparticle

size is crucial. The rate of cellular absorption and accumulation of

AuNPs has been described in a number of prior investigations for

different AuNP sizes. Tunability of AuNP size during chemical

production might thereby enhance efficient delivery of therapeutic

agents to selected cells. In addition to traditional methods, scientists

are exploring new ways to produce gold NPs, called green synthesis.

These systems are known for their safety, environmental

friendliness and cost-effectiveness (127, 128). This process is

considered non-toxic, environmentally friendly and cost-effective.

Green synthesis involves the production of NPs internally and

externally using sunlight, electricity and organisms such as fungi,

algae and bacteria (129). This technique allows for the production

of various types of gold NPs, including nanospheres, nanorods, and

nanostars. Lee et al. demonstrated in 2020 that the synthesis of gold

NPs heavily relies on green materials such as enzymes, bacteria,

plants, and fungi. These advancements in green synthesis offer

promising alternatives for the production of gold NPs (130). In a

study by Rani et al., the therapeutic effects of biogenic gold

nanoparticles derived from Abutilon indicum (AIAuNPs) were

investigated in Wistar rats with 1, 2-dimethyl hydrazine (DMH)-

induced CRC. The results showed a positive localization of

AIAuNPs in colon tumors as assessed by ICP-OES, indicating

their bioavailability. Compared with standard paclitaxel,

treatment with AIAuNPs increased the level of cellular

antioxidant enzymes such as catalase, SOD, GSH, GPx and

decreased lipid peroxidation (LPO). In addition, AIAuNPs

significantly reduce inflammatory factors (b-catenin and Tcf-4)

involved in the Wnt pathway in CRC, while maintaining the

expression of apoptotic caspase-9, -8 and -3 and lamin. These

findings suggest that AIAuNPs have potential as therapeutic agents

for CRC (131).

When nanoparticles interact with lipid bilayer cell membranes,

their chemical capabilities, not their size or structure, play a major

role. The surface modification of AuNPs is an essential factor in

determining their usefulness in drug delivery systems. Oxidative

stress and inflammation can result from the overproduction of

reactive oxygen species (ROS) in the cells, and MNPs are implicated

in both processes (132). ROS has been found to be the primary

cause of damage to intracellular compartments such as proteins,

DNA, and the cell membrane. An array of intracellular responses,

including plasma membrane instability, interference with the anti-

oxidant defense system, and cell cycle arrest, as well as genomic

damage and interactions with cytoskeleton, proteins and lipids may

contribute to cell death. They can harm proteins by binding with

their thiol groups, which are linked to oxidation. The cytotoxicity of

bio-mediated produced AuNPs was examined in a study on

colorectal cancer cells HT-29 and Caco-2. When tested on HT-29

cells, the biogenic AuNPs demonstrated considerable toxicity, but

no toxicity on Caco-2 cells. The analysis for apoptotic activity

revealed that HT-29 cells had a 13-fold higher percentage of cells in

late apoptosis/necrosis than Caco-2 cells, but the percentage of cells

in early apoptosis was nearly identical in both cell lines (133). Using

two thiol-containing ligands, thioglycolic acid (TGA) and
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glutathione (GSH), Safwat et al. produced gold NPs to increase 5-

FU anticancer activity and reduce its adverse effects. The GNPs

were synthesized at various 5-FU/ligand molar ratios and tested

utilizing various methods. Flow cytometry was used to examine the

anticancer effectiveness of 5-FU/GSH-GNPs in colorectal cancer

tissue. The GNPs had a diameter of between 9 and 17 nm and were

spherical in form. The effects of salt content and solution pH on

GNP stability and drug release were investigated. TGA-GNPs and

GSH-GNPs were able to achieve maximum 5-FU loading at a 5-FU/

ligand molar ratio of 1:1 and 2:1, respectively. The Pluronic F127

coating on GNPs increased their resistance to salt. A gradual and

pH-dependent release of 5-FU from GNPs was observed. 5-FU/

GSH-GNPs promoted apoptosis in colorectal cancer cells and

halted cell cycle development. Compared to free 5-FU, they

demonstrated a two-fold greater anticancer impact. These

findings demonstrate that GNPs can improve the antitumor

activity of 5-FU (134). The targeted chemo-photothermal

treatment of CRC was developed by Emami et al. using

doxorubicin (DOX) conjugated with anti-PD-L1 targeting gold

NPs (PD-L1-AuNP-DOX). Anti-PD-L1 antibody and DOX have

been linked by amide linkage to the terminal end group of lipoic

acid polyethylene glycol N-hydroxysuccinimide (LA-PEG-NHS),

and PD-L1-AuNP-DOX has been synthesized by attaching a short

PEG chain to the surface of AuNP and joining LA-PEG-DOX and

LA-PEG-PD-L1. Near-infrared (NIR) irradiation was used to

characterize the PD-L1-AuNP-physicochemical DOX’s properties

and conduct biological research. An excellent intracellular

absorption of DOX was demonstrated in CT-26 cells by the 66.0

percent apoptotic impact of PD-L1-AuNP-DOX (40.0 nm).

Apoptosis and cell cycle arrest were increased by PD-L1-AuNP-

DOX therapy in combination with NIR irradiation in the in vitro

proliferation of CT-26 cells. The study shows that synergistic

targeted chemo-photothermal therapy in conjunction with PD-

L1-AuNP-DOX has a significant promise for treating localized

CRC (135).
Dendrimers

Dendrimers are nanosized macromolecules with tree-like

branches and arms originating from a central core (136). Several

cationic, neutral, or anionic end groups are present on the arms.

Throughout the synthesis process, branches are added to the core at

successive levels known as generations. Dendritic macromolecules

likely to grow linearly in diameter and adopt a globular shape as

dendrimer branches increases (137). Due to their specific

physicochemical properties, as well as their biodegradable

backbones, dendrimers are suitable for delivering drugs and genes

(138–140). Drugs and targeting moieties can be loaded into

dendrimer cavities through chemical linkages, hydrogen bonds, or

hydrophobic interactions. Multiple dendrimers have been

investigated for cancer therapeutics, including polyamidoamine

(PAMAM), polypropylene imine (PPI), poly(ethylene glycol)

(PEG), Bis-MPA (2,2-bis(hydroxymethyl) propionic acid) and 5-

ALA (5-aminolevulinic acid) (141). Dendrimer-DOX was

studied by Mignani et al. which showed that it was 10 times less
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harmful than free DOX after being exposed to C-26 CRC cells for 72

hours. When BALB/c mice with C-26 CRC tumors were given

dendrimer-DOX, the tumor uptake was 9 times greater than with

free DOX at 48 hours and had a half-life of 16-hour. The mice

survived for two months with a single injection of dendrimer–

DOX (141).

In a research conducted by Zhuo et al., different generations

(0.5-5.5) of 5-FU-dendrimer conjugates were synthesized,

demonstrating enhanced controlled release properties for the

anticancer drug 5-FU (142). Moreover, the conjugation of DOX

with PEGylated dendrimers resulted in improved circulation time,

decreased drug accumulation, and reduced toxicity. When

administered subcutaneously in a mice with highly invasive CRC

C26 cells, these dendrimer-conjugated formulations showed the

ability to overcome the known resistance of these tumor cells to

doxorubicin (143). Additionally, dendrimers have shown potential

in preventing the initiation of metastasis by selectively binding to

and cytotoxically eliminating circulating tumor cells (CTCs) (144).

Due to these promising attributes, dendrimers are often referred to

as “therapeutic dendrimers” and warrant further investigation and

attention in the field of cancer-targeted therapy (145).
Quantum dots

Quantum dots (QDs) are tiny semiconductor nanoparticles

with a diameter smaller than 10 nm. Due to their small size, they

are often used as fluorescent labels in medical imaging or

incorporated into nanostructure scaffolds for diagnosis and

treatment purposes. QDs have been extensively studied in

theoretical quantum mechanics, and their optical properties,

which depend on their size and composition, make them valuable

in medical imaging, especially for the gastrointestinal tract. For

instance, in CRC, ODs labelled with bevacizumab, an antibody that

targets VEGF, have shown promise in non-invasively tracking the

overexpression of VEGF. These theranostic QDs not only possess

therapeutic capabilities but also enable the visualization of antibody

binding specificity (146). Additionally, a patented approach

involves the use of porphyrin carbon QDs conjugated with

cetuximab (C225-PCQD) for imaging and photodynamic therapy.

These QDs have the ability to accumulate in CRC cells that have

elevated levels of EGFR (147).
Polymeric micelles

Polymeric micelles (PMs) are self-assembled structures formed

by amphiphilic block copolymers in water-based solutions. These

micelles possess a hydrophobic core and a hydrophilic shell, making

them suitable for encapsulating hydrophobic drugs and improving

their solubility (148). PM-based carriers can be easily developed and

can be optimized for drug delivery. Additionally, they can be

functionalized with targeting ligands to enhance their

accumulation at tumor sites, reduce side effects, and enable

controlled release of drugs over an extended period (149, 150).

Recent study has focused on the development of pH-responsive
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copolymers for optimized delivery of anticancer drugs in colon

cancer treatment. These micelles exhibit pH sensitivity and

effectively target colon tissues, achieving controlled drug release

rates of over 80% (151). Hence, they are regarded as “smart”

nanocarriers for delivering anticancer drugs and imaging agents,

with potential applications in therapeutics and diagnostics. Notably,

several PM formulations loaded with drugs have entered clinical

trials for cancer treatment. For instance, Genexol®-PM, a PM

formulation loaded with paclitaxel (PCX), is undergoing phase IV

clinical trials for CRC, and other trials aim to explore its efficacy in

ovarian, lung, cervical, and pancreatic cancers. Preclinical studies

on multidimensional PMs are also underway, highlighting their

potential as promising platforms for drug delivery and cancer

therapy, deserving further investigation and attention (152).
Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) are a class of materials

composed of silica (SiO2) that have attracted significant attention in

drug delivery due to their unique porous structure, capable of

accommodating large amounts of bioactive molecules. MSNs offer

adjustable cavity sizes within the range of 50-300 nm, lower toxicity,

easy uptake by cells, and resistance to heat and variable pH

conditions (153). A hybrid system called MSN-protamine (MSN-

PRM) has been developed to enable selective drug release in cancer

cells, which can be activated by specific enzymes to initiate

anticancer activity (154). By conjugating MSNs with hyaluronic

acid, the loading capacity of doxorubicin (DOX) into the MSNs is

significantly increased compared to unmodified MSNs. This

improvement resulted in improved cellular uptake and

cytotoxicity against human cancer cel ls . In addition,

functionalization of MSNs with polyethyleneimine-polyethylene

glycol (PEI-PEG) or PEG increased epirubicin hydrochloride

(EPI) loading and improved its antitumor activity (155). Silica

nanoparticles have been used in the treatment of CRC when

combined with photons to selectively destroy CRC cells (156).

Silica-based nanoshells encapsulate photosensitizing molecules,

facilitating their uptake by tumor cells. When exposed to light,

the photosensitive device releases oxygen molecules, effectively

killing cancer cells (157). Clinical trials are currently investigating

this technology in cancer treatment. Additionally, nanoparticles

have shown promise in molecular imaging of cancer cells, enabling

earlier diagnosis and targeted DDS.
Magnetic and metallic nanoparticles as
photosensitizers

Metallic and magnetic nanomaterials possess distinct magnetic,

optical, and photothermal properties that make them valuable in

various biomedical applications. Among these materials, iron oxide

stands out as a notable metallic nanomaterial with versatile uses. Its

exceptional magnetic properties enable its application in imaging

techniques and targeted drug delivery (158). Metallic NPs can be

combined with other nanomaterials and integrated with therapies
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like photothermal therapy (PTT). Iron oxide nanoparticles,

specifically, exhibit excellent biodegradability within the human

body, as the iron ions can be naturally adjusted. Recent research

suggests that smart multifunctional magnetic nanovesicles

containing the antibody-targeting peptide AP1 (MPVA AP1) hold

promise as effective anticancer agents (158). These nanovesicles

demonstrate remarkable selectivity and targeting towards CRC cells

while ensuring minimal drug leakage without magnetic field

stimulation. Additionally, nanovesicles loaded with doxorubicin

release the drug rapidly, accurately, and under precise control

when exposed to a high-frequency magnetic field. Consequently,

smart magnetic nanovesicles like MPVA-AP1 exhibit significant

potential for delivering specific doses and achieving sustained drug

release in antitumor applications. Iron oxide nanoparticles also

increased hyperthermia effects and prove highly beneficial in CRC

diagnosis. For instance, PLGA NPs loaded with 5-FU and iron

oxide induce greater DNA damage in HT-29 colon tumor cells

compared to hyperthermia alone (159). Other studies reveal the

controlled release of PCX and super-paramagnetic iron oxide

(SPIO) from PEAL Ca micelles, with release rates influenced by

pH levels. Cell culture experiments further demonstrate successful

absorption of PTX-SPIO-PEALCa by CRCLoVo cells, while PCX is

internalized by lysosomal cells, effectively inhibiting CRC LoVo cell

growth. Thus, micelles offer substantially potential as well as greater

drug release methods for CRC treatment using MRI imaging (160).
Carbon-based nanoparticles

The carbon-based nanomaterial family encompasses various

members such as fullerenes, carbon nanotubes, graphene,

nanodiamonds, and carbon-based quantum dots (161). These

nanomaterials exhibit exceptional physical and chemical

properties, including mechanical strength, electrical conductivity,

thermal stability, optical characteristics, and chemical reactivity. As

a result, they have attracted significant attention and are being

extensively researched for a wide range of applications, particularly

in biomedicine. They hold promise as carriers for therapeutic agents

in disease treatment, tissue regeneration, and cell and tissue

imaging. Furthermore, their anti-bacterial and anti-inflammatory

activity are also being extensively investigated (162).

Carbon nanotubes (CNTs) are a widely studied type of carbon

nanoparticles in the field of biomedicine. These are cylindrical

structures made of extruded graphene sheets with a diameter of

less than 1 µm and a nanoscale length (162). Their large surface

area, needle-like structure, high thermal conductivity, and chemical

stability make them suitable for various applications, including

immunotherapy, diagnostics, gene therapy, and as carriers in

DDS (163). Many strategies have been developed to use CNTs as

anti-inflammatory agents. For example, single-walled carbon

nanotubes (SWCNTs) conjugated with a synthetic polyampholyte

have demonstrated enhanced anticancer effects of paclitaxel in

Caco-2 and HT-29 cells compared to paclitaxel alone (164).

Similarly, Eudragit®-irinotecan-loaded CNTs have shown

improved efficacy in cancer treatment (165). Moreover, infrared

light-activated oxaliplatin and mitomycin C-coated CNTs exhibited
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higher drug delivery and localization in colon cancer cell lines (166).

SWCNTs modified with TRAIL, a ligand that induces apoptosis in

cancer cells, have demonstrated significantly increased cell death

compared to TRAIL delivery alone in carcinoma cell lines (167).
Cyclodextrin complexes

Cyclodextrins (CDs) are cyclic oligosaccharides composed of

glucose units linked by glycosidic bonds. They come in three

forms: a-CD, b-CD, and g-CD, each consisting of six, seven, or

eight glucose units, respectively (168, 169). The unique structure

of CDs resembles a hollow truncated cone with a hydrophobic

cavity and a hydrophilic outer surface, thanks to the chair

arrangement of the glucopyranose groups. This structure

enables the encapsulation of hydrophobic drugs within the CD

cavity, forming host-guest complexes without requiring complex

chemical reactions (170, 171). Furthermore, CDs can form

reversible inclusion complexes with various guest molecules,

allowing for both drug loading and controlled drug release at

specific sites as needed (172).

In a recent study by Bai et al., a modified g-CD containing

mannose was utilized to deliver regorafenib and effectively target

colorectal cancer cells (173). The modified CD formed various types

of channels that specifically targeted cancer cells, leading to cell

death. The study demonstrated sustained release of the drug,

resulting in increased apoptosis and a reduction in tumor

supportive factors and pro-inflammatory cytokines. This research

highlights the potential of CDs in targeting cancer cells, which can

be further enhanced by incorporating appropriate targeting agents.

Another study focused on using a polycationic b-CD complexed

with camptothecin (CPT), a potent drug, to enhance its stability for

the treatment of early- and late-stage colon cancers (174).

Accurately distinguishing cancerous cells from normal tissues is

crucial for effective cancer diagnosis. Nanoengineering offers a

promising solution by enhancing the targeting and luminescent

properties of various materials, enabling their use in biomedical

applications. This advancement has led to the development of

bioimaging techniques that utilize nanomaterials for the

identification of different types of tumors. For instance,

Mortezazadeh et al. developed a targeted nanocontrast agent for

magnetic resonance imaging (MRI) using gadolinium (Gd)

nanoparticles coated with a b-CD-based polyester and folic acid

(FA). This nanoparticulate contrasting agent enables precise

localization and improved tissue discrimination, enhancing the

accuracy of cancer diagnosis. The polymer coating not only

provides stability to the nanoparticles in biological conditions but

also prevents leakage into normal tissues. The coated spherical Gd

nanoparticles, with a diameter ranging from 75 to 95 nm,

demonstrated non-toxicity towards normal human breast cells

(MCF-10A) in MTT assays, unlike free Gd2O3 (175). Although

nanoscale drug delivery vehicles have made significant progress,

further advancements are necessary to meet the clinical standards of
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care. CDs hold great promise as versatile agents capable of fulfilling

multiple roles at the nanoscale level.
Nanoimmunotherapeutics
and nanovaccines

Nanoimmunotherapeutics has emerged as a promising

approach for treating CRC by combining nanotechnology and

immunotherapy. Zhang et al. developed NPs capable of delivering

immune checkpoint inhibitors, such as anti-PD-1 or anti-CTLA-4

antibodies, directly to the tumor microenvironment. This targeted

delivery enhances immune cell activation and overcomes

mechanisms of immune evas ion (176) . Addit ional ly ,

Nanoimmunotherapeutics can incorporate immune stimulants

like Toll-like receptor agonists to further boost immune cell

activity against tumors (177). Preclinical studies in CRC models

have demonstrated the effectiveness of Nanoimmunotherapeutics,

showing improved tumor regression, prolonged survival, and

enhanced immune responses (177).

Nanovaccines have emerged as a promising approach for treating

CRC by utilizing the immune system to target and eradicate cancer

cells. These nanoscale vaccines are specifically designed to deliver

tumor-specific antigens, adjuvants, and immunomodulators, thereby

eliciting a potent and protective immune response against tumors. The

nanovaccine uses the unique properties of nanoparticles to improve

antigen presentation, activate the immune system and boost immunity

against cancer (178).

A nanovaccine that comprises certain tumor antigens like

carcinoembryonic antigen (CEA) or mucin 1 (MUC1) that

demonstrates a response resistance to sickness and tumor

progression has demonstrated promising outcomes in clinical

models . Addi t ional ly , Tol l - l ike receptor agonis ts or

NPs containing internal components may be used in

nanovaccines and nanoimmunotherapies to enhance immunity

and antigen presentation (179). Although clinical studies and the

development of nanovaccine and nanoimmunotherapy for CRC are

still in their early phases, they have the potential to enhance the

immune system’s performance in CRC patients (180).
Clinical trials for nanotechnology
used in CRC

Despite the fact that several nano formulations are undergoing

clinical studies, there aren’t many of them being utilized to treat

CRC. Table 4 prov ides a summary of some of the

nanoformulations employed for the suitable clinical studies

against the CRC. In a research study, a smooth-thermosensitive

liposomes containing doxorubicin called Thermodox® is intended

for usage in combination with thermal ablation. Thermodox® in

combination with thermal ablation was investigated for safety,

viability, and effectiveness in treating liver metastases in CRC in
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TABLE 4 Most recent clinical trials with nano formulations for CRC therapy.

