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Editorial on the Research Topic


Strategies in overcoming the chemoresistance in colorectal cancer


Colorectal cancer (CRC) may display innate or acquired chemoresistance, and each is important in determining initial and subsequent lines of systemic treatment. Innate resistance is noted during early therapy phases, while acquired resistance develops during systemic antineoplastic treatment (1).

To prevent ineffective treatment and to select optimal regimens, there is an urgent need to identify biomarkers associated with therapy response. Therefore, the identification and validation of biomarkers for prediction and monitoring of the response of CRC patients to a specific regimen might shift the therapy towards precision medicine.

In this Research Topic, entitled “Strategies in Overcoming the Chemoresistance in Colorectal Cancer”, in a collection of ten papers the authors focused on the different aspects that play significant roles in the therapy efficacy. These studies provided insights into the potential of new therapeutic strategies (Zhang et al., Zheng et al., Hu et al., Jiang et al., Lin et al.), presented new predictive markers (Li et al.) or different prospectives and possibilities of applying adjuvant therapy in rectal cancer patients (Kuo et al.) as well as molecular mechanisms involved in the treatment response of CRC patients (Horak et al., Moretton et al., Liu et al.).




New therapeutic strategies

Many natural compounds that have been used in Eastern medicine for centuries are currently being reevaluated in the context of current treatment approaches. Many of them are well tolerated by the patients and do not display toxic effects even at high doses (2). Their interactions with conventional chemotherapeutics represent a new direction in cancer therapy research. Lin et al. explored the potential of traditional Chinese medicine (TCM) as a sensitizer of anti-CRC drugs, and they believe TCM has a promising future as a natural, less toxic, alternative, and complementary therapy for clinical CRC treatment in developing new sensitizers to other anticancer drugs.

Jiang et al. focused on signalling targets controlled by protein tyrosine kinases to emphasize the potential of kinase inhibitors as treatment agents for metastatic CRC (mCRC). Over 50 tyrosine kinase inhibitors (TKIs) have been approved by the U.S. Food and Drug Administration (3). However, around 42 TKIs demonstrating preclinical antitumour activity, and despite numerous clinical trials, only regorafenib has been approved for clinical use in mCRC.

Zhang et al. studied fruquintinib, a small-molecule TKI that targets the vascular endothelial growth factor receptor. The authors focused on a combination of fruquintinib with PD-1 inhibitors in patients with microsatellite stable (MSS) or mismatch repair-proficient (pMMR) advanced CRC. They discovered that this combination evinced antitumor activity and manageable safety in MSS/pMMR advanced CRC patients.

Similarly, Hu et al. analysed the effect of Sorafenib, an oral multi-kinase inhibitor with a tumour-suppressing effect targeting the RAF-MEK-ERK pathway. However, its clinical application is limited due to complex drug resistance and many side effects. GW5074, one of the C-RAF inhibitors, has the potential to enhance chemotherapy efficiency. The authors demonstrated that GW5074 served as a Sorafenib sensitizer through mitochondria dysfunction and thus might reduce the risk of chemoresistance in CRC.

In a study by Zheng et al., a potentially targetable surface molecule in cancer cells, protocadherin 7 (PCDH7) was studied. One of the described and identified properties of PCDH7 was found to facilitate the development of chemoresistance in CRC cells by positively modulating Mcl-1 expression.





Radiotherapy resistance in rectal cancer patients and treatment planning

Li et al. focused on the complication of lipoprotein receptor-related protein-1 (LRP-1) and survivin-associated radiotherapy resistance. They demonstrated that radiomics analysis of dynamic contrast-enhanced magnetic resonance imagining promotes preoperative assessment of LRP-1 and survivin expression in locally advanced rectal cancer and that their model displays significant potential to diagnose patients with radiotherapy resistance.





Different prospectives and possibilities of applying adjuvant therapy in rectal cancer patients

Kuo et al. studied whether to administer adjuvant therapy for patients with rectal cancer with good response (ypT0-2N0) after neoadjuvant chemoradiotherapy and surgery. Based on the outcomes from 720 patients, the authors stated that in these circumstances adjuvant chemotherapy can be omitted.





Functional studies

DNA damaging agents are frequently used in different therapy regimens and DNA damage response pathways are involved in the mechanism of chemoresistance (Horak et al.). Platinum derivatives, inducing highly cytotoxic DNA crosslinks, are one of the keystone chemotherapeutics in CRC. Since cisplatin treatment is often associated with high toxicity and, eventually, resistance, scientists are trying to develop more active and less toxic derivatives. Moretton et al. synthesized a series of clickable cisplatin derivates as a molecular tool that can be used for the identification, visualization, localization, and isolation of DNA-cisplatin crosslinks, and thus understanding the chemoresistance mechanisms.

Oxaliplatin is used to treat mCRC (1). The innate or acquired resistance to oxaliplatin-based combinations is still the leading cause of treatment failure. Horak et al. identified that microRNA miR-140 led to MRE11 downregulation and improved oxaliplatin therapy response in CRC.

With the outset of targeted therapy, the survival of CRC patients has substantially improved. Over the last two decades, targeted therapy for CRC has made considerable progress and is used in a majority of patients with mCRC throughout their treatment. However, resistance to targeted therapy also occurs and represents a significant clinical problem. Thus, investigating the resistance mechanism and finding strategies to overcome the resistance to targeted therapy is a constant challenge in the treatment of mCRC patients and is also a Research Topic of study of Liu et al.. The authors studied platycodon-D, a bioactive compound isolated from the Chinese herb platycodon grandiflorum, to inhibit PI3K/Akt pathway during the treatment of cetuximab in KRAS-mutated CRC cells. In this functional study, the increased sensitivity of KRAS-mutated CRC cells to cetuximab after platycodon-D treatment was recorded.

In summary, this Research Topic illustrates the several aspects of overcoming or preventing the failure of cancer therapy. We are aware we did not manage to cover all aspects of the issue of chemoresistance, however, we believe this Research Topic has shed light on many elements and will be helpful for further research on the issue of chemoresistance in CRC patients.
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Cisplatin induces DNA crosslinks that are highly cytotoxic. Hence, platinum complexes are frequently used in the treatment of a broad range of cancers. Efficiency of cisplatin treatment is limited by the tumor-specific DNA damage response to the generated lesions. We reasoned that better tools to investigate the repair of DNA crosslinks induced by cisplatin would therefore be highly useful in addressing drug limitations. Here, we synthesized a series of cisplatin derivatives that are compatible with click chemistry, thus allowing visualization and isolation of DNA-platinum crosslinks from cells to study cellular responses. We prioritized one alkyne and one azide Pt(II) derivative, Pt-alkyne-53 and Pt-azide-64, for further biological characterization. We demonstrate that both compounds bind DNA and generate DNA lesions and that the viability of treated cells depends on the active DNA repair machinery. We also show that the compounds are clickable with both a fluorescent probe as well as biotin, thus they can be visualized in cells, and their ability to induce crosslinks in genomic DNA can be quantified. Finally, we show that Pt-alkyne-53 can be used to identify DNA repair proteins that bind within its proximity to facilitate its removal from DNA. The compounds we report here can be used as valuable experimental tools to investigate the DNA damage response to platinum complexes and hence might shed light on mechanisms of chemoresistance.