Nanocarrier Used Drug
(Active Agent)

Applications Clinical
Trial
Status

Sources

Regulatory lymphocytes (Tregs): anti-CTLA-4
ipilimumab and anti-PD-L1 atezolizuma

Cytotoxic antibodies expressed on
surface of Tregs

Colorectal cancer FDA
approved

(138)

Polymeric NPs + cetuximab + somatostatin
analogue

Combination of NPs Somatostatin and
Cetuximab analogue

Metastatic colorectal cancer Phase I trial (139)

NKTR-102/IRI Formulation for prolonged release of
IRI conjugated with PEG/IRI

Metastatic CRC with KRAS-mutant II clinical
trial

(139)

PEG-PGA polymeric micelle SN-38 Colorectal, lung, & ovarian cancers Phase II trial (140)

Liposome Doxorubicin Colon cancer with liver metastasis Phase II trial (141)

CPX-1 liposome Liposomal IRI (irinotecan)
hydrochloride and floxuridine

Advanced colorectal cancer Phase II trial (139)

Cyclodextrin nanoparticle Camptothecin Solid tumors, rectal cancer, renal cell
carcinoma, non-small cell lung cancers

Phase I/II
trial

(142)

Carbon NPs Carbon NPs Laparoscopic surgery of colorectal cancer Phase I trial (139)

TKM-080301 Lipid NPs with serine/threonine kinase
inhibitor

Colorectal cancer with liver metastases and
ovarian, gastric, esophageal, and breast cancer

Phase I trial (139)

Nal-IRI Liposomal IRI Colorectal cancer along with advanced
gastrointestinal cancers

Phase I/II
trial

(139)

PEP02 liposome Liposomal IRI hydrochloride + 5-FU
and LV (leucovorin)

Metastatic colorectal cancer Phase II trial (139)

PEG-rhG-CSF PEGylated recombinant human
granulocyte colony stimulating factor
(CSF)

Solid malignant tumors (colorectal, ovarian,
lung, head, and neck cancer)

Phase IV
trial

(139)

PROMITIL PEGylated liposomal mitomycin C Metastatic colorectal cancer Phase I trial (139)

Silica NPs Fluorescent cRGDY-PEG-Cy5.5-C dots Colorectal malignancies Phase I-II
trial

(139)

MM-398 Liposomal IRI Advanced cancer of unresectable nature Phase Ib trial (139)
F
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TABLE 5 Recent patents related to nanoformulations for the management and treatment of CRC.

Nanocarrier/
Nanoparticles

Details of patent Molecule Year of
Patent
Granted

Patent
Number

Sources

Gold metallic NPs Fluorouracil (5-FU) INCORPORATED IN
Metallic NPs for connecting polynucleotide

Anticancer drug with a pyrimidine
group or a purine group such as 5-FU

2014 US8673358B2 (146)

Liposome Liposomal IRI + 5-FU/LV(leucovorin) and an
EGFR inhibitor

Irinotecan(IRI) 2017 WO2017172678 (147)

PEG-modified
cationic liposome

shRNA against TS(thymidylate synthase)
attached to cationic modified liposome with
PEG

shRNA 2014 ES2653923 (148)

Quantum points of
porphyrinic carbon

Quantum point of porphyrin carbon
conjugated with cetuximab biocompatible

Cetuximab 2018 US20180125976A1 (144)

Glyceryl mono fatty
acid ester

NPs of glyceryl monofatty acid ester, chitosan,
and therapeutic agent

Antineoplasic agent 2012 US8242165B2 (149)
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an open phase II investigations (NCT02181075) (181). In contrast

to targeting NPs, while passive targeting NPs have already received

FDA approval as cancer nanotherapeutics, active targeting NPs are

still in the early phases of clinical trials (182).

Furthermore, it has been seen in clinical studies that

nanoplatforms typically decrease the toxicity of drugs rather than

increase their efficacy. The majority of NPs, including actively

targeted nano preparations, accumulate at tumours based on EPR

effect, but this effect is more persistent in animals, whereas there are

variations in the EPR effect for CRC patients, which will affect the

efficacy of nano preparations (183, 184).
Patents approved for nanotechnology
in the treatment of CRC

A few of the clinical trial-validated nanomaterials have been

trademarked for commercial use in given in Table 5. Theragnostic

formulations are new approaches to CRC treatment that try to

forecast the results of a specific treatment, for example, by

identifying individuals who will respond to a drugs more

favourably or by giving information on how a drug is acting

(185). For example, Wu et al. developed porphyrin carbon QDs

coupled with cetuximab (C225-PCQD), which have been patented

as an imaging and photodynamic treatment strategy due to their

ability to aggregate in colon cancer cells that overexpress the EGFR

receptor (186). Also, a liposomal IRI formulation with 5-FU, LV,

and an EGFR inhibitor has also been granted patent protection by

Merrimack Pharmaceuticals for the treatment of metastatic CRC

with a wild-type RAS mutation (187).
Conclusion and future perspectives

A primary goal of the center for disease control and

prevention is to prevent cancer, diagnose it early, improve the

health of those who have it, and decrease the financial burden of

treating it. Following its tremendous success, there are some crucial

elements that need further examination. In the typical bench-top

technique, it has been difficult to control the nanoparticle size,

resulting in batch-to-batch variance. In order to attain more

atomization and large-scale capability, additional design work is

needed. Nanoparticles with desired particle sizes and distributions

can be manufactured continuously in a reproducible, large-scale

way using this approach. Nanoparticles also tend to congregate in

production and physiological settings. This physical instability can

be lessened by mixing in a little amount of NaCl to the gelation

media, but there are still other possibilities to consider. Innovative

ionic gelation techniques may lead to nanoparticles that are

stronger and more stable. Nanoparticles made from chitosan offer

a promising start in this direction. In addition, further research is

needed to develop stable and effective nanoparticle-based powder

compositions. In the treatment of CRC, CRC-targeted nano-

DDS can alter the distribution and release of drug in people by

accumulating in CRC, which improves therapeutic efficacy and

lowers adverse effects compared to conventional therapy
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approaches. Overall, the results have demonstrated that

synthesised gold NPs may be effective anti-colon cancer

medications because of their distinctive optical features, which

make them valuable in imaging and photothermal treatment.

These nanoparticles can also be altered using specific ligands to

allow for specific distribution to tumor locations. For the treatment

of CRC, researchers have looked at the use of gold nanoparticles to

increase the results of radiotherapy and photothermal

therapy (188).

The treatment approaches of CRC may change in the future.

Using nanoparticles with ligands or antibodies on their surface to

deliver substances specifically to tumor cells is one such strategy.

Exploiting the increased EPR effect is another strategy that takes

advantage of tumours’ aberrant blood arteries and impaired

lymphatic drainage. This improves drug delivery by allowing

nanoparticles to collect preferentially in tumor tissue.

Nanomaterials can also be developed to react to certain stimuli

present in the tumor microenvironment, such as pH, temperature,

or enzyme activity. This enhances the efficiency of therapy by

enabling regulated drug release at the tumor location.

Additionally, imaging capabilities can be added to nanomaterials,

enabling non-invasive monitoring of medication distribution,

tumor targeting, and therapeutic response. These developments

could help assist personalised medicine and enhance CRC

treatment plans. Furthermore, nanomaterials can be engineered

with imaging capabilities, allowing for non-invasive monitoring of

drug distribution, tumor targeting, and treatment response. These

advancements have the potential to support personalized medicine

and optimize treatment strategies for CRC.

This review summarizes and classifies the colon-targeted NPs

from the perspective of targeting power, showcasing the diversity

and innovation of NPs targeting CRC in academic research.

Ultimately, more preclinical and clinical testing is needed to bring

gold nanoparticles to the market. There are now several clinical

trials being conducted on the use of NPs in CRC. However, a

number of clinical phases still need to be completed by the majority

of these approaches before they can be commercialized. Toxicology,

bioavailability, side effects, cost-effectiveness, and biocompatibility

need to be studied further in preclinical and clinical settings. The

literature that is now accessible and the research that is being done

on the use of NPs in the treatment of cancer clearly suggest that

treatments utilizing nanoformulations can simultaneously be used

for diagnostic and therapy based on their functionalization and

contents are especially promising.

Additionally, new patents for DDS based on nanotechnology

are being explored. To ascertain their applicability, adverse effects,

removal procedures, and therapeutic benefits, clinical studies are

being conducted on them. There has been a rise in medical device

and medication delivery system research as a result of the

advancements in nanotechnologies. It was possible to create

multipurpose platforms, like nano theranostics, using

nanotechnology to create medical goods with several modes of

action. As a cancer therapy, preclinical studies with nanomaterials

have demonstrated their efficacy. Research into immunotoxicity

testing, nanoparticle surfaces, and drug fraction encapsulation and

decapsulation has shown the importance of nanotechnology in the
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field of medicine in the 21st century. In biomedical research, the

development of DDS with the potential to alter tissue absorption,

biodistribution of drugs, and pharmacokinetics of therapeutic

agents is critical. Current medical research is focused on

nanoparticles. When it comes to developing new treatments for

diseases, researchers have focused on using nanotechnology. Anti-

degradation, as well as targeted and controlled release, are all

possible with medicinal molecules combined with nanocarriers.

Numerous nanocarriers for cancer treatment and diagnosis have

been developed during the past 20 years as a result of rapid

advancements in nanoscience, technology, and industry and

cancer pathology (138). However, only few numbers of nano-

drugs have been successfully produced and involved in

clinical settings.
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88. Mosquera J, Garcıá I, Liz-Marzán LM. Cellular uptake of nanoparticles versus
small molecules: a matter of size. Accounts Chem Res (2018) 51(9):2305–13. doi:
10.1021/acs.accounts.8b00292

89. Gustafson HH, Holt-Casper D, Grainger DW, Ghandehari HJ. Nanoparticle
uptake: the phagocyte problem. Nanotoday (2015) 10(4):487–510. doi: 10.1016/
j.nantod.2015.06.006

90. Lee J, Twomey M, Machado C, Gomez G, Doshi M, Gesquiere AJ, et al.
Caveolae-m ediated endocytosis of conjugated polymer nanoparticles.Macromolecular
Bioscience (2013) 13(7):913–20.

91. Augustine R, Hasan A, Primavera R, Wilson RJ, Thakor AS, Kevadiya B. Cellular
uptake and retention of nanoparticles: insights on particle properties and interaction
with cellular components. Materialstoday Communications (2020) 25:101692. doi:
10.1016/j.mtcomm.2020.101692

92. Mohammadinejad R, Moosavi MA, Tavakol S, Vardar D.Ö., Hosseini A,
Rahmati M, et al. Necrotic, apoptotic and autophagic cell fates triggered by
nanoparticles. Autophagy (2019) 15(1):4–33. doi: 10.1080/15548627.2018.1509171

93. Kou L, Bhutia YD, Yao Q, He Z, Sun J, Ganapathy V. Transporter-guided
delivery of nanoparticles to improve drug permeation across cellular barriers and drug
exposure to selective cell types. Front Pharmacol (2018) 9:27. doi: 10.3389/
fphar.2018.00027

94. Ali ES, Sharker SM, Islam MT, Khan IN, Shaw S, Rahman MA, et al. Targeting
cancer cells with nanotherapeutics and nanodiagnostics: current status and future
perspectives, seminars in cancer biology. Chicago, USA: Elsevier (2021) p. 52–68.

95. Rosenblum D, Joshi N, Tao W, Karp JM, Peer DJ. Progress and challenges
towards targeted delivery of cancer therapeutics. Nature Communications (2018) 9
(1):1410. doi: 10.1038/s41467-018-03705-y
Frontiers in Oncology 25127
96. Shi J, Kantoff PW, Wooster R, Farokhzad O. Cancer nanomedicine: progress,
challenges and opportunities. Nature Reviews Cancer (2017) 17(1):20–37. doi: 10.1038/
nrc.2016.108

97. Wilhelm S, Tavares AJ, Chan W. Reply to “Evaluation of nanomedicines: stick to
the basics” (Ontario, Canada: Nature Reviews Materials), Vol. 1. (2016). pp. 1–2.

98. Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, et al. Analysis of
nanoparticle delivery to tumours. Nature Reviews Materials (2016) 1(5):1–12. doi:
10.1038/natrevmats.2016.14

99. Maeda H, Bharate G, Daruwalla J. Biopharmaceutics. Polymeric Drugs efficient
tumor-targeted Drug delivery based EPR-effect (2009) 71(3):409–19. doi: 10.1016/
j.ejpb.2008.11.010

100. Maeda H, Sawa T, Konno T. Mechanism of tumor-targeted delivery of
macromolecular drugs, including the EPR effect in solid tumor and clinical overview
of the prototype polymeric drug SMANCS. Journal of Controlled Release (2001) 74(1-
3):47–61. doi: 10.1016/S0168-3659(01)00309-1

101. Wang Y, Ma J, Qiu T, Tang M, Zhang X, Dong W. In vitro and in vivo
combinatorial anticancer effects of oxaliplatin-and resveratrol-loaded n, O-
carboxymethyl chitosan nanoparticles against colorectal cancer. European Journal of
Pharmaceutical Sciences (2021) 163:105864. doi: 10.1016/j.ejps.2021.105864

102. Tonigold M. Pre-adsorption of antibodies enables targeting of nanocarriers
despite a biomolecular corona. Nat Nanotech (2018) 13:862–69. doi: 10.1038/s41565-
018-0171-6

103. Golombek SK, May J-N, Theek B, Appold L, Drude N, Kiessling F, et al. Tumor
targeting via EPR: strategies to enhance patient responses. Advanced Drug Delivery
Reviews (2018) 130:17–38. doi: 10.1016/j.addr.2018.07.007

104. Dabkeviciene D, Jonusiene V, Zitkute V, Zalyte E, Grigaitis P, Kirveliene V,
et al. The role of interleukin-8 (CXCL8) and CXCR2 in acquired chemoresistance of
human colorectal carcinoma cells HCT116. Medical Oncology (2015) 32:1–7. doi:
10.1007/s12032-015-0703-y

105. Ge P, Niu B, Wu Y, Xu W, Li M, Sun H, et al. Enhanced cancer therapy of
celastrol in vitro and in vivo by smart dendrimers delivery with specificity and
biosafety. Chemical Engineering Journal (2020) 383:123228. doi: 10.1016/
j.cej.2019.123228

106. Bhattacharya S. Anti-EGFR-mAb and 5-fluorouracil conjugated polymeric
nanoparticles for colorectal cancer. Recent Patents on Anti-Cancer Drug Discovery
(2021) 16(1):84–100.

107. Watts ER, Walmsley SR. Inflammation and hypoxia: HIF and PHD isoform
selectivity. Trends in Molecular Medicine (2019) 25(1):33–46. doi: 10.1016/
j.molmed.2018.10.006

108. Wong KE, Ngai SC, Chan K-G, Lee L-H, Goh B-H, Chuah L-H. Curcumin
nanoformulations for colorectal cancer: a review. Frontiers in Pharmacology (2019)
10:152. doi: 10.3389/fphar.2019.00152

109. ShaoM, Chang C, Liu Z, Chen K, Zhou Y, Zheng G, et al. Polydopamine coated
hollow mesoporous silica nanoparticles as pH-sensitive nanocarriers for overcoming
multidrug resistance. Colloids and Surfaces B: Biointerfaces (2019) 183:110427. doi:
10.1016/j.colsurfb.2019.110427

110. Akbarzadeh Khiavi M, Safary A, Barar J, Ajoolabady A, Somi MH, Omidi YJC,
et al. Multifunctional nanomedicines for targeting epidermal growth factor receptor in
colorectal cancer. Cellular and Molecular Life Sciences (2020) 77:997–1019.

111. Halder J, Pradhan D, Kar B, Ghosh G, Rath G. Biology, medicine,
nanotherapeutics approaches to overcome p-glycoprotein-mediated multi-drug
resistance in cancer. (2022) 40:102494.

112. Aminu N, Bello I, Umar NM, Tanko N, Aminu A, Audu MM. The influence of
nanoparticulate drug delivery systems in drug therapy. J Drug delivery Sci Technol
(2020) 60:101961. doi: 10.1016/j.jddst.2020.101961

113. Zhang J, Hu K, Di L, Wang P, Liu Z, Zhang J, et al. Traditional herbal medicine
and nanomedicine: converging disciplines to improve therapeutic efficacy and human
health. Advanced Drug Delivery Rev (2021) 178:113964. doi: 10.1016/
j.addr.2021.113964

114. London M, Gallo E. Epidermal growth factor receptor (EGFR) involvement in
epithelial-derived cancers and its current antibody-based immunotherapies. Cell Biol
Int (2020) 44(6):1267–82. doi: 10.1002/cbin.11340

115. Zein R, Sharrouf W, Selting K. Physical properties of nanoparticles that result
in improved cancer targeting. Journal of Oncology (2020). doi: 10.1155/2020/5194780

116. Shen F, Feng L, Zhu Y, Tao D, Xu J, Peng R, et al. Oxaliplatin-/NLG919
prodrugs-constructed liposomes for effective chemo-immunotherapy of colorectal
cancer. Biomaterials (2020) 255:120190. doi: 10.1016/j.biomaterials.2020.120190

117. Alomrani A, Badran M, Harisa GI, ALshehry M, Alhariri M, Alshamsan A,
et al. The use of chitosan-coated flexible liposomes as a remarkable carrier to enhance
the antitumor efficacy of 5-fluorouracil against colorectal cancer. Saudi Pharm J (2019)
27(5):603–11. doi: 10.1016/j.jsps.2019.02.008

118. Zu M, Ma Y, Cannup B, Xie D, Jung Y, Zhang J, et al. Oral delivery of natural
active small molecules by polymeric nanoparticles for the treatment of inflammatory
bowel diseases. Advanced Drug Delivery Rev (2021) 176:113887. doi: 10.1016/
j.addr.2021.113887

119. Idrees H, Zaidi SZJ, Sabir A, Khan RU, Zhang X, Hassan S-u. A review of
biodegradable natural polymer-based nanoparticles for drug delivery applications.
Nanomaterials (2020) 10(10):1970. doi: 10.3390/nano10101970
frontiersin.org

https://doi.org/10.1002/lsm.23530
https://doi.org/10.1002/lsm.23530
https://doi.org/10.1016/j.ijbiomac.2020.05.151
https://doi.org/10.1080/02726351.2020.1859027
https://doi.org/10.3390/pharmaceutics14091886
https://doi.org/10.1002/mame.202100102
https://doi.org/10.2147%2FIJN.S89066
https://doi.org/10.4314/tjpr.v14i9.1
https://doi.org/10.30750/ijpbr.4.2.4
https://doi.org/10.1016/0378-5173(92)90249-2
https://doi.org/10.1016/0378-5173(92)90249-2
https://doi.org/10.3109/03639045.2011.641562
https://doi.org/10.1007/s11095-022-03301-2
https://doi.org/10.1039/C9RA08192E
https://doi.org/10.1016/j.addr.2019.04.008
https://doi.org/10.1016/j.addr.2019.04.008
https://doi.org/10.1021/acs.langmuir.9b01373
https://doi.org/10.1021/acs.accounts.8b00292
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1016/j.mtcomm.2020.101692
https://doi.org/10.1080/15548627.2018.1509171
https://doi.org/10.3389/fphar.2018.00027
https://doi.org/10.3389/fphar.2018.00027
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1038/nrc.2016.108
https://doi.org/10.1038/nrc.2016.108
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1016/j.ejpb.2008.11.010
https://doi.org/10.1016/j.ejpb.2008.11.010
https://doi.org/10.1016/S0168-3659(01)00309-1
https://doi.org/10.1016/j.ejps.2021.105864
https://doi.org/10.1038/s41565-018-0171-6
https://doi.org/10.1038/s41565-018-0171-6
https://doi.org/10.1016/j.addr.2018.07.007
https://doi.org/10.1007/s12032-015-0703-y
https://doi.org/10.1016/j.cej.2019.123228
https://doi.org/10.1016/j.cej.2019.123228
https://doi.org/10.1016/j.molmed.2018.10.006
https://doi.org/10.1016/j.molmed.2018.10.006
https://doi.org/10.3389/fphar.2019.00152
https://doi.org/10.1016/j.colsurfb.2019.110427
https://doi.org/10.1016/j.jddst.2020.101961
https://doi.org/10.1016/j.addr.2021.113964
https://doi.org/10.1016/j.addr.2021.113964
https://doi.org/10.1002/cbin.11340
https://doi.org/10.1155/2020/5194780
https://doi.org/10.1016/j.biomaterials.2020.120190
https://doi.org/10.1016/j.jsps.2019.02.008
https://doi.org/10.1016/j.addr.2021.113887
https://doi.org/10.1016/j.addr.2021.113887
https://doi.org/10.3390/nano10101970
https://doi.org/10.3389/fonc.2023.1211603
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jain and Bhattacharya 10.3389/fonc.2023.1211603
120. Udompornmongkol P, Chiang B-H. Curcumin-loaded polymeric
nanoparticles for enhanced anti-colorectal cancer applications. J biomaterials Appl
(2015) 30(5):537–46. doi: 10.1177/0885328215594479

121. Badran MM, Mady MM, Ghannam MM, Shakeel F. Preparation and
characterization of polymeric nanoparticles surface modified with chitosan for target
treatment of colorectal cancer. Int J Biol macromolecules (2017) 95:643–9. doi: 10.1016/
j.ijbiomac.2016.11.098

122. Bhattacharya S, Singh D, Aich J, Shete MB. Development and characterization
of hyaluronic acid surface scaffolds encorafenib loaded polymeric nanoparticles for
colorectal cancer targeting. Materials Today Commun (2022) 31:103757. doi: 10.1016/
j.mtcomm.2022.103757

123. Wiac̨ek AE, Jurak M, Ładniak A, Przykaza K, Szafran K. Cyclosporine CsA–the
physicochemical characterization of liposomal and colloidal systems. Colloids Interfaces
(2020) 4(4):46. doi: 10.3390/colloids4040046

124. Van NH, Vy NT, Van Toi V, Dao AH, Lee B-J. Nanostructured lipid carriers
and their potential applications for versatile drug delivery via oral administration.
OpenNano (2022) 100064. doi: 10.1016/j.onano.2022.100064

125. Rajpoot K, Jain SK. Colorectal cancer-targeted delivery of oxaliplatin via folic
acid-grafted solid lipid nanoparticles: preparation, optimization, and in vitro
evaluation. Artif cells nanomedicine Biotechnol (2018) 46(6):1236–47. doi: 10.1080/
21691401.2017.1366338

126. Kumar CS, Thangam R, Mary SA, Kannan PR, Arun G, Madhan B. Targeted
delivery and apoptosis induction of trans-resveratrol-ferulic acid loaded chitosan
coated folic acid conjugate solid lipid nanoparticles in colon cancer cells. Carbohydr
polymers (2020) 231:115682. doi: 10.1016/j.carbpol.2019.115682

127. Murthy H, Desalegn T, Kassa M, Abebe B, Assefa T. Synthesis of green copper
nanoparticles using medicinal plant hagenia abyssinica (Brace) JF. Gmel. leaf extract:
Antimicrobial properties 2020 (2020) 2020:12. doi: 10.1155/2020/3924081

128. Bhattacharya T, Soares G, Chopra H, Rahman MM, Hasan Z, Swain SS, et al.
Applications of phyto-nanotechnology for the treatment of neurodegenerative
disorders. Materials (2022) 15(3):804. doi: 10.3390/ma15030804

129. Murthy HA, Zeleke TD, Tan K, Ghotekar S, Alam MW, Balachandran R, et al.
Enhanced multifunctionality of CuO nanoparticles synthesized using aqueous leaf
extract of vernonia amygdalina plant. Results in Chemistry (2021) 3:100141.
doi: 10.1016/j.rechem.2021.100141

130. Lee KX, Shameli K, Yew YP, Teow S-Y, Jahangirian H, Rafiee-Moghaddam R,
et al. Recent developments in the facile bio-synthesis of gold nanoparticles (AuNPs)
and their biomedical applications. International Journal of Nanomedicine (2020), 275–
300. doi: 10.2147/IJN.S233789

131. Mata R, Nakkala JR, Sadras SR. Therapeutic role of biogenic silver and gold
nanoparticles against a DMH-induced colon cancer rat model. Biomaterials Advances
(2023) 146:213279. doi: 10.1016/j.bioadv.2023.213279

132. Liu J, Li Y, Chen S, Lin Y, Lai H, Chen B, et al. Biomedical application of
reactive oxygen species–responsive nanocarriers in cancer, inflammation, and
neurodegenerative diseases. Front Chem (2020) 8:838. doi: 10.3389/fchem.2020.00838

133. Barabadi H, Vahidi H, Damavandi Kamali K, Rashedi M, Hosseini O,
Saravanan M. Emerging theranostic gold nanomaterials to combat colorectal cancer:
a systematic review. J Cluster Sci (2020) 31(4):651–8. doi: 10.1007/s10876-019-01681-x

134. Yang Y, Zheng X, Chen L, Gong X, Yang H, Duan X, et al. Multifunctional gold
nanoparticles in cancer diagnosis and treatment. Int J nanomedicine (2022) 17:2041–
67. doi: 10.2147/IJN.S355142

135. Wang Y, Wang X, Gao T, Lou C, Wang H, Liu Y, et al. Folding of flexible
protein fragments and design of nanoparticle-based artificial antibody targeting
l y sozyme . J Phy s Chem B ( 2022 ) 126 (27) : 5045–54 . do i : 10 . 1021 /
acs.jpcb.2c03200

136. Din FU, Aman W, Ullah I, Qureshi OS, Mustapha O, Shafique S, et al.
Effective use of nanocarriers as drug delivery systems for the treatment of selected
tumors. International Journal of Nanomedicine (2017) 12:7291–309. doi: 10.2147/
IJN.S146315

137. Krasteva N. Promising therapeutic strategies for colorectal cancer treatment
based on nanomaterials. Pharmaceutics (2022) 14:1213. doi: 10.3390/
pharmaceutics14061213

138. Cheng Z, Li M, Dey R, Chen Y. Nanomaterials for cancer therapy: current
progress and perspectives. Journal of Hematology & Oncology (2021) 14(1):1–27. doi:
10.1186/s13045-021-01096-0

139. Huang W, Wang X, Shi C, Guo D, Xu G, Wang L, et al. Fine-tuning vitamin e-
containing telodendrimers for efficient delivery of gambogic acid in colon cancer
treatment. Molecular Pharmaceutics (2015) 12(4):1216–29. doi: 10.1021/
acs.molpharmaceut.5b00051

140. L.-p. Wu M, Christensen JB, Trohopoulos PN, Moghimi S. Dendrimers in
medicine: therapeutic concepts and pharmaceutical challenges. Bioconjugate Chemistry
(2015) 26(7):1198–211.

141. Mignani S, Majoral J-P. Dendrimers as macromolecular tools to tackle from
colon to brain tumor types: a concise overview. New Journal of Chemistry (2013) 37
(11):3337–57. doi: 10.1039/c3nj00300k

142. Zhuo RX, Du B, Lu Z. In vitro release of 5-fluorouracil with cyclic core
dendritic polymer. Journal of Controlled Release (1999) 57(3):249–57. doi: 10.1016/
S0168-3659(98)00120-5
Frontiers in Oncology 26128
143. Lee CC, Gillies ER, Fox ME, Guillaudeu SJ, Fréchet JM, Dy EE, et al. A single
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LM02 trial Perioperative
treatment with panitumumab
and FOLFIRI in patients with
wild-type RAS, potentially
resectable colorectal cancer liver
metastases—a phase II study

Gudrun Piringer1,2*, Thomas Gruenberger3, Josef Thaler1,2,
Irene Kührer4, Klaus Kaczirek4, Friedrich Längle5,
Istvan Viragos-Toth5, Arno Amann6, Wolfgang Eisterer7,
Reinhold Függer8, Johannes Andel9, Angelika Pichler10,
Judith Stift 11, Lidija Sölkner12, Michael Gnant13

and Dietmar Öfner14 on behalf of the Austrian Breast
and Colorectal Cancer Study Group (ABCSG)
1Department of Internal Medicine IV, Klinikum Wels-Grieskirchen, Wels, Austria, 2Medical Faculty,
Johannes Kepler University Linz, Linz, Austria, 3Department of Surgery, Clinic Favoriten, Hepato-
Pancreato-Biliary Center, Health Network Vienna and Sigmund Freud University, Vienna, Austria,
4Division of General Surgery, Department of Surgery, Medical University of Vienna, Vienna, Austria,
5Department of Surgery, Landesklinikum Wiener Neustadt, Wiener Neustadt, Austria, 6Department of
Haematology and Oncology, Medical University of Innsbruck, Innsbruck, Austria, 7Department of
Internal Medicine and Oncology, Klinikum Klagenfurt, Klagenfurt, Austria, 8Department of General and
Visceral Surgery, Congregation Hospital, Linz, Austria, 9Department of Internal Medicine II,
Landeskrankenhaus Steyr, Steyr, Austria, 10Department of Hematology and Oncology,
Landeskrankenhaus Hochsteiermark, Leoben, Austria, 11Department of Pathology, Medical University
of Vienna, Vienna, Austria, 12Department of Statistics, Austrian Breast and Colorectal Cancer Study
Group, Vienna, Austria, 13Comprehensive Cancer Center, Medical University of Vienna, Vienna, Austria,
14Department of Visceral-, Transplant- and Thoracic Surgery, Medical University of Innsbruck,
Innsbruck, Austria
Background: Twenty percent of colorectal cancer liver metastases (CLMs) are

initially resectable with a 5-year survival rate of 25%–40%. Perioperative folinic

acid, 5-fluorouracil, oxaliplatin (FOLFOX) increases progression-free survival

(PFS). In advanced disease, the addition of targeting therapies results in an

overall survival (OS) advantage. The aim of this study was to evaluate

panitumumab and FOLFIRI as perioperative therapy in resectable CLM.

Methods: Patients with previously untreated, wild-type Rat sarcoma virus (RAS),

and resectable CLM were included. Preoperative four and postoperative eight

cycles of panitumumab and folinic acid, 5-fluorouracil, irinotecan (FOLFIRI) were

administered. Primary objectives were efficacy and safety. Secondary endpoints

included PFS and OS.

Results: We enrolled 36 patients in seven centers in Austria (intention-to-treat

analyses, 35 patients). There were 28 men and seven women, and the median age

was 66 years. About 91.4% completed preoperative therapy and 82.9% underwent
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liver resection. The R0 resection rate was 82.7%. Twenty patients started and 12

patients completed postoperative chemotherapy. The objective radiological

response rate after preoperative therapy was 65.7%. About 20% and 5.7% of

patients had stable disease and progressive disease, respectively. The most

common grade 3 adverse events were diarrhea, rash, and leukopenia during

preoperative therapy. One patient died because of sepsis, and one had a

pulmonary embolism grade 4. After surgery, two patients died because of

hepatic failure. Most common grade 3 adverse events during postoperative

therapy were skin toxicities/rash and leukopenia/neutropenia, and the two

grade 4 adverse events were stroke and intestinal obstruction. Median PFS was

13.2months. TheOS rate at 12 and 24monthswere 85.6% and 73.3%, respectively.

Conclusions: Panitumumab and FOLFIRI as perioperative therapy for

resectable CLM result in a radiological objective response rate in 65.7% of

patients with a manageable grade 3 diarrhea rate of 14.3%. Median PFS was 13.2

months, and the 24-month OS rate was 73.3%. These data are insufficient to

widen the indication of panitumumab from the unresectable setting to the

setting of resectable CLM.
KEYWORDS

LM02-trial, perioperative therapy, CRLM, panitumumab-FOLFIRI, anti-EGFR-therapy
Introduction

Colorectal cancer is the second leading cause of mortality in

Western countries (1, 2). Nearly half of patients will develop

colorectal cancer liver metastases (CLMs) during the course of

their disease, with 15%–25% of patients having CLM at the primary

diagnosis and another 20% of patients will develop CLM during the

first 3 years after the primary diagnosis (3, 4). About one-fifth of

patients with CLM have no other sites of metastasis. Despite

advances in survival with chemotherapy, surgical resection of

CLM is still considered the only curative treatment option. About

20% of patients with CLM are candidates for primary resection (5)

and result in a 25%–40% 5-year survival (6–9). Unfortunately, 70%

of patients will develop recurrent disease after liver resection (10).

The advantages of postoperative chemotherapy after curative

resection of CLM resection are uncertain. In the European

Organisation for Research and Treatment of Cancer (EORTC)

40983 study, perioperative chemotherapy with FOLFOX4 and

surgery were compared with surgery alone in patients with

potentially resectable CLM (11). Progression-free survival (PFS)

was significantly improved by 9.2% at 3 years for those who received

perioperative chemotherapy. However, the trial did not

demonstrate any significant benefit in overall survival (OS) (12).

Similar results were shown in a meta-analysis evaluating

perioperative chemotherapy for patients with resectable CLM

(13). The observed benefit in PFS with perioperative FOLFOX

remains one of the standard treatments for resectable CLM in

many centers worldwide.
02131
The addition of targeting therapies to chemotherapy has

markedly improved outcome in metastatic colorectal cancer

(mCRC) and significantly improves the objective response rate

(ORR), PFS, and OS (14–20). Furthermore, combination

therapies may convert unresectable to resectable liver metastases,

allowing potentially curative resection.

The optimal combination of systemic drugs in the neoadjuvant

setting of patients with potentially resectable CLM has not been

established. Unanswered questions are the best chemotherapy

combinations with or without targeted agents to induce

maximum response, the length of initial treatment to verify

response without liver tissue damage, and the correlation of

response with potential biomarkers.

The present LM02 trial from the Austrian Breast and Colorectal

Cancer Study Group (ABCSG) investigated the use of perioperative

systemic therapy with panitumumab and FOLFIRI in patients with

primary resectable CLM.
Methods

Patient population

Patients with wild-type RAS mCRC with potentially

histologically confirmed resectable liver metastases, at least one

measurable metastatic lesion in the liver as per the Response

Evaluation Criteria in Solid Tumor (RECIST) 1.1 guidelines, and

without prior therapy for mCRC were eligible. CLMs were defined
frontiersin.org
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as resectable when it was anticipated that the disease can be

completely resected, two adjacent liver segments could be spared

adequate vascular inflow and outflow and biliary drainage could be

preserved, and the volume of the liver remaining after resection

would be adequate (at least 20% of the total estimated liver volume).

Other key eligibility criteria included: patients ≥ 18 years with

Eastern Cooperative Oncology Group (ECOG) performance status

0 and 1, and adequate metabolic, hematological, renal, and hepatic

functions. We excluded patients with (a) prior chemotherapy for

the treatment of current mCRC including biologics; (b) extrahepatic

metastatic disease; (c) prior adjuvant or neoadjuvant (chemo)

therapy for the treatment of CRC ≤ 26 weeks prior to

registration; (d) radiotherapy ≤ 14 days prior to registration; (e)

previous malignancy other than CRC in the last 5 years except basal

cell carcinoma of the skin and/or in situ carcinoma of the cervix;

(f) active infection requiring systemic treatment; (g) any

investigational agent or therapy ≤ 28 days before registration;

(h) clinically significant cardiovascular disease ≤ 1 year before

registration; (i) known allergy or hypersensitivity to irinotecan; 5-

fluorouracil (5-FU), leucovorin, or panitumumab; (j) history of

severe adverse events (AEs) to iodinated contrast agents; (k) history

of interstitial pneumonitis or pulmonary fibrosis or evidence of

interstitial lung disease on baseline chest computer tomography

(CT) scan; (l) known positive test(s) for human immunodeficiency

virus infection, hepatitis C virus, and acute or chronic active

hepatitis B infection; (m) any co-morbid disease or condition that

could increase the risk of toxicity; (n) any uncontrolled concurrent

illness or history of any medical condition that may interfere with

the interpretation of the study results; (o) major surgical procedure

(requiring general anesthesia) ≤ 28 days prior registration and (p)

pregnant or breastfeeding women.

Exploratory biomarker studies suggested that other activating

RAS mutations also were a negative predictive biomarker for anti-

epithelial growth factor receptor (EGFR) therapy. Patients with

mutations beyond the known K-Rat sarcoma virus (KRAS) exon 2

mutations, in KRAS exon 3 (codons 59 and 61), exon 4 (codons 117

and 146) or NRAS exon 2 (codons 12 and 13), exon 3 (codons 59

and 61), and exon 4 (codons 117 and 146), did not respond to anti-

EGFR therapy. These data were published during the running study

(15, 21, 22). Therefore, the study was stopped in 2013 temporarily

for an amendment. In the first phase, patients with wild-type KRAS

were included, and, after the amendment, only patients with wild-

type RAS mCRC were included. Microsatellite status was not

evaluated because the importance of Microsatellite instability

status (MSI) was not known in the recruitment period.

Medical ethics committees of all participating centers approved the

trial, and all patients provided a written informed consent (EudraCT-

No: 2012_000265-20). This study was sponsored by the ABCSG.
Study design

This was an open-label phase II multicenter trial to evaluate the

efficacy and safety of perioperative panitumumab in combination

with FOLFIRI and liver resection in patients with previously

untreated, wild-type RAS, and potentially resectable CLM. The
Frontiers in Oncology 03132
preoperative therapy consisted of four cycles panitumumab and

FOLFIRI every 14 days. Surgery was performed 4–8 weeks after the

last administration of the study medication. Postoperative eight

cycles of panitumumab and FOLFIRI were planned 4–6 weeks after

surgery. Follow-up was done for up to 2 years after the end of

postoperative chemotherapy. A uniform CT with liver protocol was

done in all seven sites. PET-CT was not standard imaging. Primary

endpoints were ORR and the rate of grade 3–4 diarrhea during

preoperative therapy. Secondary endpoints included evaluation of

resection rate, perioperative morbidity and mortality as measured

by the Dindo classification (23), proportion of subjects with

complete pathological response as measured by Rubbia–Brandt

tumor regression grade (24), PFS, and OS. The study was a two-

step design. After application of preoperative therapy to 15 patients,

safety and efficacy were evaluated. If at least five patients exhibited

an objective response according to RECIST 1.1 and if there were not

more than three patients with grade 3–4 diarrhea during the four

cycles of therapy, then additional 21 patients were included.
Treatment

Preoperative treatment
Patients were treated with four cycles panitumumab and

FOLFIRI before surgery of the liver metastases. Panitumumab

was administered at a dose of 6 mg/kg on day 1 of each cycle.

Irinotecan of 180 mg/m2 was administered followed by leucovorin

400 mg/m2. Thereafter, 5-FU of 400mg/m2 was given as an

intravenous bolus followed by a 5-FU continuous intravenous

infusion of 2,400 mg/m2 over 46 h. A cycle of panitumumab and

FOLFIRI was defined as 14 days. Toxicities were assessed and

recorded at every visit and graded according to the common

terminology criteria for AEs (National Cancer Institute common

Terminology Criteria for Adverse Events (NCI CTCAE) version

4.0) (25). Panitumumab and FOLFIRI dose modification schemes

were applied if patients experienced grade 2–4 toxicities. Dose

modification was not required for toxicities that were considered

unlikely to become serious or life-threatening (e.g., alopecia).

Surgery
After end of preoperative therapy, chest–abdomen–pelvis CT

and tumor marker to access response to preoperative therapy was

carried out 2–3 weeks after last administration of the study

medications. Surgery was planned 4–8 weeks after end of therapy

and was performed by experienced liver surgeons. Synchronous

resection of liver metastases and primary tumor was allowed if liver

resection was limited to <2 liver segments. Otherwise, primary

tumor was resected 4–6 weeks after liver resection. In case the

tumor deemed non-resectable, following therapy according to the

institutional standard was recommended.
Postoperative treatment
Postoperative eight cycles of panitumumab and FOLFIRI were

planned every 14 days. Therapy was started 4–6 weeks after last

surgery following CT assessment and complete wound healing.
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Statistical analysis

The primary endpoints ORR and safety were evaluated

descriptively. ORR after four cycles of preoperative therapy was

evaluated using RECIST 1.1 measured by multislice three-phase

CT. To assess safety the rate of patients with grade 3–4 diarrhea

during four cycles of preoperative therapy was documented. The

sample size for the primary endpoints was estimated using the Bryant

& Day Phase II clinical trial design. Because of the two-step design,

the safety and efficacy after application of preoperative therapy to 15

patients were evaluated. If at least five patients exhibited an objective

response according and if there were not more than three patients

with grade 3–4 diarrhea during these four cycles, then additional 21

patients would be included. The statistical analysis was based on the

“intention-to-treat” (ITT) principle, all patients enrolled were

included. Patients who withdraw informed consent were

considered as non-successes (without ORR and with grade 3–4

diarrhea). Patients who would not undergo surgical resection were

included in the final analyses. Evaluation of secondary endpoints
Frontiers in Oncology 04133
included resection rate, perioperative morbidity and mortality, rate of

complete pathological remission, PFS, and OS.
Results

A total of 36 patients were enrolled into the study in seven

Austrian institutions from October 2012 through June 2017. ITT

analyses included 35 patients (Figure 1). One patient was excluded

because the informed consent was missing. Nevertheless, this

patient never received any study medication due to an exclusion

criterion (hepatitis C virus). Of the patients, 28 (80%) were men and

seven (20%) were women. The median age was 66 years (range, 32–

81). A total of 19, 6, and 10 patients had colon cancer, cancer in the

rectosigmoid, and rectal cancer, respectively. Of the 35 patients, 20

(57.1%) and 15 (42.9%) developed liver metastases metachronous

and synchronous at primary tumor diagnosis, respectively. Liver

metastases occurred in 23 patients (65.7%) within 2 years of

primary cancer diagnoses and in nine patients (25.7%) after 2
FIGURE 1

Trial profile. EOT, early end of treatment. * This patient never received any study medication.
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years. Most of patients had one liver metastases (n = 13, 37.1%),

followed by two lesions in 10 patients (28.6%); three lesions in six

patients (17.1%); and four, five, and six lesions each in two patients

(5.7%). ECOG performance status 0 and 1 was in 29 (82.9%) and six

(17.1%) patients. Fifteen (42.9%) patients had wild-type KRAS

tumor, and 20 (57.1%) patients had wild-type RAS tumor. In

seven (20%) patients, radiotherapy of the primary rectal tumor

was done. In 25 (71.4%) and eight (22.9%) patients, primary tumors

were resected before registration for the study and during study, and

two (5.7%) patients had no surgery of the primary tumor. Adjuvant

chemotherapy for the primary cancer was administered to seven

patients (20%). Table 1 shows the baseline characteristics of

the patients.