Keywords: cisplatin, chemotherapy, chemoresistance, DNA Damage, DNA crosslinks, DNA repair, click chemistry



Introduction

DNA crosslinks and adducts are highly cytotoxic lesions that are utilized in cancer treatment due to their strong transcription and replication inhibitory potential. Clinically, the most relevant source of DNA crosslinks is represented by platinum-based {Pt(II)} compounds (1, 2). Of those, cisplatin displays remarkable versatility and efficiency in a broad range of different malignancies. Cisplatin and other Pt(II) drugs induce cellular toxicity by binding to DNA and generating inter- and intrastrand crosslinks that are subsequently recognized by the DNA damage response machinery (3, 4). Due to the complexity of DNA crosslinks and their potent cytotoxicity, eukaryotic cells have evolved highly efficient DNA repair pathways that deal with their removal. Nucleotide excision repair (NER) pathways, and the Fanconi anemia (FA) repair pathway, are well documented to function on such lesions thus maintaining genome stability (5, 6). NER can remove intrastrand crosslinks in a transcription dependent, or independent manner (7–9), while the FA pathway is involved in the replication-dependent repair of interstrand crosslinks (10).

A caveat of using Pt(II) derivatives as chemotherapeutics is the emergence of resistance that occurs as an outcome of re-wiring of metabolism as well as DNA repair processes and apoptotic signaling (11, 12). In addition, while some progress has been made, it remains unclear why cells of different genetic backgrounds and origins display differential responses to cisplatin and develop chemoresistance (13, 14). This hinders patient stratification since it is undefined which patients would most benefit from administration of cisplatin as a chemotherapeutic. To better understand resistance mechanisms and gene- and cell-type-specific responses to platinum coordination compounds, better tools are required that allow for cellular investigations into the removal and repair of DNA crosslinks induced by cisplatin and other platinum-based compounds.

Here, we synthesized a series of Pt(II) derivatives by adding various azide or alkyne linkers to cisplatin that are amenable to a bio-orthogonal ‘click reaction’, i.e., the Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC), which is a Huisgen 1,3-dipolar cycloaddition. This reaction typically fulfills the criteria of ‘click chemistry’, meaning it is high in yield, wide in scope, stereospecific, and facile to perform at room temperature and in aqueous solvents (15–17). Following a stringent prioritization pipeline, we present two Pt(II) derivatives, an alkyne (Pt-alkyne-53, Figure 1B) and an azide (Pt-azide-64, Figure 1C), with biological properties in human cellular models. By exposing either wildtype, NER- or FA-defective isogenic cell lines to the compounds, we demonstrate them to be cytotoxic, due to induction of DNA damage. DNA lesions generated by the compounds can be visualized and quantified in cells by clicking the compounds with a fluorescent probe or biotin, respectively. Finally, by using azide-functionalized biotin to pull-down Pt-alkyne-53, we were able to identify DNA repair proteins that directly bind to DNA crosslinks to facilitate their removal from DNA. Taken together, we present versatile clickable Pt(II) compounds that can be utilized in a variety of approaches to investigate DNA repair pathways that remove platinum complexes.




Figure 1 | Synthesis of clickable cisplatin derivatives. (A) Schematic representation of intrastrand and interstrand crosslinks as well as mono-adducts induced by cisplatin. (B) Selection criteria for the generation of clickable cisplatin derivatives generated in this study; Pt-alkyne or Pt-azide compounds. (C) Chemical structures of cisplatin along with the two prioritized clickable cisplatin derivatives Pt-alkyne-53 and Pt-azide-64.





Results

Cisplatin binds covalently to DNA at the N7 position of purines, resulting in intrastrand adducts (90-95% of lesions), as well as interstrand crosslinks (~2% of lesions) and mono-adducts (~5%; Figure 1A) (18). To circumvent the lack of available tools to investigate the presence of cisplatin on DNA, we synthesized four azide-based clickable cisplatin derivatives (Pt-30, Pt-51, Pt-52 and Pt-64). Pt-30 is a known complex and its clickable nature has been previously demonstrated (19). Thus, alongside the synthesis of Pt-30, we also generated complexes Pt-51, Pt-52 and Pt-64 as novel compounds designed to vary in their azide side chain length (Pt-51 and Pt-52 bear different lengths of aliphatic azides) and electronic nature (Pt-64 bears an aromatic azide). In addition to the azide-based clickable platinum complexes, we also generated alkyne-based complexes, therefore two additional platinum coordination compounds were designed, Pt-29 bearing a five-carbon terminal-alkyne side chain, which has been previously demonstrated as a potential tool for the detection and isolation of Pt-bound biomolecules (19), and the novel complex Pt-53 bearing a ten-carbon terminal-alkyne side chain (Figure 1B; Supporting Information).

The compounds were tested for cytotoxicity and clickability, revealing two azide compounds (Pt-30 and Pt-64) and one alkyne compound (Pt-53) that fulfilled both criteria (Figure 1B). While the synthesis and isolation of most of the platinum complexes was feasible, the preparation of Pt-30 was less successful which led to its isolation in a low overall yield. Despite numerous attempts, we were unable to isolate the final product with yields surpassing 5%. While the reason behind the low yield remains unknown, we hypothesize that it could be due to failure in the precipitation techniques of the final platinum complex. Therefore, and because Pt-30 is structurally similar to Pt-53 featuring an n-alkyl amide linker between Pt2+ and the clickable function, we next prioritized the alkyne compound Pt-53 and the azide compound Pt-64 for further investigations, from here on referred to as Pt-alkyne-53 and Pt-azide-64 (Figure 1C). Thus, utilizing Pt-alkyne-53 and Pt-azide-64 allowed us to further investigate the amenability of alkylamide- and arylamide-linked cisplatin derivatives as tools for investigating aspects of DNA damage response.

Since DNA is the major target of cisplatin, it is an effective chemotherapeutic drug that is cytotoxic across a range of cancers and cell lines. To address if the two prioritized compounds Pt-alkyne-53 and Pt-azide-64 would depict chemotherapeutic activity, we tested their cytotoxicity on two human cancer-derived cell lines: U2OS from osteosarcoma and HAP1 from a cell line of chronic myeloid leukemia origin. The compounds were found to be cytotoxic on both cell lines tested, albeit at a higher concentration compared to cisplatin (Figures 2A, B). In U2OS cells the lethal dose 50 (LD50) of cisplatin was 8.2 μM, for Pt-alkyne-53 this was 26 μM and for Pt-azide-64 this was 24.3 μM (Figure S1A). In HAP1 cells the LD50 was 0.9 μM for cisplatin, 3.2 μM for Pt-alkyne-53 and 3.5 μM for Pt-azide-64 (Figure S1B). Thus, Pt-alkyne-53 and Pt-azide-64 are cytotoxic to human cancer-derived cell lines.