Efficacy and safety were evaluated after 15 patients according to

the two-step design of the trial. Objective response was found in 13

(86.7%) of the 15 patients with 12 partial remissions (PRs) and one

complete response (CR). One patient had a stable disease (SD), and

one patient had missing response evaluation. Grade 3 diarrhea

occurred in two (13.3%) patients, and no grade 4 diarrhea was

observed during the preoperative therapy. On the basis of these

results, the criteria for continuing the study were met.

In the final analysis, 32 (91.4%) of the 35 patients completed the

planned four cycles of preoperative therapy. One patient each had

stopped preoperative therapy with panitumumab and FOLFIRI

after the first, second, and third cycle. In the preoperative

treatment phase, 34 (97.1%) patients suffered at least one grade

1–5 AE. Thirteen (37.1%) patients had at least one grade 3 AE, one

patient (2.9%) had grade 4 AE (pulmonary embolism), and one

patient (2.9%) had grade 5 AE (sepsis). Most grade 3 AEs were

diarrhea in four patients (11.4%), leukopenia in three patients

(8.6%), rash in three patients (8.6%), acne in two patients (5.7%),

and one patient each (2.9%) had cardiac failure, pyrexia, urinary

tract infection, uncontrolled hypertension, dehydration, stroke,

dyspnea, and maculo-papular skin toxicity as grade 3 AEs

(Table 2). Grade 3 diarrhea during preoperative therapy occurred

in four patients. In one patient who discontinued treatment early

due to AEs, the documentation whether he had a grade 3–4 diarrhea

was missing. Therefore, the occurrence of a diarrhea grade 3–4 AE

was assumed in accordance with a worst-case scenario for the main

ITT analysis. Hence, diarrhea grade 3 occurred in 14.3% of patients.

Among 35 patients in the ITT population, 32 (91.4%) had a

documented radiological response evaluation after preoperative

therapy (Table 3). Those three patients without a documented

response evaluation discontinued treatment early due to a serious

AE or investigators decision and died shortly after treatment

discontinuation. According to ITT rules (worst case), their

objective response was evaluated as “no objective response.”

Objective radiological response rate after preoperative therapy

was 65.7% (n = 23) with one radiological complete remission

(CR) (2.7%) and 22 (62.7%) PR. In 20% (n = 7) and 5.7% (n = 2)

of patients, SD and progressive disease (PD) were documented,

respectively. A sensitivity analysis, only in patients who finished all

four cycles of preoperative therapy, resulted in an ORR of 71.9%.

Surgery of the liver metastases was done in 29 (82.9%) patients

(Table 4). Surgery was done after a mean of 6.62 weeks (median,

6.14 weeks; range, 3–11.9 weeks) after last administration of
Frontiers in Oncology 05134
preoperative therapy. Reasons for non-resection were early end of

treatment (EOT) during preoperative phase in three patients,

documented progression disease with new liver lesions in one

patient, inadequate future liver remaining in one patient (despite

a PR after preoperative therapy), and inoperable retrospective at

baseline in one patient. R0 and R1 resection rate was 82.8% (n = 24)

and 10.3% (n = 3). In one patient, the resection rate was not

measurable, and, in one patient, the documentation of resection rate

was missing. Types of liver resection are shown in Table 4.

Histological tumor response to preoperative therapy was centrally

evaluated using the Rubbia–Brandt classification (Table 5) (24).

From 29 patients with surgery, in four patients evaluation was not
TABLE 1 Characteristics of patients at baseline.

Age (years)

Median (range) 66 (32–81)

Sex

Men
Women

28 (80%)
7 (20%)

WHO performance status

0
1

29 (82.9%)
6 (17.1%)

Synchronicity of liver metastases

Synchronous metastases
Metachronous metastases

15 (42.9%)
20 (57.1%)

Time from diagnosis of primary to diagnosis of liver metastases

< 2 years
> 2 years

23 (65.7%)
9 (25.7%)

Number of liver metastases

1
2
3
4
5
6

13 (37.1%)
10 (28.6%)
6 (17.1%)
2 (5.7%)
2 (5.7%)
2 (5.7%)

T category of the primary cancer

T1
T2
T3
Tx

1 (2.9%)
5 (14.3%)
21 (60.0%)
8 (22.9%)

Lymphatic spread of the primary cancer

N0
N1
N2
Nx

11 (31.4%)
8 (22.9%)
5 (14.3%)
11 (31.4%)

Location of primary cancer

Colon
Rectosigmoid
Rectum

19 (54.3%)
6 (17.1%)
10 (28.6%)

Previous adjuvant chemotherapy of primary cancer

No
Yes

28 (80%)
7 (20%)
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possible. There were two patients with Rubbia–Brandt tumor

regression grade 1 (complete pathological response). Two patients

died after surgery because of hepatic failure: one patient within 30

days after surgery and the other one 120 days after surgery

(Table 4). Both patients had a hemihepatectomy right. One

patient had SD, and one patient PR after preoperative therapy.

The sum size of metastases was 112 and 75 mm. Surgical

complicat ions were measured by the Clavien–Dindo

classification (Table 6).

Twenty (57.1%) patients started postoperative chemotherapy,

of whom 12 (60%) received eight cycles. In nine patients,
Frontiers in Oncology 06135
postoperative therapy was not started because of AEs in the

preoperative/postoperative phase in four patients (severe

acneiforme dermatitis in two patients and postoperative death in

two patients), no response or progression in the preoperative phase

in three patients, and investigators decision in two patients (one

patient was non-compliant and one due to secondary carcinoma).

Table 2 shows the tolerance to postoperative therapy.

Time to progression was defined as the time from registration

date to the date of first observed progression including the detection

of new lesions or progression of existing metastases. From 33

patients, 20 had progression and 13 had no documented

progression until the end of the study. Median time without

progression was 14.5 months. Twelve- and 24-month survival

rates without progression were 62.4% and 34%, respectively. PFS

was defined as the time from registration date to the date of first

observed progression or death. From 35 patients, 26 patients had a

PFS event, and nine patients had no event. First event was one

secondary carcinoma, 20 patients had metastases progression as

first event, and five patients died without previous progression.

Median PFS was 13.2 months. Twelve- and 24-month PFS rates

were 55.4% and 30.8%, respectively (Figure 2). OS was defined as

the time from registration date to the date of death of any cause.

Twelve- and 24- months OS rates were 85.6% and 73.3%,

respectively (Figure 3). Kaplan–Meier analysis of PFS und OS by

tumor side showed no statistical difference between left- and right-

sided tumors (Figures 4, 5) but showed a trend toward better

outcome in left-sided tumors.
Discussion

Long-term survival and cure are possible in patients with

resectable CLM, leading to 5-year survival rates of 25%–40% if R0

resection is achieved (6–9). Upfront resection of resectable CLM is a

therapeutic option for patients with limited CLM. In comparison to

the beneficial effect of adjuvant chemotherapy in stage III CRC, the

advantage of postoperative chemotherapy after curative resection of

CLM is uncertain. However, only a few clinical trials were

performed and the available data showed improvements in DFS

but not in OS. Further studies investigated the use of perioperative

chemotherapy in resectable CLM to enhance the outcome. This

approach offers benefits, such as downsizing of liver metastases that

enable less extensive surgery, elimination of potential

micrometastases, the reduction of the risk of intrahepatic and

extrahepatic recurrences, and the delineation of tumor biology.

Perioperative chemotherapy with FOLFOX remains one of the

standard treatments in patients with resectable CLM since

presentation of the data from the EPOC study from the EORTC.

In this trial, perioperative chemotherapy with FOLFOX and surgery

was compared with surgery alone in CLM and demonstrated a

significant better median PFS if perioperative chemotherapy was

administered (11, 12). The OS showed a trend in favor of

perioperative chemotherapy but was not statistically significant

(median OS, 63.7 versus 55.0 months). Potential explanation was

that the study was not designed or powered to detect differences in

OS (17). In addition, more patients in the surgery alone group with
TABLE 2 Adverse events during preoperative and postoperative therapy.

Adverse Event Grade 3 Grade 4 Grade 5

During preoperative chemotherapy period

Leukopenia
Cardiac failure
Diarrhoe
Pyrexia
Urinary tract infection
Blood pressure increased
Dehydration
Cerebrovascular stroke
Dyspnoe
Pulmonary embolism
Rash/Acne/Dermatitis
Sepsis

3 (8.6%)
1 (2.9%)
4 (11.4%)
1 (2.9%)
1 (2.9%)
1 (2.9%)
1 (2.9%)
1 (2.9%)
1 (2.9%)

6 (17.1%)
1 (2.9%)

1 (2.9%)

During postoperative chemotherapy period

Anaemia
Leukopenia/Neutropenia
Diarrhoea
Ileus
Anal Abscess
fungal infection
cerebrovascular stroke
Pulmonary embolism
rash/skin toxicity
deep vein thrombosis

1 (5%)
2 (10%)
1 (5%)

1 (5%)
1 (5%)

1 (5%)
4 (20%)
1 (5%)

1 (5%)

1 (5%)
Data in number (%) unless otherwise stated. Patients may have several complications;
therefore, the number of complications does not add up to total number of patients.
Common toxicity criteria (25) version 4.0 was used.
TABLE 3 Response to preoperative therapy according to RECIST.

Excluded from response analysis 3 (8.6%)

EOT after one cycle
EOT after two cycles
EOT after three cycles

1 (2.9%)
1 (2.9%)
1 (2.9%)

Response evaluation 32 (91.4%)

Complete response
Partial response
Stable disease
Progressive disease

1 (2.9%)
22 (62.9%)
7 (20.0%)
2 (5.7%)

Sums of largest diameters of target lesions on imaging *

At baseline (mm)
After preoperative therapy (mm)
Relative reduction (%)

1,770.5 mm
1,019.5 mm

42.4%
*Measured in all 32 patients with imaging at baseline and with response evaluation.
EOT, early end of treatment.
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disease progression received palliative chemotherapy as treatment

when compared with patients in the perioperative chemotherapy

group who progressed. This confounding variable could clearly

affect OS but not PFS.

To improve this outcome, the addition of anti-EGFR antibodies

in the perioperative setting is an interesting approach, as

chemotherapy in combination with anti-EGFR antibodies

improved DFS and OS in advanced disease and had the potential
Frontiers in Oncology 07136
for curative resection in previously unresectable CLM (15, 20, 26–30).

First-line FOLFIRI plus panitumumab was associated with favorable

efficacy in patients with wild-type RAS. In a phase II study, the

median OS was 26 months. Almost a quarter of patients with

previously unresectable CLM became resectable after 8 weeks of

therapy. The median OS in patients with and without

metastasectomies was 40 and 22 months, respectively (31). In the

adjuvant setting, the addition of anti-EGFR showed no benefit (32,

33). However, the probability of circulating tumor cells in metastatic

disease is increased and justified the investigation of anti-EGFR in the

perioperative setting in a prospective trial.

In this LM02 study, the preoperative administration of four

cycles of panitumumab and FOLFIRI in patients with primary

resectable RAS wild-type CLM resulted in a radiological ORR in

two-thirds of patients with a manageable grade 3 diarrhea rate of

14.3% of patients. Surgery of liver metastases was done in 82.9% of

patients. Two patients died after surgery because of hepatic failure.

Both patients had a major liver surgery with hemihepatectomy right.

Postoperative biliary complication was the reason for death in both

patients. All eight cycles of postoperative therapy could be given to

60% of all patients who started postoperative treatment. Median PFS

was 13.2 months, and the 24-month OS rate was 73.3%. In the New

EPOC trial, a similar approach was investigated, but, as

chemotherapy backbone, FOLFOX was mainly used. In the new

EPOC randomized study, perioperative chemotherapy (FOLFOX,

CAPOX, or FOLFIRI) with or without cetuximab was investigated in

resectable CLM (34, 35). About two-thirds of patients received

chemotherapy regimen one (FOLFOX), followed by regimen two

(CAPOX) in a fifth and about 10% of patients received as

chemotherapy FOLFIRI with or without cetuximab. About 73%

and 76% of the patients in the chemotherapy alone group (CT

group) and in the chemotherapy plus cetuximab group (CTX group)

completed 12 weeks of preoperative therapy, respectively. CR or PR

occurred in 61% of patients receiving chemotherapy alone and in

72% of patients receiving chemotherapy plus cetuximab. About 86%

of patients were operated. Most patients had a R0 resection (82% in

the CT group and 79% of the CTX group). In addition, 46% and 48%

of patients in the CT group and in the CTX group completed 12

weeks of postoperative therapy, respectively. Unexpectedly, median

PFS and median OS were better in the CT group compared with

patients who received chemotherapy plus cetuximab (median PFS,

22.2 versus 15.5 months; median OS, 81.0 versus 55.5 months).

Possible explanations included interactions between cetuximab and

chemotherapy backbone (FOLFOX and CAPOX), furthermutations

in the EGFR pathway, and upregulation of alternative signaling
TABLE 4 Surgical information and postoperative complications.

Operated (number of resected liver metastases) 29 (82.9%)

1
2
3
4
5
7
8
9

12 (41.4%)
7 (24.1%)
1 (3.5%)
3 (10.3%)
2 (6.9%)
2 (6.9%)
1 (3.5%)
1 (3.5%)

Overview of type of liver resection

Atypical resection
(Bi)segmentomy
Left hemihepatectomy
Right hemihepatectomy
Radiofrequency ablation

29 (51%)
9 (16%)
3 (5%)
12 (21%)
4 (7%)

Not operated 6 (17.1%)

EOT during preoperative phase
Progressive disease
Inadequate future liver remnant
Inoperable at baseline in retrospect

3 (8.6%)
1 (2.9%)
1 (2.9%)
1(2.9%)

Tumor on specimen from resection

Macroscopic
Only microscopic residual
No residual tumor
Missing

0
3 (10.3%)
24 (82.8%)
2 (6.9%)

At least one major postoperative complication

Death during surgery
Postoperative death
< 30 days after liver resection
> 90 days after liver resection

Suture related complication grade 3

0
2 (6.9%)
1 (3.4%)
1 (3.4%)
1 (3.4%)
EOT, early end of treatment. Data in number (%) unless otherwise stated.
TABLE 5 Rubbia–Brandt tumor regression grade.

Rubbia–Brandt tumor regression
grade

Frequency Percent

Missing (no surgery) 6 17.14

Grade 1 2 5.71

Grade 2 5 14.29

Grade 3 4 11.43

Grade 4 11 31.43

Grade 5 3 8.57

n.b. (not evaluable) 4 11.43
TABLE 6 Clavien–Dindo classification.

Clavien–Dindo classification grade Frequency Percent

Grade I 22 78.57

Grade II 3 10.71

Grade IIIB 1 3.57

Grade IVa 1 3.57

Grade V 1 3.57
fro
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pathways in combination with surgery. It has been proposed that the

interaction between oxaliplatin and cetuximab is potentially

negative because cetuximab may protect against free radical

damage by platinum (36). Furthermore, patients with KRAS-

mutations who were treated with an EGFR inhibitor had an

inferior outcome in the oxaliplatin studies (15, 18) compared with

patients in the irinotecan-based studies who had a similar outcome

to chemotherapy-only patients (19). Subgroup analysis of the New

EPOC trial showed that cetuximab in combination with the

chemotherapy FOLFOX had a detrimental effect compared with
Frontiers in Oncology 08137
patients receiving FOLFOX alone. However, patients receiving the

chemotherapy FOLFIRI had a better PFS if cetuximab was added.

However, this analysis should be interpreted cautiously due to the

few patients receiving FOLFIRI as chemotherapy backbone in

that study. Furthermore, in the updated analysis of the OS,

the differences between the chemotherapy backbone were

not confirmed.

To our knowledge, there has not been any other trial

investigating preoperative panitumumab and FOLFIRI followed

by liver resection and postoperative therapy with panitumumab
FIGURE 2

Kaplan–Meier plot for progression-free survival.
FIGURE 3

Kaplan–Meier plot for OS.
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and FOLFIRI in primary resectable CLM before. Unanswered

questions in this patient population are the best chemotherapy

combination with targeted agents to induce maximum response and

the length of the initial treatment to verify response. The majority of

available data are with oxaliplatin as chemotherapy. Treatment

combination and number of preoperative cycles in the presenting

LM02 trial are different from other trials that were done in the same

indication. The EPOC trial administered six cycles of perioperative

FOLFOX, and, in the New EPOC trial, patients received six cycles of

FOLFOX/CAPOX/FOLFIRI with or without cetuximab compared

with four cycles preoperative and eight cycles postoperative
Frontiers in Oncology 09138
panitumumab and FOLFIRI in this LM02 trial. Despite the

reduced numbers of preoperative therapies, our study achieved an

ORR of 65.7% compared with 43% and 72% in the EPOC and New

EPOC trial. Grade 3–4 preoperative toxicities were more common

in the EPOC and New EPOC trial compared with our trial. The

lower toxicity rate in our trial is contributed to the reduced number

of preoperative cycles. However, diarrhea grade 3 was slightly

higher in the LM02 trial with 11.4% compared with 9% in the

New EPOC trial and 8% in the EPOC trial. The higher diarrhea rate

is attributed to irinotecan as chemotherapy backbone and is a

known side effect. One patient each died in the LM02 trial
FIGURE 4

Kaplan–Meier plot for progression-free survival by tumor side.
FIGURE 5

Kaplan–Meier plot for OS by tumor side.
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(sepsis) and in the New EPOC trial (cardiac arrest) during the

preoperative phase, whereas, in the EPOC trial, no patient died.

Postoperative two patients died in the LM02 trial compared with

three deaths in the EPOC trial (two in the surgery-alone group and

one in the chemotherapy group) and no deaths in the New EPOC

trial. Median PFS was significant worse with the addition of

cetuximab to chemotherapy in the New EPOC trial compared

with chemotherapy alone (mPFS, 15.5 versus 22.2 months). In

the LM02 trial, the mPFS was equally modest with 13.2 months.

Possible criticism of the LM02 trial is the small sample size of

this phase II study. This combination therapy was not evaluated

before as perioperative therapy in primary resectable CLMs. That is

why our study group decided to plan a phase II study with a two-

step design in a small sample size to evaluate efficacy and safety. At

time of initiating of this study, there was only limited experience as

conversion therapy of this combination in patients with primary

unresectable CLMs. Furthermore, only 15 patients received this

combination in the New EPOC trial. A further possible criticism is

the continuation of the study despite the negative results of the New

EPOC trial, which was extensively criticized for lack of adequate

surgical quality control, imbalance in patients’ characteristics,

variations in chemotherapy backbone, and increased rate of early

death without clear attribution (37). First, the LM02 study was

initiated, whereas the new EPOC study was still recruiting. Data

from the New EPOC trial were published in April 2014 (34). At that

time, the interim analysis of the LM02 trial was performed after 15

patients. The criteria for continuation of the LM02 study were met

as predefined. We were encouraged by the high ORR in the interim

analysis of 86.7% compared with the new EPOC study with 70%

ORR in the cetuximab + chemotherapy arm. In addition, a

subgroup analysis of the New EPOC trial favored the addition of

cetuximab to the chemotherapy backbone FOLFIRI. The fact that

we used FOLFIRI as chemotherapy backbone, the high ORR in the

interim analysis, and the subgroup analysis of the New EPOC trial

favoring cetuximab + FOLFIRI justified the continuation of the

LM02 study. Nevertheless, the mPFS data in the LM02 study were

equally modest as compared with that in the New EPOC trial.
Conclusions

Panitumumab and FOLFIRI as perioperative therapy for

resectable CLM result in a radiological ORR in 65.7% with a

manageable grade 3 diarrhea rate. Median PFS was 13.2 months,

and the 24-month OS rate was 73.3%. These data are insufficient to

widen the indication of panitumumab from the unresectable setting

to the setting of resectable CLM.
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RNA splicing is the process of forming mature mRNA, which is an essential phase

necessary for gene expression and controls many aspects of cell proliferation,

survival, and differentiation. Abnormal gene-splicing events are closely related to

the development of tumors, and the generation of oncogenic isoform in splicing

can promote tumor progression. As a main process of tumor-specific splicing

variants, alternative splicing (AS) can promote tumor progression by increasing

the production of oncogenic splicing isoforms and/or reducing the production

of normal splicing isoforms. This is the focus of current research on the

regulation of aberrant tumor splicing. So far, AS has been found to be

associated with various aspects of tumor biology, including cell proliferation

and invasion, resistance to apoptosis, and sensitivity to different

chemotherapeutic drugs. This article will review the abnormal splicing events

in colorectal cancer (CRC), especially the tumor-associated splicing variants

arising from AS, aiming to offer an insight into CRC-targeted splicing therapy.

KEYWORDS

alternative splicing, colorectal cancer, splicing isoform, tumor-associated splicing
variants, targeted splicing therapy
1 Introduction

In the past 20 years, colorectal cancer (CRC) has been one of the most life-threatening

malignant tumors. According to global data released by the American Cancer Society in the

Journal of Clinician’s Oncology in 2023, CRC has the third-highest incidence and second-

highest mortality rates of all tumors (1). For the treatment options for this disease, it is

acknowledged that molecular targeted therapies can provide effective treatment solutions,

especially for patients with advanced metastases. In the targeted therapy of CRC, although

most drug targets (e.g. EGFR, VEGF, etc.) play an important role in the differentiation and

metabolism of normal cells, drug administration claims that these drug targets cannot

avoid their toxic effects on healthy tissues (2). Therefore, how we can maintain the

regulatory effect of this molecule on normal cells while targeting and inhibiting them is the

key to have a breakthrough in the molecular targeting therapy of CRC. In recent years, as

the functions and mechanisms of splicing-related molecules in CRC have become clearer,

targeted therapy using splice variants as targets has been developed, which shows a higher
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tumor specificity and offers the potential for a safer and controlled

CRC-targeted therapy (3). Although splice variant targeted therapy

is a new type of targeted therapy, it has very limited targets for

clinical application, failing to meet the drug needs of patients at

different stages of CRC. Therefore, what comes first is to study the

function and mechanism of splice variants in CRC to explore and

screen excellent drug targets to promote targeted therapy for CRC.
1.1 RNA splicing process

The studies on pre-mRNA splicing were first reported in 1977

(4, 5). RNA splicing is the process in which DNA is transcribed to

form an initial/pre-mRNA (pre-mRNA/hnRNA) and then is

sheared by a spliceosome to form a mature mRNA. The

spliceosome is responsible for pre-RNA splicing, which is a large

molecular complex composed offive small nuclear ribonucleic acids

(snRNAs) and various proteins. These five snRNAs are named U1,

U2, U4, U5, and U6, each of which can be associated with specific

proteins, forming five small nuclear ribonucleoprotein particles

(snRNPs). These snRNPs sequentially bind to the precursor

mRNA during the splicing of introns, leading to the formation of

a lariat structure and bringing the upstream and downstream exons

closer together. Specifically, U1 and U2 snRNAs pair with the

boundary sequences at the 5’ and 3’ ends of the intron, followed by

the addition of U4, U5, and U6 to form a complete spliceosome.

What is noteworthy is that at this stage, the intron bends to form a

lariat structure, and the upstream and downstream exons gradually

approach each other. Finally, the spliceosome rearranges its

structure, releasing U1, U4, and U5, while U2 and U6 form the
Frontiers in Oncology 02142
catalytic center for the trans-esterification reaction. Splicing factors

(SFs) are a group of proteins that cooperate with the spliceosome to

catalyze this core cellular function. And studies have shown that

mutations in SFs can disrupt the expression ratios of small nuclear

RNAs and impair spliceosome assembly (6). This can result in

premature pathogenic termination of mRNA translation.

Alternative splicing (AS) has been regarded as one of the most

important mechanisms that can maintain genomic and functional

diversities since the Human Genome Project completed in 2004 (7).

As a regulatory mechanism, AS affects almost all multi-exon genes

in human body, in the sense that it allows multi-exon genes to

produce more than one mRNA and generate multiple protein

isoforms derived from the same single gene through differential

sorting of exons. In this process, certain splicing patterns can cause

loss or gain of key domains of proteins, leading to a lost or

incomplete function, which in turn affects protein stability and

changes subcellular localization. The type of AS includes intron

retention, exon skipping, alternative 3’ splicing, and alternative 5’

splicing (Figure 1).
1.2 Alternative splicing and CRC

RNA splicing, which represents a crucial stage in gene

expression, plays a pivotal role in regulating various aspects of

cell proliferation, survival, and differentiation. Given this

importance, abnormal changes in splicing events are closely

related to the occurrence and development of tumors (3). The

results of the deep mRNA sequencing of various tumor types have

shown that cancer cells exhibit more complex and abnormal
FIGURE 1

Aberrant splicing process in the occurrence and development of colorectal cancer. Abnormal spliceosome elements or gene splice mutation can
trigger a variety of alternative splicing. The five common types of alternative splicing are exon skipping (ES), alternative 3’ splice site(A3SS), alternative
5’ splice site(A5SS), mutually exclusive exon (MXE) and retained intron (RI). These different types of alternative splicing result in the production of
various protein isoforms, which can influence the function of colorectal cancer. Protein structures prediction using SWISS- MODEL (https://
swissmodel.expasy.org/).
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splicing behaviors compared to normal tissues (8), for instance,

transcript ratios of cancer cells containing premature stop codons

are significantly higher than the ones of normal tissues. Large-scale

genome studies have discovered a series of splicing mechanisms

that contribute to the development of tumors (9, 10), some of which

can promote tumor growth by abnormal RNA splicing. For

example, during the splicing process, abnormal changes in the

copy number of splicing factors can produce more cancer-

promoting splicing products (tumor-specific splicing variants)

through alternative splicing (AS) and can promote the malignant

growth and progression of tumor cells. Therefore, the abnormal

expression of splicing factors is considered one of the direct causes

of frequent and pathological splicing events in tumors (11). As the

main process of tumor-specific splicing variants, AS can promote

tumor progression by increasing the production of oncogenic

splicing subtypes and decreasing the production of normal

splicing subtypes, which is the focus of current research on the

regulation of abnormal tumor splicing (12). Data from the analysis

of 16 different tumors in the TCGA database show that almost all

types of tumors exhibit abnormalities in intron retention, which is

far more common than alterations in introns (13). In general,

abnormal spliceosome elements or gene splice mutations can

trigger various of AS, resulting in the production of different

protein isoforms that have different functional effects on CRC

(Figure 1). Capon et al. (14) were the first to discover that in

CRC cell lines, c-Ki-ras (KRAS) mutates at different points within

the same codon, resulting in the production of two transcript

variants. So far, more than 15,000 alternative splices have been

identified to be associated with various aspects of tumor biology,

including cell proliferation and invasion, resistance to apoptosis,

and sensitivity to different chemotherapeutic agents (15, 16).
1.3 CRC – targeted splicing therapy

Aberrant splicing is an important source that constitutes new

cancer biomarkers, spliceosomes of which represent attractive drug

targets for novel therapeutic agents. The research and treatment of

tumor-specific splicing variants as new targets for CRC therapy

have received extensive attention (7, 17, 18). Wang et al. (18) have

discussed the association between various AS targets and the

occurrence, progression, treatment, and prognosis of CRC. They

argue that differential AS isoforms of the same gene may influence

multiple biological functions in CRC, such as cell proliferation,

metastasis, apoptosis, angiogenesis, immunity, and metabolism. Of

the current targeted splicing therapeutic methods, oligonucleotide

therapy is a relatively mature and widely used one in clinical

practice, designed to alter splicing by Watson-Crick base pairing

and hybridization to RNA in a sequence-specific manner. Clinical

studies have shown that antisense oligonucleotides (ASO) can

significantly reduce the mRNA that contributes to the survival of

cancer cells. This therapy has achieved good results in correcting

specific pathological splicing events in non-tumor single-gene

diseases (19–21). Furthermore, small molecular compounds

targeting splicing factors (e.g., RBM39) and splicing regulators

have made progress in tumor treatment. Clinical studies have also
Frontiers in Oncology 03143
reported strategies for combining splicing modulators with

traditional antitumor agents to reduce their toxicity to healthy

tissues (22, 23). In CRC-targeted splicing therapy, the current

work focuses on exploring tumor-specific splicing variants which

are expected to be diagnostic and prognostic markers of tumors.

Some promising splice isoform targets have also been reported,

including VEGF165b, c-FLIPL, CCND1b, etc. Thus, this article will

review the tumor-associated splicing variants arising from AS,

aiming to offer an insight into CRC-targeted splicing therapy.
2 Tumor-associated splicing variants
in CRC: from roles to potential
therapeutic approaches

Investigating the influence of splicing variants in CRC is of

paramount importance for the diagnosis and treatment of CRC.

Subsequent paragraphs will elaborate on the function of splice

isoforms in CRC by detailing its correlation with tumor initiation,

progression, metastasis, immunity, metabolism, and drug

resistance, shown in Figure 2.
2.1 Splice isoforms in the occurrence
of CRC

The occurrence of cancer involves a complex process that has to

do with the interaction of multiple genes and molecular pathways.

Anomalies in alternative splicing have been identified as a

significant contributor to the development of CRC, and studying

this phenomenon has the potential to shed light on the mechanisms

of tumor formation.

2.1.1 RIP3
Receptor-interacting protein 3 (RIP3) is a member of the RIP

family that induces apoptosis (24). Based on current research, RIP3 is

known to be a crucial component of necrosomes and serves as an

important mediator of inflammatory factors and infection-induced

necroptosis (25). It has been implicated in promoting the occurrence

and development of certain inflammatory cancer types, including

pancreatic and colorectal cancers, by activating proliferation signaling

pathways in cells and eliciting an immunosuppressive response within

the tumor microenvironment (26).

Yang et al. reported two novel splice variants of human RIP3,

named RIP3b and RIP3g, which are generated by alternative splicing

at the donor site of exon5 and retention of the intron between exons 5

and 6, respectively (27). Moreover, their study also revealed a

significant increase in the ratio of RIP3g to RIP3 in colon and lung

cancer compared to their matched normal tissues, indicating that

RIP3gmay be the primary isoform associated with tumorigenesis (27).

Existing evidence suggests that the widely used cancer

treatments multi-targeting kinase inhibitors, such as Dabrafenib,

Vemurafenib, Sorafenib, Pazopanib, and Ponatinib, also exhibit

anti-necroptotic activity (28). This reveals the potential of targeting

RIP3 in CRC for therapeutic interventions.
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2.1.2 APC
In colorectal tumors, the tumor suppressor gene APC

(Adenomatous Polyposis Coli) is commonly found to be mutated

(29). It produces various splicing isoforms associated with CRC

tumorigenesis through abnormal splicing events such as exon

skipping (e.g., exon 1, exons2-5, exon 7, exon 9A, exon 14, exon

10A) and intron retention (e.g., intron 11) (30). Three isoforms of

the APC gene have been identified, namely cAPC, BS-APC, and 0.3

APC, resulting from alternative splicing of exon 1.

Previous studies have demonstrated that cAPC and BS-APC

can effectively suppress the growth of colon tumor cells, while 0.3

APC lacks this effect. The loss of inhibitory function in 0.3 APC

may be attributed to AS-induced changes in the conserved domain

of the protein structure, which in turn impairs its ability to interact

with other proteins (31). These results suggest that distinct APC

isoforms may play different roles in the tumorigenesis of CRC.

2.1.3 EIF4H
EIF4H (Eukaryotic Translation Initiation Factor 4H) encodes a

translation initiation factor that stimulates protein synthesis by

promoting mRNA utilization. Previous studies have indicated that

EIF4H selectively regulates the translation of potent growth and

survival factor mRNAs, thereby playing a vital role in translational

control. This function can facilitate cellular transformation and has

been implicated in cancer development (32).

The EIF4H gene is known to generate two splice variants,

isoform 1 and isoform 2 through alternative splicing of exon 5

(33). Wu et al. discovered that the expression of EIF4H isoform 1

increased in CRC, and its overexpression in immortalized mouse

fibroblast cells induced tumor formation in nude mice.

Significantly, ectopic expression of EIF4H isoform 1 significantly

increases the level of cyclin D1, while co-transfection of EIF4H

isoform 1 siRNA and cyclin D1 expression vector can reverse the

growth of the inhibitory effect of EIF4H isoform 1 knockdown (34).
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These findings suggest that EIF4H isoform 1 promotes the

development of CRC through the activation of oncogenic signals

and may serve as a potential therapeutic target for CRC treatment.

2.1.4 BARD1
BRCA1 Associated RING Domain 1 (BARD1), a binding

partner of BRCA1, encodes a protein that interacts with the N-

terminal region of BRCA1 both in vivo and in vitro (35). Numerous

studies have demonstrated that BRCA1 plays a significant role in the

onset and progression of colorectal cancer, with its mutations

closely linked to CRC susceptibility (36–40). BARD1 is necessary

for the majority of BRCA1’s tumor suppressor functions, with

BRCA1’s stability relying on its interaction with BARD1 (41).

Through alternative splicing, BARD1 can generate multiple

isoforms, including BARD1k, BARD1b, BARD1p, BARD1d,
BARD1j, and others. Furthermore, the findings suggest that

BARD1 isoforms k, b, and p are associated with the occurrence

and progression of CRC tumors and may serve as specific

prognostic biomarkers. Conversely, isoforms d and j may have

an inhibitory effect (42).

Recently, studies have found that poly ADP ribose polymerase

(PARP) inhibitors selectively kill BRCA1-deficient cells by directly

suppressing the fast recruitment of the BARD1-BRCA1 heterodimer

to DNA damage sites and impairing DNA repair. In addition,

BARD1b has been demonstrated to enhance the sensitivity of CRC

cells to poly PARP-1 inhibition, suggesting that it is a promising

biomarker for assessing the suitability of homologous recombination

targeting with PARPi in the treatment of advanced CRC (43).

2.1.5 KRAS
The RAS (Rat Sarcoma Viral Oncogene Homolog) family is

composed of small GTPases that are associated with the membrane

and have critical functions in cell survival, proliferation, and

differentiation (44). Central to cancer biology are the four
FIGURE 2

Functions of tumor-associated splicing variants in colorectal cancer. (Black font: promoting effect; red font: inhibition effect).
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proteins encoded by the three mammalian RAS genes, namely

HRAS (Harvey Rat Sarcoma Viral Oncogene Homolog), NRAS

(Neuroblastoma RAS Viral Oncogene Homolog), and KRAS

(Kirsten Rat Sarcoma Viral Oncogene Homolog) (45).

In CRC, the KRAS gene is the most frequently mutated RAS

gene (46). Alternative splicing of the KRAS transcript produces two

variants with alternative 4th exons, which are referred to as

KRAS4A and KRAS4B (47). When KRAS is constitutively

activated by the mutation in exon 2 or 3, both KRAS4A and

KRAS4B exhibit oncogenic properties (48). Furthermore, the

direct regulation of hexokinase 1 by KRAS4A implies that the

metabolic weaknesses of KRAS-mutant tumors may be influenced,

at least in part, by the expression levels of the splice variants (49).

In a co-clinical trial conducted on RAS mutant colorectal

cancer, the combined inhibition of MEK and CDK4/6 has been

shown to exhibit therapeutic efficacy in patient-derived xenografts

(50). Additionally, the trial has demonstrated the safety of

Binimetinib and Palbociclib in patients with metastatic colorectal

cancer with RAS mutations, identified biomarkers associated with

treatment response, and revealed mechanisms of resistance that can

be targeted (50).

2.1.6 RON
The proto-oncogene receptor d’origine nantais (RON, MST1R)

is a transmembrane tyrosine kinase receptor for macrophage-

stimulating protein (MSP) that crucially regulates cell motility,

adhesion, proliferation, apoptosis, and epithelial-to-mesenchymal

transition (EMT) in various tumor biological processes.

The impact of RON on tumors arises from various splice

variants generated by AS, including ROND170, D165, D160, D155,
D110, and D55 (51). ROND160 is generated by skipping exons 5 and
6, while ROND155 is a derivative that lacks exons 5, 6 and 11 in

combination, both of which can promote cell transformation and

tumor growth (52, 53). In contrast, ROND170 can suppress the

oncogenic activity of ROND160 in CRC cells, which is generated by

skipping exon 19 (54). A constitutively active isoform generated by

skipping exon 11, called DeltaRON, can activate epithelial-to-

mesenchymal transition and increase the motility of expressing

cells (55). Merestinib is an oral kinase inhibitor with antitumor

proliferative and antiangiogenic activity developed initially to target

the MET kinase. However, it has also shown the activity against

other receptor tyrosine kinases, such as RON. While the safety and

tolerability profile of Merestinib has been demonstrated, further

investigation is necessary to determine its efficacy in targeting RON

in CRC patients (56).

2.1.7 CCND1
Cyclin D1 (CCND1) is a critical regulator of the cell cycle and is

known to facilitate uncontrolled cellular proliferation, making it a

key player in the development of cancer (57).

Research has shown that alterations in CCND1 gene expression,

including overexpression, underexpression, and variants, are

associated with the development and poor prognosis of CRC (58–

60), particularly the G870A mutation (60). This mutation is the

most common splice mutation in CCND1 (61, 62) and results in the
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generation of two CCND1 isoforms through alternative splicing:

full-length CCND1a and divergent C-terminal CCND1b (63, 64). It

is widely accepted that an imbalanced CCND1a/b ratio or high

expression of CCND1b is closely linked to the development of

cancer. Recent studies have also revealed the role of CCND1b in cell

cycle regulation, invasion, and metastasis (65, 66).

In terms of therapeutic strategies, research has shown that

correcting CCND1 splicing through antisense oligonucleotides

(ASO) and small molecule modulators can be effective in cancer

therapy (67). These findings suggest that developing splicing

regulatory drugs targeting CCND1 splicing variants could be a

promising new option for the treatment of CRC.

2.1.8 FIR
In colorectal cancer tissue, AS of the far-upstream element

(FUSE)-binding protein (FBP)-interacting repressor (FIR) results in

splicing variants that promote tumor development by disabling FIR

repression, sustaining high levels of c-Myc, and opposing

apoptosis (68).

Knockdown of SF3b, a subunit of SAP155 pre-mRNA-splicing

factor, generates three splicing variants of FIR, including

FIRDexon2, D3, and D4. FIRDexon2 lacks c-myc repression

activity, and both FIRD3 and D4 are activated in human CRC

tissue. This suggests that the overexpression of FIR and its splicing

variants in CRC lead to the feed-forward or addicted circuit c-myc

transcriptional activation (69). Furthermore, the combination of

FIRDexon2/FIR mRNA ratios with the real-time PCR detection of

FIRDexon2 mRNA significantly enhances the accuracy of screening

for CRC, compared to conventional tumor markers CEA and

CA19-9. Therefore, the mRNA expression of FIR, FIRDexon2,
FIRD3, and FIRD4 represents strong biomarkers for cancer

screening (70). Spliceostatin A (SSA) exhibits anti-proliferative

and anti-tumor activities by inhibiting spliceosome assembly

through the nonproductive recruitment of U2 snRNP of subunit

SF3b. Other compounds, such as meayamycin, pladienolide B, FD-

895, and H3B-8800, can also interact with the SF3b subunit, thereby

inhibiting the alternative splicing of SAP155 (71, 72).

2.1.9 RAC1
RAC1 (Ras-Related C3 Botulinum Toxin Substrate 1), a small

GTPase, is involved in various numerous dynamic cellular

processes such as cell proliferation, cell survival, cell-cell

interactions, EMT, cell mobility, and invasion (73–75).

The RAC1b variant is caused by the inclusion of exon 3b,

resulting in the addition of a 19-amino acid sequence that is in-

frame and located directly after the switch II domain. In addition,

the equilibrium between RAC1 and RAC1b expression is

modulated by splicing factors such as SRSF1 (76), hnRNP A1

(77), and SRp20 (78), which can promote or inhibit the inclusion

of exon 3b via EGFR or Wnt signaling pathway (79). Experimental

evidence indicates that RAC1b boosts G1/S progression and cell

survival in NIH3T3 cells. Moreover, RAC1b may contribute to

advanced stages of carcinogenesis, as it enhances Apc-dependent

intestinal tumorigenesis and promotes carcinogenesis in the cecum

and proximal colon during chronic inflammation (80).
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Recently, highly effective and specific RAC1 inhibitors have

been discovered and developed, including GYS32661 and MBQ-

167, which are currently undergoing preclinical trials for the

treatment of advanced solid tumors (81). Therefore, due to its

association with poor prognosis (82) and chemoresistance to

oxaliplatin (83) of CRC, selectively targeting RAC1b and/or its

interaction with molecular partners may represent a promising

therapeutic approach for treating CRC.
2.1.10 Others
Abdel-Samad et al. discovered that MiniSOX9, a truncated

version of SOX9 (SRY-Box Transcription Factor 9) lacking a

transactivation domain due to the retention of its second intron,

acts as an inhibitor of SOX9, suppressing the activity of the protein

kinase Ca promoter and stimulating the classic Wnt pathway in

CRC (84).