Figure 2 | Cisplatin derivatives confer DNA repair-dependent cytotoxicity. (A, B) Dose response curve of human (A) U2OS cells and (B) HAP1 cells treated for 3 days with cisplatin, Pt-alkyne-53 or Pt-azide-64 prepared as 2-fold serial dilutions starting at 100 μM in U2OS cells or 50 μM in HAP1 cells. Cellular survival was measured after 3 days using Cell Titer Glo®. (C, D) Dose response curve of wildtype (WT) and FANCD2 deficient (ΔFANCD2) HAP1 cells treated with the indicated doses of (C) Pt-alkyne-53 and (D) Pt-azide-64 for 3 days. Cellular survival was measured using Cell Titer Glo®. Data represent mean and SEM of 3 independent experiments performed in technical duplicates. (E–G) Clonogenic assay of wildtype (WT) and FANCD2 deficient (ΔFANCD2) HAP1 cells treated with the indicated doses of cisplatin, Pt-alkyne-53 and Pt-azide-64 for 7-8 days. (E) Representative images from 3 independent experiments and quantification of the surface area occupied by cells. (F, G) Quantification of the surface occupied by cells after treatment with (F) Pt-alkyne-53 and (G) Pt-azide-64. Data represent mean and SD of 3 independent experiments. P-values were calculated using multiple unpaired t-test. *<0.05, **<0.01, ***<0.001.



In response to cisplatin, cells activate DNA repair pathways to detect and remove cisplatin-induced DNA crosslinks. A major pathway responsible for removal of interstrand crosslinks from DNA during replication is FA and cells deficient in FA proteins are hypersensitive to DNA crosslinking agents (20). To determine if Pt-alkyne-53 and Pt-azide-64 induce hypersensitivity of FA deficient cells, we exposed HAP1 cells that had been engineered by CRISPR-Cas9 to lack the FA protein FANCD2 (ΔFANCD2; Figure S1C) to the compounds and measured cellular sensitivity to the compounds. As compared to their wildtype (WT) counterpart, ΔFANCD2 HAP1 cells displayed hypersensitivity to both Pt-alkyne-53 (Figure 2C) and Pt-azide-64 (Figure 2D), as well as cisplatin (Figure S1D). These observations were also confirmed by a clonogenic assay (Figures 2E–G and Figure S1E). This data indicates that Pt-alkyne-53 and Pt-azide-64 generate DNA lesions that are cleared by the FA pathway.

To confirm that clickable Pt(II) derivatives generate DNA damage, we measured the number of  γH2AX foci (a well-established marker of DNA damage) in the nuclei of cells treated for 3 hours with different concentrations of cisplatin, Pt-alkyne-53, and Pt-azide-64, respectively, after which the cells were cultured for up to 48 hours in compound-free media and analyzed for γH2AX foci at different time points. We observed a dose- and time-dependent increase in γH2AX foci following treatment with all three compounds, with the number of nuclear foci peeking at 4-8 hours post-treatment in WT U2OS cells (Figure S2A). At 24 and 48 hours of recovery, the number of γH2AX foci decreased in WT cells, indicating clearance of DNA damage (Figure S2A). Hence, Pt-alkyne-53 and Pt-azide-64 induce DNA damage that is cleared in a time resolved manner, with comparable kinetics to cisplatin.

A key enzyme in the repair of cisplatin-induced DNA damage is the endonuclease XPF, as it functions in both the NER and the FA pathways to excise the damaged DNA strand, thus removing the DNA lesion. To investigate whether XPF is involved in the clearance of DNA damage induced by the platinum derivatives, we exposed WT and CRISPR-Cas9 engineered XPF-deficient (XPFΔ/Δ, Figure S2B) U2OS cells for 3 hours to cisplatin, Pt-alkyne-53, and Pt-azide-64, respectively, and measured γH2AX foci overtime. While γH2AX foci in WT cells were cleared after 48 hours post-treatment, in XPFΔ/Δ cells the γH2AX foci accumulated over time, reaching approximately five-fold higher levels after 48 hours in compound-free medium, as compared to untreated cells (Figures 3A–C). This indicates a lack of clearance of cisplatin-, Pt-alkyne-53-, and Pt-azide-64-induced DNA lesions in XPFΔ/Δ cells. Taken together, our data show that Pt-alkyne-53 and Pt-azide-64 are cytotoxic due to the generation of DNA damage that is cleared in a DNA repair-dependent manner through the NER and the FA pathway.




Figure 3 | Pt-alkyne-53 and Pt-azide-64 induce DNA damage that is cleared through DNA repair. (A, B) Visualization of the DNA damage marker  γH2AX (in red) within DAPI stained nuclei (in blue) in wildtype [WT, (A)] or XPF deficient [XPFΔ/Δ, (B)] human U2OS cells. Cells were untreated (UT), or treated for 3 hours with vehicle (DMF), 1μM cisplatin, 5μM Pt-alkyne-53 or Pt-azide-64, followed by culturing the cells in compound-free media for up to 48 hours. Images were acquired on an Olympus spinning disk confocal microscope, scale bar represents 20μm. (C) Quantification of images corresponding to conditions in (A, B) represented as mean number of  γH2AX foci per nucleus. A minimum of 1,700 cells were quantified for each condition, using CellProfiler, from images acquired with an Opera high-throughput microscope. Error bars represent standard error of the mean. P-values were calculated using t-test. **<0.01, ***<0.001, ****<0.0001, ns, not significant.



Next, we directly measured the cellular distribution and DNA-binding capacity of Pt-alkyne-53 and Pt-azide-64, by means of immunofluorescence and dot-blot after CuAAC click reactions with a fluorescent dye or biotin, respectively (Figure 4A). To investigate cellular distribution by immunofluorescence, U2OS cells were treated with either Pt-alkyne-53 or Pt-azide-64 for 3 hours, fixed and permeabilized, before the CuAAC click reaction was performed with the alkyne- (for Pt-azide-64) or azide- (for Pt-alkyne-53) functionalized dye Alexa Fluor 488 (AF488). This allowed for visualization and cellular localization of the compounds. Both Pt-alkyne-53 and Pt-azide-64 showed enrichment in the nucleus and nucleoli, while Pt-alkyne-53 was also detectable in the cytoplasm (Figure 4B; Figure S3). To investigate DNA binding capacity by dot blot, we exposed U2OS cells for 5 hours to the compounds, then performed the CuAAC click reaction on Pt-alkyne-53 and Pt-azide-64 with alkyne- or azide-linked biotin. After DNA extraction, we measured the intercalation of the compounds within genomic DNA using a horseradish peroxidase conjugated anti-streptavidin antibody (Figure 4C). Using this approach, we were able to quantify Pt-alkyne-53 or Pt-azide-64 bound to genomic DNA.




Figure 4 | Cisplatin derivatives are clickable and bind DNA repair proteins. (A) Schematic representation of the copper-catalyzed click reaction (CuAAC) in which an azide (purple) and an alkyne (orange) compound were covalently bound to form a triazole conjugate. (B) Visualization of clickable Pt-alkyne-53 with AF488-picolyl azide and Pt-azide-64 with AF488-alkyne in U2OS cells treated for 3 hours with the indicated compounds at 5 μM or 25 μM, respectively (green). DAPI (blue) was used to counterstain nuclei. Vehicle treated cells (DMF) were used as a negative control. Scale bar represents 20 μm. (C) Dot blot of DNA from U2OS cells, immobilized on a nitrocellulose membrane and stained with streptavidin-HRP to detect DNA-bound biotin. Cells were pre-incubated for 5 hours with 100μM Pt-alkyne-53 or Pt-azide-64, followed by fixation and subjected to a CuAAC click reaction with biotin-azide or biotin-alkyne. Vehicle treated cells (DMF), as well as cells exposed to the CuAAC click reaction without the copper catalyst (-CuSO4), were used as negative controls. Methylene blue staining of the nitrocellulose membrane was used to control for loading. (D) Scheme of the experimental approach to pull-down DNA repair proteins that interact with the cisplatin derivatives. (E) Pull-down of Pt-alkyne-53 from U2OS cells treated with 10μM cisplatin or 100μM Pt-alkyne-53 for 12 hours. The CuAAC click reaction was performed with biotin-azide on chromatin fractions and streptavidin beads were used to pull down the Pt-alkyne-53 along with the proteins bound to it. Proteins enriched in chromatin fractions (input) as well as proteins pulled down with the streptavidin beads (eluate) were probed with the indicated antibodies. The arrow indicates the expected size of the FANCD2 protein.



DNA crosslinks are rapidly recognized and bound by DNA repair proteins to facilitate their removal from DNA. To identify DNA repair proteins bound to Pt-alkyne-53, U2OS cells were treated for 12 hours, and by performing the CuAAC click reaction with biotin-azide, DNA repair proteins were pulled down using streptavidin beads and identified by immunoblotting (Figure 4D). This approach revealed an enrichment of the FA protein FANCD2, and the DNA synthesis-specific protein PCNA bound to Pt-alkyne-53 (Figure 4E). The specificity of the FANCD2 antibody was confirmed by transfection of U2OS cells with siRNA targeting FANCD2 (Figure S3B). Histone H3 was also found to bind Pt-alkyne-53, since it is localized near DNA (Figure 4E). This data indicates that Pt-alkyne-53 can be used as a tool to identify DNA repair proteins that bind to the compound and facilitate its removal from DNA.



Discussion

Research geared at understanding how cells respond to platinum-induced crosslinks is hampered due to the lack of available tools that can be used to visualize and quantify these sources of DNA damage. To circumvent this, we reasoned that clickable cisplatin derivatives would be highly valuable research tools for the DNA damage and repair field and hence we synthesized a series of both alkyne and azide cisplatin derivatives. Following a set of selection criteria, based on ease of synthesis, clickability, and cytoxicity, we prioritized one alkyne and one azide cisplatin derivative, Pt-alkyne-53 and Pt-azide-64, respectively. By testing both compounds on isogenic cell lines engineered to lack the DNA repair pathway FA, we reveal that they induce DNA damage-dependent cytotoxicity. We found that the platinum compounds are approximately 3-4-fold less cytotoxic than cisplatin with regards to LD50, potentially due to their decreased uptake or altered metabolism within cells.

Since both Pt-alkyne-53 and Pt-azide-64 are clickable with either fluorescent labels or biotin, we propose that they can be used to follow the kinetics of DNA repair, using fluorescent microscopy on cells, or by performing dot blots on genomic DNA. By microscopy, we show that the cisplatin derivatives are distributed within the nucleus, and enriched within nucleoli, an observation which is in line with previous reports (21, 22). Platinum compounds are known to also bind RNA and proteins, which are highly abundant in the nucleoli, where transcription of ribosomal RNA occurs (23, 24). While it would be of interest to assess if DNA damage also accumulates in nucleoli, since nucleoli have a very low content of DNA and γH2AX foci are not easily detectable in this cellular compartment, an alternative approach would be needed to directly quantify DNA crosslinks (25). Additionally, we hypothesize that the discrete foci we observe in the cytoplasm, especially for Pt-alkyne-53, indicate the formation of aggregates, in agreement with previous observations using isotope-labelled platinum drugs. In this report, it was suggested that the cytoplasmic localization indicated endocytosis of compound aggregates (22). Moreover, mitochondrial DNA is a known target of cisplatin in addition to nuclear DNA (26, 27), therefore co-staining with mitochondrial markers could provide additional information on the nature of these cytoplasmic foci. Microscopy-based experiments assessing co-localisation with DNA repair proteins could additionally provide valuable information on the cellular mechanisms dealing with cisplatin-induced DNA damage. Thus, we suggest that they can be valuable tools that will allow conclusions to be drawn on the functionality of DNA repair pathways that resolve DNA crosslinks, in Pt(II) resistant cancers and in different genetic backgrounds (Figure 5). Moreover, these compounds could be used to address longstanding questions about differential cellular responses to Pt(II) compounds in cell types of different origins.




Figure 5 | Graphical depiction of the use of clickable cisplatin derivatives to study the DNA damage response. Cisplatin can be modified with azide or alkyne moieties that are clickable to allow for downstream visualization within nuclei of cells, quantification of abundance in DNA and interactions with proteins.



We additionally show that by clicking Pt-alkyne-53 to biotin, we can identify DNA repair proteins which specifically bind to it, within the cells. Based on this data, we propose that these compounds can be used to further investigate the proteins that bind DNA crosslinks and facilitate their resolution, in a time-resolved manner thus shedding light on proteins involved in different steps of repair from damage signaling to the excision. By clicking these compounds to biotin, mass spectrometry could then be used to identify interacting proteins thus allowing for an unbiased approach aimed at identifying the order of events by which DNA repair proteins function to remove crosslinks.

Additionally, spatial information of where DNA lesions are generated and how they are repaired across the genome is highly important. We propose that these platinum tools can also be used to identify regions within the genome that are specifically vulnerable to DNA crosslinks. By clicking the compounds to biotin, followed by chromatin pull-down with streptavidin beads, and genome sequencing, this could identify where DNA crosslinks occur in the genome and how they are repaired. This approach has already been successfully used to identify origins of replication, by labeling nascent DNA with 5-ethynyl-2′-deoxyuridine (EdU), an analogue of thymidine, and clicking EdU with biotin-azide (28).