Thorsen et al. discovered that SLC39A14, a divalent cation

transporter, undergoes the aberrant splicing in CRC tumor

samples by mutually exclusive exon 4A and 4B, resulting in two

splicing variants regulated by theWnt pathway (85). Further studies

found that the SLC39A14-exon4B transcript variant is a highly

specific and sensitive cancer biomarker for colorectal tissue

biopsies (86).

TP53 (Transformation-Related Protein 53) mutations are

frequently observed in CRC, and its splicing mutations can

generate transcript variants with different tumorigenic and

prognostic properties (87). Shirole et al. found that TP53 exon-6

truncating mutations produce the separation of the function of

isoforms with pro-tumorigenic functions (88). Its function is similar

to P53Y, a transcriptionally inactive P53 isoform, which can

reprogram cells toward a metastatic-like state (89). In addition,

an alternative P2 promoter located internally in intron 4 and the

retention of intron 2, as well as alternative splicing of exon 9, can

also lead to various splicing variants of TP53 and the loss of p53

activity (90). The various p53 proteoforms resulting from

alternative splicing may aid in the early diagnosis of CRC.

Zhou et al. observed that the splicing factor SRSF10 is involved

in the post-transcriptional splicing of Bcl-2-associated transcription

factor 1 (BCLAF1) and forms the L isoform, thereby promoting the

development of colorectal cancer (91).

OCC-1 is considered as a differentially upregulated gene in CRC

(92), which generates multiple splice variants through alternative

splicing, including OCC-1A/B, OCC-1C, OCC-1D, and so on. The

research findings indicate that the splice variants OCC-1A/B and

OCC-1D of OCC-1 can promote the occurrence of CRC by

regulating the Wnt signaling pathway (93).

The nuclear receptor known as hepatocyte nuclear factor 4a
(HNF4a) has been found to have tumor suppressive effects in the

liver, but in colon cancer it appears to be amplified, suggesting an

oncogenic role. HNF4a generates two splice variants, HNF4a2 (P1-
HNF4a) and HNF4a8 (P2-HNF4a), through the use of two

alternative promoters (P1 and P2) and two distinct 3’ splice

events (94). The study indicates that HNF4a2 inhibits the

development of colorectal cancer, while HNF4a8 has the opposite

effect (95).
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Before colorectal cancer develops into an advanced stage, it

typically remains asymptomatic. Thus, it becomes crucial to identify

additional risk factors in order to determine which segment of the

population should undergo further colonoscopy. Various abnormal

splice variants of genes have been proven to affect the occurrence of

CRC. Furthermore, some genes such as BARD1 and HNF4a have

splice variants that have completely opposite effects on CRC.

Therefore, it can be inferred that targeting specific splice variants

may be more effective and promising in comparison to targeting

disease-causing genes. Further research on the genes and splice

isoforms discussed in our previous review may lead to more

advancements in the prevention, early diagnosis, and treatment

of CRC.
2.2 Splice isoforms in the proliferation
of CRC

It is a frequent occurrence for tumor cells to exhibit abnormal

splicing activity, resulting in an elevated frequency of splicing

isoforms that sustain abnormal proliferation and apoptotic

patterns. Alternative splicing plays a role in the processes of

proliferation, differentiation, and apoptosis by regulating the

alternative expression of numerous oncogenic or tumor

suppressor genes, as well as splicing factors.

2.2.1 H2AFY
H2AFY (MacroH2A1) gene is a histone H2A variant that plays

important roles in metabolic functions, transcriptional gene

regulation, and DNA damage response (96).

H2AFY encodes two alternatively spliced variants, H2AFY1.1

and H2AFY1.2 (also known as MacroH2A1.1 and MacroH2A1.2),

via mutually exclusive exon splicing (97). Novikov et al. observed

that the percentage of MacroH2A1.1 relative to total MacroH2A1

was significantly reduced in CRC samples compared to normal

controls, and the level of MacroH2A1.1 was regulated by QKI.

Moreover, the inhibition of proliferation mediated by

MacroH2A1.1 is attributed to the decrease in protein levels of

poly(ADP-ribose) polymerase 1 (PARP-1) (98). Multiple lines of

evidence suggest that U2AF1 (S34F) can modulate alternative

splicing, leading to a reduction in the MacroH2A1.1 isoform (97,

99–101).

2.2.2 MAT2b
Methionine adenosyl transferase (MAT) is the sole enzyme

responsible for catalyzing the formation of S-adenosylmethionine,

which is the primary biological methyl donor (102).

Human methionine adenosyl transferase 2b (MAT2b) encodes
two splice variants, V1 and V2, which differentially regulates cell

growth. Of these, V1 plays a key role in the regulation of apoptosis

and its knockdown has been shown to induce apoptosis in colon

cancer cell lines (103). These two variants are present in both the

nucleus and cytoplasm of colon cancer cells, and the overexpression

of them can increase the levels of cytoplasmic HuR (an mRNA

binding protein), thereby affecting cancer cell proliferation (104).
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2.2.3 ITGA6
Integrins consist of a heterodimeric pairing of an a and a b

subunit. Currently, there are 18 a subunits and 8 b subunits that

have been recognized, and they can combine together to create a

total of 24 unique integrins (105).

During the formation of integrin a6 (ITGA6) subunit pre-

messenger RNA, alternative splicing occurs to produce two

distinct splice variants, namely integrins a6A (ITGA6A) and

integrins a6B (ITGA6B) (106). These variants have different

cytoplasmic domains, which contribute to their unique functions

in cellular processes. Studies have suggested that the integrins a6A
splice variant of the integrin a6 subunit in CRC cells plays a pro-

proliferative role and activates the Wnt/b-catenin pathway to exert

its effects (107). This pathway is recognized as the primary regulator

of proliferative activity in the intestinal epithelium, both in its

normal state and in CRC (108).

The study reveals that in CRC cells, the proto-oncogene MYC

can control the activation of the promoter and splicing of the

ITGA6 integrin gene through ESRP2 (109). This regulation

promotes the production of the pro-proliferative ITGA6A variant.

The pharmacological inhibition of MYC activity using the MYC

inhibitor (MYCi) 10058-F4 leads to a decrease in the levels of

ITGA6 and ITGA6A in CRC cells. This highlights the potential of

targeted therapy against ITGA6A (109).

2.2.4 UPF3A
UPF3A, also known as up-frame shift 3A, plays a role in both

the NMD pathway and GCR. Specifically, it acts as an inhibitor of

the NMD pathway while simultaneously promoting GCR (110).

Human UPF3A pre-mRNA is regulated by alternative splicing,

which produces two splice variants, UPF3A-L and UPF3A-S. The

two variants depend on whether exon 4 is included or excluded.

These splice variants can give rise to two protein isoforms, UPF3A

and UPF3A-S, which have distinct functions (111). Wang et al.

discovered that knockdown of UPF3A-L inhibited the proliferation

of CRC cells and induced DNA damage response and cell death.

Furthermore, their study also found that CHERP and SR140, both

identified as U2 snRNP-associated proteins, can regulate the

splicing of UPF3A pre-mRNA by binding to the enhancer

elements in exon 4 of UPF3A and activating its inclusion, thereby

affecting the proliferation of CRC cells (112). The target gene of

UPF3A is SRSF3, which is positively correlated with the expression

of UPF3A. Increasing SRSF3 could enhance the invasion and

metastasis of CRC cells, resulting in a poor prognosis. Targeted

inhibition of UPF3A could reduce the genetic compensation

response and offer a new therapeutic approach for treating

CRC (113).

2.2.5 MKNK2
Many kinase networks, such as EGFR, MAPKs, and c-Src, are

involved in CRC development. MNKs, downstream of MAPKs, are

protein kinases that can increase oncogenic mRNA translation by

phosphorylating eIF4E, contributing to CRC pathogenesis (114).

MKNK2a and MKNK2b are two splice isoforms derived from

the pre-mRNA of MKNK2 through alternative splicing (115). The
Frontiers in Oncology 07147
TCGA database showed that the MKNK2a/MKNK2b ratio was

decreased in CRC tissues when compared to non-tumorous colon

tissues (116).

Moreover, studies have found that CRC specimens exhibit

decreased levels of MKNK2a and increased levels of MKNK2b,

which are associated with KRAS mutations and tumor size. Their

further experiments also demonstrated that elevated nuclear SRSF1

promotes MKNK2 splicing into MKNK2b rather than MKNK2a,

thereby enhancing the proliferation of CRC tumors (117). SRPK

inhibitors such as SRPIN340 and the PP1a-specific inhibitor

Tautomycetin can efficiently disrupt SRSF1 phosphorylation,

nucleus translocation, and MKNK2 alternative splicing (117).

Therefore, this provides an opportunity for therapeutic

intervention in CRC, such as the use of SRPK inhibitors or PP1a
allosteric activators for the treatment of malignant tumors.
2.2.6 Others
CABLES is a cell cycle regulatory protein that inhibits cdk2

activity by enhancing cdk2 tyrosine 15 phosphorylation by WEE1,

ultimately leading to the inhibition of cell growth. However,

research has revealed the presence of a 627bp abnormal splicing

variant of CABLES in colon cancer, which leads to an increased cell

growth rate in human colon cancer HT-29 cells, indicating that its

role functions as a dominant negative mutant (118).

PARKIN, a tumor suppressor gene, functions as an E3 ligase

and targets multiple substrates in the ubiquitin-proteasome system,

inducing the degradation of cyclin E protein during the cell cycle. Its

activity is modulated by growth factors. However, recent findings by

Ikeuchi et al. have revealed that alternative splicing of the PARKIN

gene leads to defects in the proteolysis of cyclin E, promoting colon

cell proliferation and contributing to the development of colorectal

cancer (119).

The 4-phosphatase Inositol polyphosphate 4-phosphatase II

(INPP4B) is a regulator of the PI3K signaling pathway. The study

demonstrated that a small transcript variant, INPP4B-S, generated

by inserting a small exon between exon 15 and 16 and skipping

exons 20-24, has been shown to promote the proliferation of

colorectal cancer (120).

Flodrops et al. discovered that in CRC, tissue metalloprotease

inhibitor I (TIMP1) increases proliferation and metastasis and

decreases apoptosis by specifically regulating the FAK-PI3K/AKT

and MAPK pathways. However, the splicing variant TIMP1-i3(+)

generated by the retention of intron 3 of TIMP1 is involved in

inhibiting the progression of colon cancer during the early

transition from normal mucosa to colorectal adenoma, and is

regulated by hnRNPA1 (121).

It is established that SMURF2 promotes the migration and

invasion of cancer cells, indicating its potential oncogenic role in

CRC (122). However, its splice variant DE2SMURF2 has been

shown to control mouse intestinal tumor growth by upregulating

the degradation of wild-type SMURF2 via type II TGF-b receptor

and reducing the proliferation and production of pro-inflammatory

cytokines (123).

The gene DBF4B produces two splicing variants, DBF4B-FL and

DBF4B-S, through the inclusion or skipping of exon 6. Chen et al.
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found that the upregulation of SRSF1 promotes the inclusion of

exon 6 in DBF4B, leading to the increased expression of DBF4B-FL

and promoting the occurrence and proliferation of CRC (124).

The splice variant of the human transformer 2b (TRA2B) gene

that contains exon 2 (TRA2b4) was found to be preferentially

expressed in the nuclei of human colon cancer cells. It is possible

that TRA2b4 could sequester Sp1 from binding to the promoters of

target genes, which may promote cell growth by disrupting the gene

expression program related to senescence (125). Nucleolin (126)

and hnRNPA1 (127) have been shown to regulate the splicing of

TRA2b, which affects the levels of TRA2b4 and is associated with

the abnormal growth of CRC cells.

The expression of the inhibitor of differentiation 1 (ID1) was

found to be positively correlated with high tumor grade in CRC

patience (128). The ID1 gene can generate two distinct isoforms

through alternative splicing, known as ID1a and ID1b. Research

findings indicate that the overexpression of ID1a promotes cell

proliferation, while ID1b has the opposite effect by inhibiting

proliferation and maintaining an undifferentiated cancer stem

cell-like phenotype, as well as inducing cell quiescence (129).

CDC14B is an important regulator of mitotic spindle assembly

in eukaryotes, which can have an impact on cancer cell proliferation

and mitotic spindle dynamics. Matrin3 is a splicing regulator that

can suppress the inclusion of exons 13 and 14 in the CDC14B

mRNA. Since exon 13 contains a premature termination codon

(PTC), knockdown of matrin3 can increase the formation of a

CDC14B-PTC variant that inhibits the proliferation of CRC cells

and promotes apoptosis. Therefore, the Matrin3/CDC14B axis

represents a promising target for CRC treatments (130).

Sustaining proliferation is one of the malignant characteristics

of the tumor growth. This process can be further enhanced by

aberrant splicing and the consequent generation of oncogenic

splicing isoforms. The aforementioned splice variants have all

been shown to directly or indirectly impact the proliferation of

CRC. In particular, the splicing isoforms of certain genes, such as

H2AFY, TIMPI, SMURF2, and ID1, have been identified to possess

inhibitory proliferation properties, indicating that therapeutic

approaches targeting these variants would be highly beneficial for

disease control and treatment in CRC patients.
2.3 Splice isoforms in the metastasis/
invasion of CRC

Overcoming invasion and metastasis are critical challenges in

treating CRC. The activation of EMT during cancer metastasis and

recurrence is abnormal and relies on the interactions between

cancer cells and the microenvironment. Accurately identifying

whether a tumor is invasive or metastatic is crucial for

determining its behavior.

2.3.1 CD44
CD44, a transmembrane glycoprotein, can be alternatively

spliced into multiple isoforms via the alternative splicing of its

pre-messenger RNA (131). In the human gut epithelium, the
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presence of three isoforms, namely CD44s, CD44v6, and

CD44v4-10, is commonly observed (132). Studies have indicated

that CD44v6 has a negative impact on the prognosis of CRC

patients, as it promotes CRC colonization, invasion, and

metastasis, and even increases CRC cell resistance to anti-cancer

therapies (133).

The good news is that several strategies targeting CD44v6 have

been developed to date. Some strategies aim to block the interaction

between HA and CD44v6, such as using the soluble CD44

ectodomain, a-CD44-HABD mAb, or the small fragment of HA

(sHA). Other strategies mainly target the exon v6-encoded region

by developing an a-CD44v6 mAb or by synthesizing a CD44v6-

specific peptide (134, 135). Ejima et al. (136) recently have

developed a novel anti-CD44 mAb, C44Mab-9, which can be

utilized for detecting CD44v6 in various applications, and further

research needed to determine whether C44Mab-9 has antitumor

activity in vivo.

2.3.2 CCTN
CCTN (Cortactin), encodes an actin-associated scaffolding

protein, is overexpressed in CRC and regulates cell migration

(137). The CCTN transcript that contains exon 11, known as

CCTN isoform-a, is the most abundant among all CCTN

transcripts. This isoform is the wild type and dominant one,

containing the full functional repeats, and has the strongest

abilities in binding and cross-linking filamentous actin (F-actin)

and promoting cell migration (138). In contrast, CCTN isoform-b

and isoform-c (which are much less abundant) lack the 6th repeat

(exon 11), resulting in a reduced F-actin binding and

polymerization ability and significantly decreased cell migration

when compared to CCTN isoform-a (138).

Studies have shown that as a potential functional RNA-binding

protein, high levels of PTBP1 lead to the inclusion of exon 11 in the

CCTN gene, promoting the generation of CCTN isoform-a and

thereby enhancing cell migration and invasion in CRC (139).

2.3.3 FAK
FAK is a type of cytoplasmic tyrosine kinase that is activated by

both growth factors and integrins. Through AS of FAK pre-mRNA,

specific exons (13, 14, 16, and 31) can be included independently,

which in turn code for specific domains (boxes 28, 6, 7, and Pro-

Trp-Arg, or PWR) that characterize FAK (140). There are different

forms of FAK resulting from AS of its pre-mRNA. FAK0 is the most

common form and is expressed in various tissues. FAK28 includes

exon 13 and displays an increased expression with age, but its

function in regulating FAK remains unknown. FAK6 and FAK7

include exons 14 and 16, respectively, and peak in expression during

the final stages of embryonic development (141, 142).

The study found that FAK0 and FAK6 expressions are

associated with metastatic potential in aggressive CRC cell lines

HT29 and HCT116, suggesting that they could be markers of

aggressiveness. FAK28 has a more specific role in tumor-

microenvironment interactions. Therefore, FAK6 or FAK28 splice

variants or their protein isoforms may be potential therapeutic

targets for CRC primary tumors and metastasis (142).
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2.3.4 TNC
Tenascin-C (TNC), encodes a matricellular protein, is

abundantly expressed in both inflammatory lesions and tumor

tissues (143, 144). Additionally, TNC contains a hidden functional

site that consists of the amino acid sequence YTITIRGV, which is

activated upon proteolytic cleavage (145).

Peptide TNIIIA2, a 22-mer TNC peptide that contains the

functional sequence, has been found to strongly and persistently

activate b1-integrins (146). The active sequence of TNIIIA2 is

located within the cancer-associated alternative splicing domain,

fibronectin type III repeat A2 (FNIII-A2), of the TNC molecule

(147). Therefore, it is speculated that TNIIIA2-containing TNC

peptides/fragments may play a role in cancer pathogenesis by

inducing b1-integrin activation. OS2966 is a humanized and de-

immunized monoclonal antibody that targets b1 integrin and has

been shown to have ant iprol i ferat ive , ant i- invas ive ,

antivascularization, and proapoptotic functions (148). This could

be beneficial in CRC cases with high TNC expression.

Recent studies have demonstrated that peptide TNIIIA2

directly promotes the in vitro invasiveness of colon cancer cells

by increasing the secretion of matrix metalloproteinase (149).

Moreover, in vivo experiments using a spontaneous metastasis

model have revealed that peptide TNIIIA2 is implicated in the

metastasis of colon cancer cells to the lung (150). ST2146 is a

biotinylated anti-tenascin monoclonal antibody and is a promising

treatment for CRC (151).
2.3.5 BIRC5 (SURVIVIN)
BIRC5 (SURVIVIN) is a member in the inhibitors of apoptosis

(IAP) family regulating cell cycles and controlling programmed cell

death (152). The human BIRC5 gene comprises four dominant

exons and two hidden exons. In addition to the wild-type

SURVIVIN, alternative splicing of SURVIVIN pre-mRNA

generates four different mRNAs that encode four unique proteins,

namely SURVIVIN-DEx3, SURVIVIN-2B, SURVIVIN-3B, and

SURVIVIN-2a (152, 153). Each splice variant has the potential to

modulate survivin function by interacting with survivin during

mitosis (154).

Ge et al. discovered that mRNA expression rates and levels of

SURVIVIN and its four splice variants were increased in CRC

tissues. Moreover, the expression levels of SURVIVIN-DEx3 and

SURVIVIN-3B were posit ively correlated with tumor

aggressiveness (153).

Currently, several SURVIVIN inhibitors are undergoing clinical

evaluation, and more specific and effective SURVIVIN inhibitors are

being developed. For instance, YM155 is a small-molecule inhibitor

that specifically targets and suppresses the activity of the survivin

promoter. LY2181308 and SPC3042 (EZN-3042) are antisense

oligonucleotides that limit survivin expression by binding to and

degrading its mRNA (155). The use of survivin-2B80-88 in

combination with IFA and IFNa has also been shown to result in

clinical improvement and enhanced immunological responses for

patients with CRC (156). However, targeted drugs against

SURVIVIN splice variants still require further discovery and

investigation (157).
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2.3.6 CXCR3
The expression of C-X-Cmotif chemokine ligands (CXCL) 9, 10,

and 11, along with other factors associated with EMT, is elevated at

the invasive edge of CRC tissues (158). They involved in leukocyte

trafficking, immune response, and cellular proliferation by binding to

a common receptor, known as C-X-C motif chemokine receptor 3

(CXCR3) (159–161). This receptor belongs to the G protein-coupled

receptor family and is expressed in CRC tissues (162).

In humans, three splice variants of CXCR3 (CXCR3A, CXCR3B,

and CXCR3-alt) have been discovered, and these variants play

distinct roles in different types of cancer cells (163, 164). For

example, gastric and renal cancer cells’ invasiveness and

metastasis are promoted by CXCR3A (165), while prostate cancer

cells’ invasiveness and migration are inhibited by CXCR3B (166).