Several other tools have been generated to investigate the localization and clearance of platinum compounds. Amongst these, an antibody has been raised against cisplatin-DNA adducts (ICR4, also called CP9/19) (29), and has been very useful in understanding the DNA damage response following cisplatin treatment (30, 31). This monoclonal antibody recognizes with high sensitivity specifically the intrastrand crosslinks formed by cisplatin between adjacent guanines (32). While these types of lesions are the most common (60-65%), the other types of intrastrand crosslinks (20-25%) as well as the interstrand crosslinks (~2%), remain undetected by the antibody yet are important with regards to Pt(II) compound toxicity (18, 33). In comparison, the clickable platinum compounds we report here do not have such limitations as they detect all types of DNA lesions. Moreover, it is known that cisplatin can crosslink proteins and generate DNA-protein crosslinks (34, 35). The clickable compounds described in this study, could be used to investigate this additional layer of cellular damage induced by platinum compounds.

In addition to the compounds reported here, other clickable platinum compounds have been synthesized (36) that have been mainly tested in vitro and in S. cerevisiae, and their subcellular localization has been investigated by microscopy (19, 21, 23, 37). In vitro studies have limitations, as cellular uptake and drug metabolism can restrict the range of applications of the synthesized compounds in cellulo. Treatment of S. cerevisiae with azide functionalized Pt(II) compounds allowed the identification of Pt-RNA modifications, showing that tRNA and rRNA are platinum drug substrates, thus suggesting a ribotoxic mechanism for cisplatin cytotoxicity (23). This study also identified 152 platinated proteins, including proteins involved in the ER-stress response (37). Here, we investigate the biological activity of these compounds, by assessing the response of human wildtype cells, compared to their DNA repair-deficient counterparts, to the clickable Pt(II) derivatives alongside cisplatin. We verified that the derivatives behave similarly to cisplatin, generating DNA damage that is cleared with similar kinetics, and accumulates in relevant DNA repair-deficient genetic backgrounds, leading to higher toxicity. Moreover, we were able to identify known DNA repair proteins interacting transiently with the derivatives bound to DNA. We hypothesize that labelling of the clickable derivatives using a Cu-free click reaction, that is not toxic for cells, will broaden the range of applications we report here, for example by allowing real-time tracking of the compounds in live cells. Thus, we envisage that Pt-alkyne-53 and Pt-azide-64 could be used to complement the existing Pt(II) tools currently available, to investigate the repair of DNA crosslinks using a wide range of approaches, leading to a better understanding of the cellular pathways that function in response to cisplatin treatment. This is crucial to explain acquired chemoresistance, stratify patients and design more efficient strategies of chemotherapy.



Materials and Methods


Synthesis of Cisplatin Derivatives

All platinum complexes were prepared via the following multistep synthesis (Figure 6 and Supporting Information). Compound 1 was obtained by reacting 1,3-diamino-propan-2-ol with di-tert-butyl dicarbonate. Mesytilation of 1 generated compound 2 which was directly converted to 3 via nucleophilic substitution with sodium azide at elevated temperatures. Hydrogenation of azide 3 yielded amine 4 which was coupled with the relevant carboxylic acid to give amide 5. Deprotection of 5 using anhydrous HCl gave ammonium salt 6. Finally, platination of 5 with [Pt(DMSO)2Cl2] yielded the final Pt-complexes 7 in varying low to moderate yields




Figure 6 | Synthesis of clickable platinum compounds.



Pt-alkyne-53 (MW 519.37 g/mol) and Pt-azide-64 (MW 485.23 g/mol) were dissolved at a concentration of 25 mM in dimethylformamide (DMF) at room temperature, with sonication. Compounds were aliquoted and stored at -20°C. Cisplatin (THP Medical) was dissolved in phosphate buffer saline (PBS) at a 10 mM concentration.



Human Cell Culture and CRISPR-Cas9-Mediated Knockout Cell Lines

All cells were grown at 37°C at 5% CO2 and 3% O2 and regularly analyzed for mycoplasma contamination. The human near-haploid chronic myeloid leukemia-derived HAP1 cell line was obtained from Horizon Discovery and grown in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco), containing L-glutamine and 25 nM N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) and supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% Penicillin/Streptomycin (P/S, Sigma-Aldrich). Human bone osteosarcoma epithelial U2OS cells were purchased from the ATCC cell repository and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco), supplemented with 10% FBS and 1% P/S.

Clonal HAP1 cells deficient for FANCD2 were a kind gift from Ketan J. Patel (MRC Laboratory of Molecular Biology, Cambridge, UK). Ablation of protein expression was confirmed by immunoblotting for FANCD2. To generate clonal U2OS cells lacking XPF, cells were transiently transfected with plentiCRISPRv2 expressing a sgRNA targeting XPF (5’-TGGAACTGCTCGACACTGAC-3’). Transfected cells were selected with puromycin and clonally expanded. Ablation of protein expression was confirmed by immunoblotting for XPF, and hypersensitivity to ultraviolet and cisplatin of the knockout cells compared to wildtype was additionally validated. U2OS cells depleted for FANCD2 were generated by transfection using Lipofectamin RNAiMAX reagent and an siRNA targeting FANCD2 (5’-GCACCGUAUUCAAGUACAAUU-3’).



Cell Viability Assay

Cells were seeded at a density of 3,000 cells per well in 96-well plates in appropriate media supplemented with the indicated compounds. A two-fold serial dilution starting from an initial concentration of 100 μM or 50 μM was used for U2OS or HAP1 cells, respectively. DMF alone was used as the background control for the cisplatin derivatives. After 3 days of treatment, residual cell viability was measured by addition of CellTiter-Glo 2.0 solution (Promega) following the manufacturer’s recommendations. Luminescence was evaluated using the plate reader Infinite 200 PRO (Tecan Life Sciences). Relative cell viabilities normalized to the DMF-treated control of each cell line were calculated using the Prism software version 9.2.0 (GraphPad).



Colony Formation Assay

Cells were seeded at a density of 800 cells per well in 6-well plates in medium containing respective concentrations of cisplatin, or its derivatives. Different compound concentrations were prepared by four-fold serial dilutions starting from an initial concentration of 75 μM. DMF alone was used as the negative control for the cisplatin derivatives. After 7-8 days of treatment, cells were gently washed with PBS, fixed with 3.7% formaldehyde and stained with 0.1% crystal violet in 10% ethanol in water for 30 minutes. Stained cells were then washed with water and let dried. Colony area was quantified using the ColonyArea plugin in ImageJ (38) and normalized to the highest value. The experiment was performed in three biological replicates.



Pull-Down of Clickable Platinum Derivatives

Pull-down of Pt-alkyne-53 was performed according to the published aniPOND method (39). Briefly, after treatment of U2OS cells with Pt-alkyne-53 or cisplatin for 12 hours, chromatin fractions were extracted in native conditions. The CuAAC click reaction was then performed with biotin-dPEG7-azide (QBD10825, Sigma-Aldrich) and after washes, the clicked chromatin fractions were solubilized by sonication in lysis buffer. After protein quantification using the Protein Assay Dye Reagent (Biorad), equal amounts of inputs were incubated with streptavidin agarose beads overnight. The following day, after extensive washes, bound proteins were eluted in NuPAGE LDS Buffer (Invitrogen). Input samples were also mixed with NuPAGE LDS Buffer and boiled for 5 minutes before immunoblotting.