Recent studies have indicated that the CXCL10-induced

proliferation and invasiveness of the HCT116 CRC cell line may

be mediated by CXCR3A, not CXCR3B (167).

2.3.7 FOXM1
The Forkhead box m1(FOXM1) is known to function as a

transcription factor essential for G (1)/S transition and controls

proper execution of mitotic cell division (168). It is a key mediator

of Wnt/b-catenin signaling and acts by binding to b-catenin and

stabilizing b-catenin in cell nuclear and enhancing transcriptional

activity (169).

AS of exons 6 and 9 leads to the formation of various FOXM1

isoforms. FOXM1a contains only exon 9, FOXM1b neither exon 6

nor 9, FOXM1c only exon 6 and FOXM1d contains both. FOXM1 is

the inactive isoforms, while FOXM1b and FOXM1c remain

functional (170). Recent study has shown that AKT1 works as an

upstream kinase, regulating RBM17-mediated FOXM1 alternative

splicing and promoting the properties of cancer stem cells in

CRC (171).

Rather et al. investigated the expression of FOXM1 in 98 CRC

samples and normal tissues, and found that FOXM1 was elevated in

CRC and linked to reduced disease-free survival (172).

Overexpression of FOXM1 in tumor tissues is also significantly

related to metastasis in CRC through the induction of EMT (173).

Another study also showed that the expression of FOXM1 has a

significant difference between CRC and adjacent noncancerous

tissue samples. Silencing of FOXM1 inhibited the proliferation,

invasion, and migration of CRC cells. Furthermore, knockdown of

FOXM1 can also reduce VEGF-A levels in CRC cell lines, indicating

that FOXM1 could be a selective target for the molecularly targeted

treatments of CRC (174). Additionally, SPF45/SR140/CHERP

complex regulates FOXM1 alternative splicing as well (170).

2.3.8 Others
A-type lamins, which are produced by alternative splicing of the

LMNA gene located on chromosome 1q21.3 (175), have been

shown to increase the risk of death from CRC. This is attributed

to their ability to enhance invasiveness and potentially induce a

more stem cell-like phenotype (176).

Pan et al. made a discovery that SRSF11 plays a pro-metastatic

role in CRC by impeding the AS of HSPA12A (Heat Shock Protein
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Family A (Hsp70) Member 12A pre-RNA). Their results highlight

the novel connection between SRSF11-regulated splicing and CRC

metastasis via HSPA12A, indicating that the PAK5/SRSF11/

HSPA12A axis could serve as a promising therapeutic target and

prognostic biomarker for CRC (177).

Multiple splice variants of the cholecystokinin-2 (CCK2)/gastrin

receptor are ectopically expressed in gastrointestinal (GI) cancers.

Studies have shown that one of these variants, CCK2i4svR, may

enhance tumor angiogenesis through agonist-independent

mechanisms, thus potentially contributing to the growth and

metastasis of GI cancers (178).

TXL-2, a member of the thioredoxin (TXN) and nucleoside

diphosphate kinase family, is a novel gene that undergoes

alternative splicing to produce three distinct isoforms: TXL-2a,

TXL-2b, and TXL-2c. Studies have demonstrated that TXL-2b

significantly promotes cell invasion and metastasis through its

interaction with the RAN and PI3K signaling pathways in CRC

cells. In contrast, TXL-2c inhibits these processes (179).

The HDM2 oncogene is known to negatively regulate the P53

gene. In colorectal cancer tissues and cells, four HDM2 splicing

variants have been identified: HDM2/1338, HDM2/707, HDM2/

1007, and HDM2/1200. Experimental results indicate that the

expression of HDM2 splicing variants is associated with advanced

tumor stage and distant metastasis in wild-type P53 cases, as well as

poor survival of patients (180).

ZO1 is a widely recognized cytoplasmic scaffolding and tight

junction protein (181), and the AS event of ZO1 exon 23 (ZO1 E23)

plays a crucial role in the progression of CRC. Research has shown

that the deletion of ZO1 E23 (ZO1 E23-) leads to a disruption in F-

actin distribution, which promotes CRC cell migration and invasion

(182). Conversely, the inclusion of exon 23 in ZO1 (ZO1 E23+) has

the opposite effect. SRSF6 (183), HnRNP L (184), RBM47 (185),

and GLTSCR1 (182) have all been shown to regulate ZO1 E23 AS,

thereby impacting the development of CRC. The b2-adrenergic
receptor agonist, indacaterol, has been identified as an inhibitor of

SRSF6, which suppresses the AS of ZO1 and subsequently

suppresses CRC tumorigenesis (183).

Carcinoembryonic antigen-related cell adhesion molecule 1

(CEACAM1) is a protein that is often overexpressed in CRC and

has been found to be correlated with clinical stage (186, 187).

CEACAM1 has alternatively spliced isoforms that contain either

three or four Ig-like extracellular domains, and a long (CEACAM1-

L) or a short (CEACM1-S) cytoplasmic tail (188). Studies have

shown that compared to CEACAM1-S, CEACAM1-L promotes the

invasion and migration of CRC (189).

In addition to the aforementioned variants, two splicing

variants of RON, ROND165E2 (190) and ROND160(E2E3) (191),
have been identified in recent years, and both have been

demonstrated to enhance the growth and metastasis of CRC.

NF-Y is a heterotrimeric transcription factor composed of the

DNA-binding subunit, NF-YA, and the histone-fold domain, NF-

YB/NF-YC dimer. There are two splice variants of NF-YA: NF-YAs

and NF-YAl. The latter results from the inclusion of exon 3 within

the transactivation domain. Study has shown that high levels of NF-

YAl transcription can forecast the poor overall survival in CRC

patients, and tumor cells exhibiting elevated NF-YAl expression
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possess greater single-cell migratory and invasive potential.

Targeting the NF-YAl splice variant and increasing the NF-YAs/

NF-YAl ratio may decrease the progression of metastatic CRC (192).

The dissemination of tumor cells is the most dangerous process

in the development of tumors. For many years, invasion and

metastasis have been challenging obstacles in the battle against

cancer, causing distress for both doctors and patients. Here, we have

summarized some relevant splice variants and found that different

splicing isoforms of HSPA12A, TXL-2, and ZO1 can promote or

inhibit the invasion and metastasis process. Therefore, the discovery

of splice variants associated with invasion and metastasis in CRC

mentioned above brings new hope for effective treatment and

improved prognosis in CRC.
2.4 Splice isoforms and the apoptosis
in CRC

Apoptosis is a cellular process that occurs in physiological and

pathological conditions, defects in apoptosis can lead to malignant

transformation, tumor metastasis and drug resistance. AS of genes

can impact the CRC development by affecting the apoptosis

network of CRC.

2.4.1 c-FLIP
FLICE-inhibitory protein (FLIP) is an inhibitor that regulates

apoptosis mediated by death receptors (193). The Human FLIP

gene is approximately 48 kb in size and includes at least 14 exons,

which can generate 11 different isoforms through alternative

splicing (194). Cellular FLIP (c-FLIP) is predominantly expressed

as two splice variants, including a long form (c-FLIPL) with two

serial death effector domains (DEDs) in the amino-terminal

followed by a caspase-like domain (CLD) in the carboxy-terminal,

and a short form (c-FLIPS) with only two N-terminal DEDs (194).

Both splice variants of c-FLIP can inhibit proapoptotic downstream

molecules (195).

c-FLIPL has been found to be significantly higher in colorectal

cancer compared with matched normal tissue, suggesting that c-

FLIPL may contribute to in vivo tumor transformation (196). The

apoptosis induced by silencing of one splice form may be

counteracted partly by the other splice form. However,

researchers also found that specific silencing of c-FLIPL can

effectively inhibit HCT116 tumor growth and induce apoptosis as

silencing both splice forms, and c-FLIPL overexpression can

dramatically inhibit the growth-inhibitory effects of chemotherapy

in vivo setting, suggesting that the c-FLIPL may be the more

important regulator of CRC (195).

2.4.2 ZNF148
Zinc fingers proteins (ZNF) are the largest family of DNA

binding proteins and can act as transcriptional factors in

eukaryotes, and selectively binds to specific DNA sequences in

the promoter of target genes via characteristic zinc finger domain

(197). ZNF148 plays an significant role in cell growth, proliferation,

differentiation, apoptosis and other biological activities (198).
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ZNF148 has two functionally distinct alternative splicing isoforms.

ZNF148FL contains a complete 794 amino acids, while ZBP-148DN
was generated by alternative promoter usage upstream of an

alternative exon 4B, and the ZBP-148DN protein lacks the amino-

terminal 129 amino acids (197, 198). Two splicing isoforms of ZNF148

mutually antagonize with each other. Overexpression of ZNF148FL

can decrease ZNF148DN expression, and promote the proliferation,

migration, and invasion of human CRC cells trough binding to the

transcription factor p300 and modulating the Wnt signaling pathway.

On the contrary, overexpression of ZNF148DN can reduce levels of

ZNF148FL and inhibit the upregulation of Wnt signaling pathway by

ZNF148FL, subsequently promote the apoptosis, and inhibits the

proliferation, migration, and invasion of CRC cells (198).

2.4.3 SYK
Spleen tyrosine kinase (SYK) is a 72 kDa non-receptor tyrosine

kinase that contains two tandem Src homology 2 domains at the

NH2 terminus and a kinase domain at the COOH terminus (199,

200). SYK has two alternatively spliced isoforms: the full-length

(SYK(L)) is predominantly found in nuclear, while the short form

(SYK(S)) lacks a 69-nucleotide exon and is only expressed in the

cytoplasm (199, 200). It has been shown that hnRNP-K protein

regulates the splicing pattern of SYK (199).

SYK implicated in the control of apoptosis, and in the regulation

of cell cycle. Deficiency of SYK (L) leads to the accumulation of cells

in the G2-M phase of cell cycle, and to the emergence of cells with a

>4N DNA (199). Ni et al. found that SYK (L) was downregulated in

69% of tumor tissue samples compared to the adjacent non-cancerous

tissue, the expression of SYK (S) remained stable, suggesting that SYK

(L) but not SYK (S) is associated with tumor suppressing activities

(200). Denis et al. further demonstrated that survival of CRC cell

depends on SYK(L), since silencing of SYK(L) expression affected cell

viability and induced apoptosis (199, 200). C-13 is an original non-

enzymatic inhibitor of SYK, which shows promising potential for the

treatment of CRC and other cancer diseases (199).

2.4.4 PGAM5
PGAM5 is a member of the phosphoglycerate mutase family

and has two splicing variants, including a long form (PGAM5L) and

a short form (PGAM5S). Alternative splicing results in a truncation

at amino acid residue 239 of the PGAM5 protein, with the PGAM5S

isoform contains 16 additional C-terminal hydrophobic amino

acids, while the PGAM5L isoform containing 50 additional

hydrophobic amino acids residue at the C terminus (201, 202).

Both isoforms of PGAM5 function in the intrinsic necrosis

induced by TNF-a as well as reactive oxygen species (ROS) and

calcium ionophore (201, 202). Further experiment indicated that

PGAM5L is indispensable for the execution of intrinsic apoptosis by

controlling the Bax activation and Drp1 dephosphorylation and

induces mitochondria fission, Bax-PGAM5L-Drp1 complex is a

potential target for CRC treatment (201).

2.4.5 WNT5A
The canonical Wnt/b-catenin pathway is widely recognized as

being associated with the formation of CRC (203). WNT5A (Wnt
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Family Member 5A) is an extracellular glycoprotein that activates

Wnt signaling pathways, which are important in both development

and tissue homeostasis (204, 205). According to a recent study, the

opposing roles of WNT5A in cancer can be attributed to the

encoding of two different splice isoforms, WNT5A-long (L) and

WNT5A-short (S) (206). The WNT5A-L mRNA isoform can

promote cell apoptosis, thereby suppressing cell proliferation and

acting as a tumor suppressor in CRC cells. Conversely, the

WNT5A-S mRNA isoform can inhibit cell apoptosis, promoting

cell proliferation and playing an oncogenic role in CRC cells (207).
2.4.6 Others
It is known that FAS (Fas Cell Surface Death Receptor) mediates

apoptosis of CRC cells (208, 209). The pre-mRNA of FAS

undergoes alternative splicing that excludes exon 6, resulting in

the production of soluble FAS (sFAS) protein. This protein lacks a

transmembrane domain and functions to inhibit FAS-mediated

apoptosis (210).

The MRPL33 gene is responsible for encoding a protein found

in the large subunit of the mitochondrial ribosome. The depletion of

MRPL33’s long isoform (MRPL33-L) which contains exon 3, has

been shown to impair proliferation and increase apoptosis in both

cancer cell lines and xenograft models (211). Studies have found

that MRPL33-L expression is elevated in human colorectal cancer

tissues, and this has been correlated with the levels of

hnRNPK (211).

BCL2L1, a crucial gene in regulating apoptosis, is functionally

involved in various cancer-related processes, and its protein

expression has been linked to 20q gain. This suggests that the

expression of BCL2L1, which is dependent on 20q gain, may play a

role in the progression of colorectal adenoma to carcinoma. BCL2L1

encodes two splice variants, an anti-apoptotic BCL-X(L) and a pro-

apoptotic BCL-X(S) (212). ABT-737, a BCL-2/BCL-X(L) anti-

apoptotic protein inhibitor, has successfully completed a

prospective multicenter single-arm phase II study (213). This

demonstrates the potential of targeting BCL-X(L) in CRC

(colorectal cancer) therapy.

LINC00963 is an oncogenic lncRNA that is upregulated in CRC

tissues. Recently, two novel variants of this gene, LINC00963-v2

and LINC00963-v3, have been discovered to be downregulated in

CRC tissues. LINC00963-v2 lacks exons 2, 3, and 4, while

LINC00963-v3 lacks exons 3 and 4. Overexpression of

LINC00963-v2/-v3 in CRC cells has been found to suppress their

proliferation, viability, and migration, and increase apoptosis. These

effects are mainly due to attenuating the PI3K/AKT and Wnt/b-
catenin signaling pathways. Therefore, these lncRNAs could serve

as potential targets for CRC therapy (214).

Cancer typically inhibits the cellular apoptosis mechanism in

the body, resulting in uncontrolled tissue growth. Chemotherapy

uses the association between cellular apoptosis and cancer to

destabilize the tumor and cause its death. It can be observed that

the above-mentioned genes and their splice variants have different

effects on apoptosis in CRC. Inducing the production of more pro-

apoptotic splice variants could have a certain effect on the control

and treatment of CRC.
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2.5 Splice isoforms and the angiogenesis
in CRC

Tumor growth, dissemination and metastasis are dependent on

angiogenesis. AS of angiogenesis‐related genes can lead to the

formation of distinct functional subtypes, while an imbalance

among isoforms can impact tumor progression. It would be

beneficial for the development and outcome of CRC if the

regulation of splice variant proportions through targeting relevant

splice variants could inhibit angiogenesis.

2.5.1 VEGF
The vascular endothelial growth factor (VEGF) family of

proteins regulates blood flow, growth, and function in both

normal and diseased states, and VEGF-A is the most significant

isoform of VEGF responsible for regulating angiogenesis (215).

Additionally, VEGF-A and its receptors have been found to be

highly expressed in mCRC (215).

The VEGF gene resides on chromosome 6 and consists of 8

exons (216). The VEGFxxx family of VEGF is produced through

differential splicing in exons 6 and 7 and the proximal splice site in

exon 8, whereas the distal splice site selection 66 bp downstream of

the proximal splice site in exon 8 results in VEGFxxxb (217). The

conventional VEGFxxx has angiogenic properties, while the

VEGFxxxb isoform family has antiangiogenic properties, with xxx

indicating the number of amino acids in a particular isoform (217).

12 isoforms of VEGF-A have been identified (218). The increase in

VEGF-Axxx isoforms and the decrease in VEGF-Axxxb levels lead

to an imbalance among the isoforms (215).

Bevacizumab is the first anti-angiogenetic treatment approved

for clinical use in CRC patients. However, it has been reported to

have a low response rate but a high rate of resistance and adverse

events (219). Administering recombinant VEGF-Axxxb isoforms

may be a promising new therapeutic approach (220).

2.5.2 TIA-1
T‐cell Intracellular Antigen‐1 (TIA‐1) is a binding protein

recognizing the complex secondary structure of the 3′ UTR,

assisting in alternative RNA splicing, export and translational

regulation that contribute to cancer formation and progression

(221). TIA-1 itself also undergo alternatively spliced in exon 6a to

form two isoforms, namely flTIA-1 and sTIA-1 (222). TIA‐1 can bind

to VEGF‐A RNA and act as a splicing and translational regulator of

VEGF‐A, influencing the angiogenic capability of CRC (223).

sTIA-1 had been found to be highly expressed in KRAS mutant

colon cancers. It exerts its effects by preventing flTIA-1 from

inhibiting splicing and/or translating the VEGF-A165a, a pro-

angiogenic isoform of VEGF, to promote tumor growth and

angiogenesis (222). However, flTIA-1 expression also inhibited

the effect of anti-VEGF antibodies, added a layer of intricacy to

the anti-angiogenic treatment.

2.5.3 CALD1
Caldesmon (CaD) is an actin-binding protein encoded by the

CALD1 gene. There are at least two high-molecular-weight isoforms
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(h-CaD) and four low-molecular-weight isoforms (l-CaD)

produced by alternative splicing (224, 225). The alternatively

spliced variants of the l-CaD are further differentiated by

inclusion (Hela l-CaD) or exclusion (WI-38 l-CaD) of exon 1 (225).

The expression of Hela l-CaD was restricted to the tumor

vasculature and was not found in normal blood vessels of cancers

derived from colon and other various organs and was preferentially

expressed in the early stage of tumor neovascularization. This

indicates that Hela l-CaD can be considered as a marker of

angiogenic endothelial cells during the early stages of tumor

neovascularization (225). Kim et al. found that l-CaD significantly

increases in primary colon cancer and liver metastasis than in the

corresponding normal tissues, while h-CaD did not differ among

these groups, and colon cancer patients with high levels of l-CaD

had a poor response to chemoradiotherapy (226). These data

suggested that l-CaD can be used for diagnosis and prognosis,

and maybe a potential target for CRC treatment.

2.5.4 VEGFR2
Vascular endothelial growth factor receptor 2 (VEGFR2) is the

primary receptor of VEGF. There are two distinct forms of VEGFR2

that are expressed: the membrane-bound VEGFR2 (mVEGFR2)

and the soluble VEGFR2 (sVEGFR2) (227, 228).

Retention of intron 13 would lead to an in-frame early

termination TAA codon, resulting in a truncated transcript

variant. The protein product of this variant would lack the

transmembrane and intracellular tyrosine kinase domains of

VEGRF2 (227). Tumor vascularization and tumor growth can be

inhibited by both decreasing mVEGFR2 and increasing sVEGFR2

since sVEGFR2 has anti-angiogenic and anti-lymphangiogenic

properties, whereas mVEGFR2 has the opposite effect (229).

Therapeutic drugs targeting VEGFR2, such as anti-VEGFR2

antibodies, siRNAs, and small-molecule VEGFR2 inhibitors, have

shown success in a variety of preclinical animal studies and clinical

trials. Morpholino is considered a novel therapy that targets

VEGFR2 (229).
2.6 Splice isoforms and the immunity
in CRC

Immune mechanism in tumor is very complex and is associated

with AS. AS of genes can participate in the process of tumor immunity

by affecting cytokine signaling or the function and infiltration of

immune cells, which can impact tumor proliferation and migration.

The discovery of immune-related splice variants associated with CRC

will assist us in understanding the immune mechanisms of CRC and

guide targeted and immunotherapy for CRC.

2.6.1 IL6R
Interleukin-6 receptor (IL-6R) plays an important role in

inflammation, immune cell differentiation and cancer. IL-6 can

signal in two different ways, one is classic signaling via the

membrane-bound IL-6R, another is trans-signaling via soluble

forms of the IL-6R (sIL-6R).
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sIL-6R can be generated from different mechanism, proteolytic

cleavage of membrane IL-6R by transmembrane metalloproteases,

release of cytokine receptors from cells on extracellular vesicles, and

the generation an alternatively spliced mRNA isoform in

transcriptional mechanism without the region encoding the

transmembrane domain (230, 231). IL-6 can bind to IL-6R or sIL6-

R to form the IL-6/IL-6R complex which can interact with the IL-6

transducer expressed gp130, subsequently results in gp130

dimerization and phosphorylation and activates the receptor-

associated kinases such as JAK1, JAK2, and Tyk2, which eventually

promote the cell proliferation and tumor progression (230). Recent

studies have found a correlation between increased serum levels of IL-

6 and sIL-6R in patients with CRC and tumor size as well as poor

prognosis in those with metastatic colorectal cancer (230, 232). For

instance, the compound Evodiamine has shown potential in

inhibiting intestinal inflammation and the development of CRC by

suppressing IL-6 signaling (233). These findings suggest that blocking

IL-6 trans-signaling could play a role in the treatment of CRC.