Immunoblotting

Cells were lysed in RIPA lysis buffer (New England Biolabs), sonicated and protein concentrations were measured using the Protein Assay Dye Reagent (Biorad). Samples were mixed with NuPAGE LDS Sample Buffer (Invitrogen), boiled for 5 minutes at 98°C and proteins were separated on SDS-PAGE gels and transferred onto Amersham™ Protran nitrocellulose membranes (0.45μm, Cytiva) for confirmation of the knockout status of cell lines, or onto Amersham™ Hybond PVDF membrane (0.2 μm, Cytiva) for the identification of Pt-alkyne-53 interactors. After 1 hour of blocking in 5% milk in TBS-T (0.1% Tween 20 in 1x Tris-buffered saline), membranes were incubated with primary antibodies at 4°C overnight. Primary antibodies used were against FANCD2 (diluted 1:1,000, EPR2302 Abcam), XPF (diluted 1:500, 3F2/3 Santa Cruz), PCNA (diluted 1:500, PC10 Santa Cruz) and H3 (diluted 1:15000, ab1791 Abcam), and as a loading control, against Tubulin (diluted 1:10,000, DM1A Cell Signaling). Anti-mouse and anti-rabbit HRP-conjugated goat secondary antibodies (Jackson Immunochemicals) were used at a final dilution of 1:5,000. Immunoblots were imaged using a Curix 60 (AGFA) table-top processor.



Immunofluorescence and Microscopy

For microscopy-based experiments, cells were either seeded in 384-well plates (CellCarrier-Ultra, Perkin Elmer) for γH2AX immunofluorescence, or 18-well Ibidi chambers for detection of the cisplatin derivatives by CuAAC click reaction with a fluorescent dye. After treatment with cisplatin derivatives, DMF, or cisplatin, U2OS cells were fixed with 2% paraformaldehyde in PBS for 20 minutes at room temperature, washed twice with PBS, permeabilized with 0.5% Triton-X in PBS for 10 minutes at room temperature, washed twice with PBS and blocked for 1 hour with 5% BSA in 0.1% Tween20 in PBS (PBS-T).

For γH2AX immunofluorescence, staining with γH2AX antibody (diluted 1:800, JBW301 Merck Millipore) was performed overnight at 4°C in 5% BSA in PBS-T. After three washes with 3% BSA in PBS, staining with mouse-AF568 secondary antibody (diluted 1:2,000, A11004 Molecular Probes) was performed for 1 hour at room temperature. After three washes with 3% BSA in PBS and one wash with PBS, followed by DAPI staining and washes with PBS, cells were imaged. Imaging was performed either with an Opera high-throughput microscope (Perkin Elmer), using the x40 magnification in confocal mode for quantification, or Olympus IXplore SpinSR spinning disk confocal microscope, using the x63 magnification for display of representative images.

For microscopy following the CuAAC click reaction of the cisplatin derivatives, cells were washed with PBS after blocking, and CuAAC click reaction mix was applied to the cells within 10 minutes of preparation, for 1 hour in the dark. The CuAAC click reaction mix composition was: 1 μM AF488-picolyl-azide (from kit C10641, Invitrogen) or 5 μM AF488-alkyne (CLK-1277-1, Jena Bioscience), pre-mixed CuSO4:THPTA (2 mM CuSO4 (Jena Bioscience), 4 mM THPTA (762342, Sigma-Aldrich), final concentrations), 10 mM sodium ascorbate (PHR1279, Sigma-Aldrich) diluted in PBS. After extensive washes (3% BSA in PBS for 5 minutes, 0.5% Triton-X in PBS for 2x10 minutes, PBS for 2x10 minutes), followed by DAPI staining and washes with PBS, cells were imaged, using Zeiss LSM700 confocal microscope and x63 magnification.

Quantification of the number of foci per cell was done using CellProfiler software version 4.1.3 and visualization with ImageJ Fiji.



Dot Blot of Clickable Platinum Compounds

After treatment with cisplatin derivatives, DMF or cisplatin, U2OS cells were fixed with 1% formaldehyde in PBS for 10 minutes at room temperature. Formaldehyde was quenched with glycine, and after washing with 0.05% Tween20 in PBS, cells were scrapped off, and pellets were frozen in liquid nitrogen. After thawing and washing with PBS, cells were permeabilized with 0.25% Triton-X in PBS for 45 minutes at room temperature. After washes using 0.5% BSA in PBS followed by PBS, CuAAC click reaction on whole cell extracts was performed for 1 hour at room temperature in the dark. The CuAAC click reaction mix composition was: 100 μM biotin-dPEG7-azide (QBD10825, Sigma-Aldrich) or 100 μM biotin-PEG4-alkyne (764213, Sigma-Aldrich), pre-mixed CuSO4:THPTA (2 mM CuSO4 (Jena Bioscience), 4 mM THPTA (762342, Sigma-Aldrich), final concentrations), 10 mM sodium ascorbate (PHR1279, Sigma-Aldrich) diluted in PBS. Cells were washed with 0.5% BSA in PBS and PBS, lysed in 50 mM TrisHCl pH 8.0 with 0.5% SDS and sonicated. Following 45 minute RNaseA treatment at 37°C and overnight crosslink-reversal with proteinase K and SDS at 65°C, DNA was extracted using phenol:chloroform:isoamylalcohol (25:24:1, ThermoFisher) and ethanol precipitated.

After Qubit quantification, equal quantities of DNA were denatured by addition of NaOH and EDTA (final concentrations: 0.4 M NaOH, 10mM EDTA) and heating at 100 oC for 10 minutes, followed by neutralization with an equal volume of cold 2 M ammonium acetate, pH 7.0. Blotting was done on a nitrocellulose membrane using a Bio-Dot apparatus (Biorad). After baking of the membrane for 2 hours at 80°C under vacuum, the membrane was washed once with TBS-T and blocked with 5% BSA in TBS-T for 1 hour at room temperature. The membrane was incubated with streptavidin-HRP (diluted 1:5,000 in 3% BSA in TBS-T, Cell signaling) for 45 minutes at room temperature, then washed once with 0.5% BSA in TBS-T for 10 minutes, twice with 10mM TrisHCl pH 8.0 with 10mM NaCl and 2mM MgCl2 for 5 minutes, and once with TBS-T for 5 minutes. Biotin-streptavidin-HRP complex was detected with ECL. Quantification of DNA loading was performed using methylene blue (0.1% in 0.5 M sodium acetate, pH 5.2).
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Colorectal cancer (CRC) ranks third in the United States for incidence or mortality. Surgical resection is the primary treatment for patients at an early stage, while patients with advanced and metastatic CRC receive combined treatment with chemotherapy, radiotherapy, or targeted therapy. C-RAF plays a key role in maintaining clonogenic and tumorigenic capacity in CRC cells and it might be a potential therapeutic target for CRC. Sorafenib is a popular oral multi-kinase inhibitor, including a B-RAF inhibitor that targets the RAF-MEK-ERK pathway. Sorafenib, as a single agent, has tumor-suppressing efficacy, but its clinical application is limited due to many complex drug resistance mechanisms and side effects. GW5074 is one of the C-RAF inhibitors and has the potential to enhance the efficacy of existing cancer chemotherapies. In this study, we investigated whether the combination of sorafenib with GW5074 could reduce the dosage of sorafenib and enhance its tumor-suppressive effect in two CRC cell lines, HCT116 and LoVo cells. Our findings demonstrate that GW5074 can potentiate the cytotoxicity of sorafenib and dramatically reduce the half-maximal inhibitory concentration (IC50) dose of sorafenib from 17 and 31 µM to 0.14 and 0.01 µM in HCT116 and LoVo cells, respectively. GW5074, similar to sorafenib, suppressed the cellular proliferation and induced cellular apoptosis and cytosolic ROS, but had no further enhancement on the above-mentioned effects when combined with sorafenib. The synergistic effects of GW5074 and sorafenib were mainly found in mitochondrial functions, including ROS generation, membrane potential disruption, and fission–fusion dynamics, which were examined by using the flow cytometry analysis. In summary, the C-RAF inhibitor GW5074 might potentiate the cytotoxicity of the B-RAF inhibitor sorafenib mediated through mitochondrial dysfunctions, suggesting that GW5074 potentially serves as a sensitizer for sorafenib application to reduce the risk of drug resistance of CRC treatment. Our findings also provide novel insights on using C-RAF inhibitors combined with sorafenib, the current CRC therapeutic drug choice, in CRC treatment.
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Introduction

In the 2022 annual cancer statistics report of the American Cancer Society, colorectal cancer (CRC) ranks third in the United States for incidence or mortality, regardless of gender (1). Genetic and environmental factors contribute significantly to the etiology of CRC, including family history, smoking, alcohol intake, obesity, diabetes, inflammatory bowel disease, etc. (2). Surgical resection is the primary treatment for patients at an early stage, while patients with advanced and metastatic CRC (mCRC) are treated with chemotherapy such as 5-fluorouracil, oxaliplatin, etc., combined with radiotherapy and targeted therapy (3). However, in 25% of patients with advanced mCRC, the surgical effect is very limited. The efficacy of chemotherapy may also be reduced by the development of drug resistance and cancer recurrence. Therefore, a new drug or combinatory therapy for CRC treatment, especially mCRC, is urgently needed to improve its overall survival rate.

Since CRC is a disease that accumulates multiple genetic mutations in the epithelial tissue of the colon and rectum, molecular biomarkers play an important role in the individualized treatment of CRC patients (4). Using these biomarkers such as RAS, B-RAF, and microsatellite instability status, the prognosis for CRC patients can be stratified, and more precise adjuvant treatment plans can be provided (5). Activation of mitogen-activated protein kinase (MAPK) pathways that regulate multiple cellular activities including proliferation, differentiation, and apoptosis have been identified as the critical oncogenic mechanisms in CRC (6). RAF kinases (A-RAF, B-RAF, and C-RAF), which play an integral role in this pathway, are regulated through a network of protein–protein interactions and phosphorylation–dephosphorylation events (7). B-RAF is the family member most easily activated by RAS because both A-RAF and C-RAF need additional steps to reach maximal activation. In addition, B-RAF (V600E) mutation is a driver mutation—it constitutively activates the MAPK/extracellular signal-regulated kinase (ERK) kinase (MEK)-ERK signaling pathway downstream of KRAS (8), which is present in 5–15% of CRC (9).

The contribution of RAF to the hallmarks and phenotypes of cancer is reported. Three types of RAF enforce the dimerization of endogenous RAFs, such as B-RAF with C-RAF or A-RAF. RAF kinases are prime targets for the design and application of molecule-target therapies for cancers, including melanoma, renal cancer cells, and hepatocellular carcinoma. Cancer cells develop chemo-resistance by several different molecular mechanisms involving the activation of other MEK kinases, but also the upregulation of receptor tyrosine kinases and other pathways downstream from RAS (10). The underlying mechanism is an allosteric effect of the RAF inhibitors, the paradoxical increase in the proliferation and activation of the MEK–ERK pathway in cells. Until now, RAF is still a fascinating topic for basic and clinical researchers.

Sorafenib is an oral multi-kinase inhibitor that targets the RAF-MEK-ERK pathway, which can promote apoptosis and reduce angiogenesis and inhibit tumor cell proliferation (11–13). Furthermore, it modulates the RAF-MEK-ERK pathway by inhibiting C- and B-RAF, thereby affecting tumor cell proliferation, even in KRAS-mutated cancers (14). Sorafenib has recently been used as a targeted treatment for mCRC patients, where its therapeutic value has been recognized (15, 16). However, while sorafenib has tumor-suppressing efficacy as a single agent, its clinical application is limited by many complex drug resistance mechanisms and side effects. C-RAF plays a key role in maintaining clonogenic and tumorigenic capacity in CRC cells (containing KRAS mutations), and it might be a potential therapeutic target for CRC (17). GW5074 is one of the C-RAF inhibitors which are broad-spectrum antitumor agents and have the potential to enhance the efficacy of existing cancer chemotherapies (18, 19). Despite their potency, C-RAF inhibitors lack relative therapeutic efficacy due to poor bioavailability.

A recent study demonstrated the effectiveness of the combination of sorafenib and GW5074 for renal cancer cells, targeting C-RAF for the regulation of its mitochondrial localization and function involved in cell death cascades (20). Here, we investigated whether the combination of sorafenib with GW5074 could reduce the dosage of sorafenib and enhance its tumor-suppressive effect in two CRC cell lines, HCT116 and LoVo cells. Our findings also provide novel insights on using C-RAF inhibitors in CRC treatment.



Materials and Methods


Cell Culture and Chemical

HCT116 and LoVo cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin streptomycin (Invitrogen, CA, USA) at 37°C and 5% CO2. GW5074 (3-(3,5-Dibromo-4-hydroxy-benzylidene)-5-iodo-1,3-dihydro-indol-2-one), sorafenib, and 2’,7-dichlorofluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (MO, USA).



Metabolic Activity Analysis and the Combination Index

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetrazolium) assay was performed using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega, WI, USA). Briefly, HCT116 and LoVo cells were seeded onto 96-well plates and cultured in the presence of the indicated drugs for 24 h. The cells were then incubated with MTS solution (20 μl/well) for 2 h at 37°C, and the absorbances at 490 nm were measured using an ELISA plate reader (Multiskan EX, Thermo, MA, USA). The relative metabolic activity was calculated based on the absorbance ratio between cells cultured with the indicated drugs and the vehicle control, which were assigned a value of 100.