Therapeutic drugs targeting IL-6R are currently under

development. For example, Tocilizumab, an anti-IL-6 receptor

antibody, has completed phase III randomized controlled trials

(234), while Olamkicept, a soluble gp130-Fc fusion protein that

selectively inhibits trans-signaling of interleukin-6 (IL-6) by binding

to soluble IL-6 receptor/IL-6 complex, has completed randomized

clinical trials (235).

2.6.2 PPAR
Peroxisome proliferator-activated receptors (PPARs) belong to

the nuclear hormone receptor family including three AS isoforms,

namely PPARa , PPARb/d and PPARg . PPARb/d-linked
tumorigenesis was first identified in CRC and was considered as a

potential drug target for CRC (236). The organization of the coding

exons of PPARb/d corresponds to that of the genes encoding

PPARa and PPARg. PPARg1 and g2 are generated by using the

differential promoter and AS (237), and four different splicing

isoforms of PPARb/d mRNAs containing one or two non-coding

5’-exons are also generated by alternative promoter (238).

PPAR can promote lipid accumulation in NK cells, inhibit of

their cellular metabolism and thus inhibit their function (239).

Schumann et al. found that most of PPARb/d target genes are

upregulated in tumor-associated macrophages (TAMs) from

ovarian carcinoma patients, activation of PPARb/d target genes by

polyunsaturated fatty acids which act as potent PPARb/d agonists in
macrophages contributes to the pro-tumorigenic polarization of

ovarian carcinoma TAMs (240). Therefore, PPARb/d has the pro-

tumorigenic functions by promoting polarization of macrophages

favoring tumor progression or impairing antitumor cytotoxicity of

NK cells (241). A recent study has found that blocking the PPAR

pathway can promote apoptosis and inhibit the development of CRC

organoids in vitro, indicating that the PPAR signaling pathway is

involved in CRC tumorigenesis (242).

2.6.3 IL22RA2
Interleukin-22 (IL-22) is an IL-10-type cytokine involved in

various pathologic processes. It is signaled through a membrane
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receptor composed by the heterodimer IL-22R1/IL-10R2 and can be

recognized by a secreted receptor called IL-22 binding protein (IL-

22BP), which is encoded by the IL22RA2 gene (243). Human

IL22RA2 gene can express three alternatively spliced variants

including IL22RA2v1 (IL-22BPi1), IL22RA2v2 (IL-22BPi2), and

IL22RA2v3 (IL-22BPi3), IL-22BPi1 was retained intracellularly

because of the presence of exon 3 in its mRNA; the sequences of

IL22RA2v1 and IL22RA2v2 differ only in exon 3; IL-22BPi2

consists of two fibronectin III domains, whereas IL-22BPi3 lacks

the C-terminal domain except for five frameshifted residues (244).

IL-22BP is highly expressed by dendritic cells (DC) in colon

under homeostatic conditions and plays a crucial role in controlling

tumorigenesis and epithelial cell proliferation. Although IL-22BPi3

was more abundant in human tissues, IL-22BPi2 was more effective

than IL-22BPi3 at blocking IL-22 signaling, while IL-22BPi1 was

unable to antagonize IL-22 signaling because it is not secreted (244).

IL-22BP deficiency can lead to the accelerated and increased

tumorigenesis in colitis-associated colon cancer model (245).

However, it is also reported that CD4+ T cells from patient with

IBD produce high levels of IL-22BP, which can block the protective

actions of IL-22 during acute colitis (246, 247). A study

demonstrated that the delivery of liposome-protamine-IL-22BP

mRNA complex can induce tumor apoptosis , inhibit

angiogenesis, and increase infiltration of immune cells, showing a

promising potential for colon cancer therapy (248).

2.6.4 ILT3
Inhibitory receptor Ig-like transcript 3 (ILT3) is an

immunoregulatory protein that belongs to the ILT family. Human

ILT3 is mainly expressed in dendritic cells and monocytes. It is

generally viewed as having a negative regulatory function (249).

Alternatively spliced mRNA that results from the deletion of

exons 5–7 of ILT3 encodes a soluble form of the ILT3 (sILT3)

protein, which lacks the ILT3 transmembrane domain, causing the

release of ILT3 in the circulation (250). Both membrane-bound

ILT3 and sILT3 could inhibit the proliferation of T cells, induce its

anergy, and promote the differentiation of CD8+ T cells within the

tumor microenvironment or in sentinel lymph nodes. Furthermore,

patients with CRC have been found to have a significantly higher

amount of sILT3, which inhibit tumor immunity in CRC (250). A

study revealed that the decreased expression of ILT3 in CRC

patients is associated with improved overall survivals (251). The

data suggested that the expression of ILT3 could have a significant

impact on the progression of CRC and serve as a target for

individualized therapy.
2.7 Splice isoforms and the metabolism
reprogramming in CRC

Metabolic reprogramming is a distinguished cancer hallmark.

AS can affect CRC through participating in many metabolic

pathways, such as lipid metabolism and carbohydrate metabolism.

Studying the genes and their splice variants associated with CRC

metabolic reprogramming can aid in the development of new
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treatment strategies, such as targeting these variants to interfere

with the survival and proliferation of cancer cells by disrupting their

metabolic pathways. This has the potential to become an important

approach in future cancer therapy.

2.7.1 PKM
The Warburg effect is characterized by the preference of tumor

cells for glycolysis over oxidative phosphorylation for energy

production, and this metabolic shift is a crucial factor in malignant

transformation. Studies have shown that this metabolic alteration

results from a change in the expression of different splice variants

(PKM1 and PKM2) of the glycolytic enzyme pyruvate kinase (PK)

(252). The PKM1 isoform promotes oxidative metabolism, whereas

PKM2 enhances aerobic glycolysis. And data suggest that the

decrease in PKM1 expression may contribute to the upregulation

of glycolysis and the downregulation of butyrate oxidation in CRC

cells (253). Furthermore, multiple studies have suggested that PTBP1

(254), lncRNA SNHG6 (255), lncRNA HOXB-AS3 (256), Sam68

(257), MicroRNA-124 (258), LncRNA XIST/miR-137 axis (259),

TRIM29 (260), and other molecules can target PKM1/PKM2 and

influence their ratio, thereby impacting the growth, glycolysis, and

even chemoresistance of CRC cells.

2.7.2 UGT1A
UDP-glucuronosyltransferase enzymes (UGTs) are responsible

for glucuronidation pathway which is a major cellular process of

conjugative metabolism (261). Girard et al. (262) found that a new

exon 5b, located in between the coding exons 4 and 5, can undergo

alternatively spliced with exon 5a (the classical exon 5), generating

new UGT1A mRNA variants referred to as isoforms 2 or i2.

UGT1A_i2 is enzymatically inactive and acts as a negative

modulator of UGT1A1_i1, resulting a significant repression of

UGT1A_i1-mediated drug metabolism (262, 263), and

influencing cancer cell metabolism via complex protein network

connecting other metabolic pathways (264). Studies have shown

that UGT1A_i2 mRNA is downregulated in colon tumors, and the

depletion of UGT1A_i2 proteins in colon tumors cell model can

enforce the Warburg effect, leading to lactate accumulation and

impacting migration properties (264).

2.7.3 ACSL
Long-chain acyl-CoA synthetases (ACSL) plays a crucial role in

the degradation of fatty acids, the remodeling of phospholipids, and

the synthesis of long acyl-CoA esters that controls a multitude of

physiological processes in mammals. Five ACSL genes have been

identified, namely ACSL1, ACSL3, ACSL 4, ACSL 5, and ACSL 6,

with each gene having up to five different spliced variants, and most

spliced variants are generated by AFE, ES, and MXE (265). Among

these spliced variants, ACSL1 and ACSL4 were found to be

overexpressed in CRC patients with poorer outcomes (266).

The metabolic profiles of both ACSL1 and ACSL4 isoforms

were significantly different. ACSL1 was more inclined to triglyceride

synthesis while ACSL4 prefers longer polyunsaturated fatty acids

(PUFA) such as arachidonic acid as substrates. Furthermore,
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ACSL1 exhibits a tendency towards invasive capabilities

accompanied by a decrease in the basal oxygen consumption rate,

whereas ACSL4 promotes the proliferation in CRC cells and is

related to a more glycolytic phenotype compared to control or

ACSL1 cells (266). It is reported that the combination of ACSL/SCD

inhibitors can reduces the survival of CRC cells without impacting

normal cells, and it is also effective in CRC cells resistant to the

conventional chemotherapy. Therefore, the inhibition of ACSL/

SCD axis is of great potential in cancer treatment (267).
2.8 Splice isoforms and the drug resistance
in CRC

AS can not only influence therapeutic efficacy but also serve as a

prognostic and predictive biomarker for CRC. Different AS

isoforms may have contrasting functions in drug resistance.

Targeting these isoforms is highly likely to help adjust and refine

the corresponding treatment strategies, overcome cancer drug

resistance, and thus improve the therapeutic efficacy of CRC.

2.8.1 ASPP2
ASPP2 is a tumor suppressor that enhances apoptosis and

inhibit tumorigenesis via P53-dependent and P53-independent

pathways (268, 269). Exon-skipping splicing of ASPP2 results in

the generation of ASPP2k, which is a C-terminally truncated

isoform that lacks the P53 binding sites. This isoform is defective

in promoting stress-induced apoptosis (270). The overexpression of

ASPP2k in tumor tissue compared to adjacent normal tissue

contributes to CRC by enhancing proliferation, promoting cell

migration, and conferring resistance to chemotherapy-induced

apoptosis (271). It serves as a potential treatment target and acts

as a prognostic and predictive biomarker for CRC.

2.8.2 OPN
Osteopontin (OPN) is an extracellular matrix protein that is

overexpressed in various cancers. It promotes cancer cell

proliferation, survival, metastasis, and angiogenesis. There are

three main splicing isoforms of OPN: OPNa, OPNb, and OPNc.

OPNa is the full-length wild-type form, while OPNb and OPNc are

mutually exclusive splicing isoforms. OPNb lacks exon 5, while

OPNc lacks exon 4 (272). After 5-FU treatment of colon cancer

cells, the splicing isoform OPNc was found to be the most

upregulated in comparison to the other two isoforms, and the

secretory OPNc can stimulate cells to survive from drug-induced

microenvironmental stress (273). Preventing OPN splicing could be

an effective method of inhibiting tumor progression and recurrence.

2.8.3 LGR5
LGR5 can inhibit the degradation of b-catenin, resulting in the

accumulation of b-catenin and its translocation into the nucleus

where it regulates the expression of a wide range of target genes

(274). LGR5 has been reported to be overexpressed in CRC patients

and correlated with poor prognosis (275). Additionally, LGR5 has
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been found to drive tumorigenesis in both the small intestine and

colon (276).

LGR5 consists of 18 exons, with exons 1–17 constituting

extracellular leucine-rich repeats (LRRs). There are two transcript

variants of LGR5, one lacking exon 5 (LGR5D5) and the other

lacking exon 8 (LGR5D8) (277).
LGR5FL-positive cells exhibit low proliferative activity and

resistance to anti-tumor drug, while blocking LGR5 exon 5

impairs the dormancy of LGR5FL-positive cells and gives the

ability of proliferation, subsequently increasing the sensitivity to

chemical treatments (277). The study has also demonstrated that

the low level of LGR5D5 expression was significantly correlated with
a poor prognosis for the disease-associated survival of soft-tissue

sarcoma patients (278). It appears that the LGR5 exon 5 Ab has the

potential to be a new and promising drug for CRC.

2.8.4 Others
SYK is associated with the survival of CRC cells. Although the

overexpression of SYK(S) did not alter proliferation and metastasis,

SYK(S) is important in the chemotherapeutic treatment of CRC,

Both SYK(L) and SYK(S) can increase the sensitivity of CRC cells to

5-FU, which is significant in cancer treatment (200).

AS of FOXM1 leads to its functional isoform and promotes 5-

FU resistance by upregulating ABCC10 through directly binding to

its promoter region, silencing of FOXM1 promoted the sensitivity of

CRC cells to 5-FU by enhancing cell apoptosis (170, 279). The study

has also demonstrated that FOXM1 can potentially regulate other 5-

FU targets, such as thymidylate synthase (TYMS), thymidine kinase

1 (TK-1) and thymidine phosphorylase (TYMP); inhibiting FOXM1

leads cell cycle arrest, DNA damage, and apoptosis in CRC cell

lines (280).

Alternative splicing results in the inclusion of a new exon 11 in

the RAF1 mRNA, which causes a frameshift and introduces three

premature stop codons, leading to the truncation of the RAF1

protein and the absence of its C-terminal kinase domain, The

resulting splice isoform is named RAF1-tr (281). RAF1-tr can

increase nuclear localization and inhibits the function of DNA

damage–regulating protein. This leads to an increase in the levels of

DNA damage after the exposure to bleomycin and radiation, and

enhances the apoptotic response of CRC cells to double-stranded

DNA damage (281).

The unfolded protein response (UPR) is a cellular stress

response related to the endoplasmic reticulum (ER). Inositol

requiring enzyme 1 (IRE1a) is a ER-localized proteins that

constitutes one arm of the UPR (282). Chemotherapeutic agents

trigger ER stress and activate UPR. Upon activation, IRE1a removes

a 26-bp nucleotide intron from the mRNA encoding X-box binding

protein (XBP) 1 to causing a frame-shift and producing an active

form XBP1s, which controls the expression of genes involved in

protein folding, ER-associated degradation, protein quality control

and phospholipid synthesis (282–284). Sustained activation of the

UPR contribute to oncogenic processes, metastasis, and tumor

chemotherapy resistance (282, 285).

LIN28B has two alternative splicing isoforms which are different

in 5’ exons, namely the LIN28B-long and LIN28B-short isoforms.
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The LIN28B-long isoform consists of 250 amino acids and has both

cold shock domain (CSD) and zinc finger domains (ZFDs), whereas

the LIN28B-short isoform lacks 70 amino acids in the N-terminus

and deficient with a complete CSD (286, 287). The overexpression

of LIN28B-long isoform can downregulate LET-7 expression, which

negatively regulates the RAS/ERK signaling. The LIN28B-short

isoform does not suppress LET-7 and acts as an antagonist

against the LIN28B-long isoform in normal colonic epithelial

homeostasis (287). Therefore, it is the LIN28B-long isoform

rather than the LIN28B-short isoform that contributes to the

drug resistance. Targeting the CSD of LIN28B may have a

potential therapeutic effect in treating LIN28B positive CRC.

CACClnc is a recently discovered novel lncRNA. It can promote

drug resistance in CRC by specifically binding to YB1 and U2AF65,

both of which are splicing factors. This binding promotes their

interaction and then modulates the AS of RAD51 mRNA, thereby

promoting DNA repair and enhancing homologous recombination

(288). Targeting CACClnc and its associated pathway may assist

in improving treatment outcomes for CRC pat ients

with chemoresistance.
3 Conclusion and perspectives

In summary, under the influence of various factors, abnormal

splicing events in genes lead to the generation of different splicing

variants. Due to distinct coding information, these isoforms can

encode proteins with different structural and functional

characteristics, in the sense that they may impact the activity of

signaling pathways, regulate the cell cycle, and affect the stability of

genes, thereby exerting different functional effects on CRC. For

instance, when compared to ZNF148FL, ZNF148DN is generated

through alternative promoter usage upstream of an alternative exon

4B. Consequently, it lacks the amino-terminal 129 amino acids, part

of the transcriptional activation domain of the protein. This

difference leads to the mutually antagonistic effects and distinct

roles in the development of CRC. Different from typical targeted

therapies, targeted splicing therapy usually has higher tumor

specificity due to acting on abnormal splicing events in tumors.

Thus, targeted splicing therapy is expected to achieve the targeted

inhibition of cancer-promoting molecules while maintaining the

regulatory effect of the molecule on normal cells and reducing the

impact on healthy tissues for traditional antitumor drugs cannot

avoid side effects and toxicity. In other words, targeted therapies are

supposed to substitute these traditional drugs. As a more effective

and safer new strategy for tumor treatment, targeted splicing

therapy has great potential for the development in the field of

oncology treatment (e.g. CRC). Because different splicing events

occur in different phenotypes of CRC, personalized targeted splicing

treatments are necessary to improve outcomes and minimize

adverse effects.

In this review, we summarize the current progress in targeted

therapies for these splicing variants and some potential therapeutic

approaches (shown in Figure 3 and Table 1). However, although

numerous splicing isoforms have been identified, many of them
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FIGURE 3

Schematic mechanisms of targeted splicing strategies. Strategies targeting splicing variants include Antisense oligonucleotides (ASO) and Small
interfering RNA (siRNA). ASO can interact with specific exon or intron sequences of target mRNA and alter its splicing, thereby affecting the
expression and function of the target gene. siRNA degrades targeted mRNA to inhibit the expression of the targeted gene. Drugs targeting splicing
factors can affect the expression balance of splicing factors in the spliceosome, thereby reducing the production of carcinogenic isoforms.
TABLE 1 Current drugs targeted splicing in the treatment of CRC.

Drug name Type Target Phase Reference

4m8c Small molecules IRE1a - XBP1s Preclinical (282)

Morpholino antisense oligonucleotides ASO CCND1a/1b Preclinical (67)

siRNA CCND1b Preclinical (289)

Tautomycetin Small molecules SRSF1 - MKNK2 Preclinical
(117)

SRPIN340 Small molecules SRPK1/2 - MKNK2 Preclinical

H3B-8800 Small molecules SF3b I (72)

DBS1 Small molecules SRPKs - VEGF Preclinical (290)

Sulfasalazine xCT inhibitor CD44 I (291)

RO5429083 Antibody CD44 I

(135)
HA oligomers Small molecules HA - CD44 Preclinical

IM7 or KM201 Antibody CD44 Preclinical

PEP-1 Peptide CD44 Preclinical

shRNA or miRNA Small molecules CD44 Preclinical
(133)

a-CD44v6 mAb Antibody CD44 Preclinical

SM08502 Small molecules SRSF I (292)

OS2966 Antibody b1-integrins I (148)

YM155 Small molecules Survivin II (157)

(Continued)
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have not yet been ascertained whether they match appropriate

target treatments. Thus, further research is needed to improve our

understanding and develop effective targeted therapies. Since it is

accepted that tumor-associated splice variants have promising

applications in CRC diagnosis and prognosis, subsequent work

should be twofold. First, we will study new tumor-associated splice

variants by experimental data, especially for the study of different

CRC phenotypes, which is crucial to future targeted therapeutic

approaches. Second, we will extend targeted splicing therapies and

explore how to manipulate splicing to make targeted CRC therapies

more safely, effectively, and accurately. To conclude, this article

mainly reviews abnormal splicing events and related tumor-specific

splicing variants in CRC, providing insight into targeted splicing

therapy in CRC.
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Drug name Type Target Phase Reference

LY2181308 ASO Survivin II

SPC3042, EZN-3042 ASO Survivin I

Survivin-2B80-88 Antigenic peptide Survivin I (155)

ABT-263 Small molecules BCL-2/BCL-X II (213)

Tocilizumab Antibody IL-6R III (234)

FD-895 antibiotic SF3b Preclinical
(71)

Spliceostatin A (SSA) Small molecules SF3b Preclinical

C-13 Small molecules SYK Preclinical (199)

Merestinib Small molecules RON I (56)

Dabrafenib, Vemurafenib, Sorafenib, Pazopanib and Ponatinib Small molecules RIP3 III (28)

Binimetinib and Palbociclib Small molecules KRAS II (50)

10058-F4 Small molecules ITGA6 Preclinical (109)

HOXB-AS3 lncRNA PKM Preclinical (256)

Indacaterol Small molecules SRSF6 - ZO-1 Preclinical (183)

GYS32661, MBQ-167 Small molecules RAC1 Preclinical (81)

Olamkicept Fusion-protein IL6/sIL-6R II (235)

Anti-VEGFR2 antibodies Antibody VEGFR2 Preclinical

(229)
siRNAs VEGFR2 Preclinical

Sunitinib, Pazopanib Small molecules VEGFR2 I

Morpholino antisense oligonucleotides ASO VEGFR2 Preclinical

ST2146 Antibody TNC Preclinical (151)
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