The combination index (CI) was calculated utilizing CalcuSyn (Biosoft, Cambridge, UK) to generate the isobolograms for the determination of synergistic, additive, and antagonistic combinatory effect. Typically, a CI value <1 denotes a synergistic combination effect, and a CI value >1 denotes an antagonistic combination effect (21).



Fluorescence-Activated Cell Sorting, Cell Cycle Profiling, and Cellular Proliferation Analyses

For cell cycle profile and cellular proliferation, we performed BrdU/7-AAD analysis with the FITC BrdU Flow Kit (BD Biosciences, CA, USA) according to the manufacturer’s instructions. Cell cycle profiles were measured according to cellular DNA content using FACS. Cells were fixed in 70% ice-cold ethanol, stored at −30°C overnight, washed two times with ice-cold PBS supplemented with 1% FBS, and then stained with 7-AAD (7-Aminoactinomycin D). The percentage of positive HCT116 and LoVo cells was determined using flow cytometry. All samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed using Cell Quest Pro software (BD Biosciences). Procedural details were described previously (22, 23).



Apoptosis and ROS Assays

To evaluate the incidence of apoptosis, we used the PE Annexin V Apoptosis Detection Kit according to the manufacturer’s instructions (BD Biosciences). Apoptotic cells were then analyzed using flow cytometry. To detect the production of ROS, we plated cells in 6-well plates and treated GW5074 and sorafenib. After 24 h of drug treatment, living cells were stained with 20 μM DCFH-DA (Sigma-Aldrich) and incubated at 37°C for 1 h. Stained cells were determined using flow cytometry.



Mitochondrial ROS Assay

The fluorescent marker MitoSOX™Red (Invitrogen) was used to determine mitochondrial ROS levels. Cells were incubated for the indicated times with different combinations of GW5074 and sorafenib. Living cells were then stained with 5 µM MitoSOX™Red and harvested for 10 min at 37°C. After washing the cells once with PBS, they were determined using flow cytometry.



Mitochondrial Fission–Fusion Transient Analysis

HCT116 and LoVo cells were seeded onto 6-well plates. After treating the cells for the indicated times with selected combinations of GW5074 and sorafenib, the cells were washed, incubated with 100 nM MitoView™Green (Biotium, CA, USA) at 37°C for 15 min, and washed again three times with PBS. They were determined using flow cytometry.



Mitochondrial Membrane Potential Analysis

Mitochondrial depolarization was measured as a function of a decrease in the red/green fluorescence intensity ratio. All dead and viable cells were harvested, washed with PBS, and incubated with 1× binding buffer containing the MMP-sensitive fluorescent dye JC-1 for 30 min at 37°C in the dark. After washing the cells once with PBS, JC-1 fluorescence was analyzed on channels FL-1 and FL-2 of the FACSCalibur flow cytometer using Cell Quest Pro software (BD Biosciences) to detect monomer (green fluorescence) and aggregate (red fluorescence) forms of the dye, respectively. The cell volume gating strategy involved forward scatter height (FSC-H) and side scatter height (SSC-H), and the median fluorescence intensity of the vehicle was used as the starting point for M2 gating.



Western Blotting

HCT116 and LoVo cells were lysed in radioimmunoprecipitation assay buffer (100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, and 1% Triton X-100) at 4°C. Proteins in the resultant lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblotting with antibodies against ACTN (sc-17829, mouse), ATF1 (sc-243, mouse), ATF3 (sc-81189, mouse), ATF4 (sc-390063, mouse), ATF5 (sc-377168, mouse), catalase (sc-271803, mouse), DRP-1 (sc-101270, mouse), Mfn1 (sc-166644, mouse), Nrf2 (sc-365949, mouse), p62 (sc-28359, mouse), Parkin (sc-133167, mouse), PGC-1α (sc-518052, mouse), SOD1 (sc-101523, mouse), SOD2 (sc-133134, mouse), SOD3 (sc-377168, mouse), mtTFA (sc-376672, mouse), TFEB (sc-166736, mouse), Tom20 (sc-17764, mouse) (Santa Cruz Biotechnology, CA, USA), HO-1 (ADI-SPA-895-F, rabbit, Enzo life sciences, NY, USA), γ.H2AX (ab81299, rabbit, Abcam, Cambridge, UK), GAPDH (60004-1-1g, mouse), α-Tubulin (13730-1-AP, mouse) (Proteintech, IL, USA), XBP1 (NBP1-77253, rabbit), ATF6 (NBP1-40256, mouse) (Novus, CO, USA), AMPK (2535, rabbit), p-AMPK (5831, rabbit), Caspase 3 (9662, rabbit), CHOP (2895, mouse), p70S6K (2708, rabbit), p-p70S6K (9205, rabbit). p-DRP-1 (3455, rabbit), eIF2α (9722, rabbit), p-eIF2α (9721, rabbit), LC3B (2775, rabbit), and PARP (9542, rabbit) (Cell Signaling Technology, MA, USA). Thereafter, the blots were incubated with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology). The immunoreactive proteins were detected using ECL™ Western Blotting Detection Reagent and Amersham Hyperfilm™ ECL (GE Healthcare, IL, USA).



RNA Extraction and Reverse Transcription PCR

HCT116 and LoVo cells were lysed by TRIzol reagent (Invitrogen) to isolate total RNAs. Reverse transcription for first-strand cDNA synthesis was conducted using MMLV reverse transcriptase (Epicenter Biotechnologies, WI, USA) with 1 µg of total RNA for 60 min at 37°C. PCR reactions were operated on a Veriti Thermal Cycler (Applied Biosystems, MA, USA). Primers and the number of PCR reaction cycles used were listed in Table 1.


Table 1 | Primers were used in this study.





Immunofluorescent Staining

Cells were incubated for 24 h on glass coverslips and then fixed for 5 min in 10% formaldehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS, blocked with 1% BSA (Sigma, Burlington, MA, USA) in PBS, and incubated with mouse anti-human PGC-1a (Santa Cruz Biotechnology) or mouse anti-human Tom20 (Santa Cruz Biotechnology) in 1% BSA overnight at 4°C. Thereafter, the cells were washed three times with PBS and incubated with Alexa 488-goat anti-mouse IgG secondary antibody (1:400; ThermoFisher Scientific, Waltham, MA, USA) in 1% BSA for1 h at room temperature. After three more washes with PBS for 5 min each, the nuclei were stained with DAPI (Sigma, Burlington, MA, USA) for 5 min at room temperature. Finally, the coverslips were mounted on glass slides with a mounting medium (ThermoFisher Scientific, Waltham, MA, USA) and examined under a Leica Thunder microscope.



Statistical Analysis

Values were expressed as the mean ± SD of at least three independent experiments. All comparisons between groups (vehicle and drug) were conducted using Student’s t-test. Statistical significance was set at p < 0.05.




Results


The Cytotoxicity of Sorafenib and GW5074 and Their Combinatory Effect on HCT116 and LoVo Cell Lines

To explore the effects of two RAF inhibitors, B-RAF inhibitor sorafenib, and C-RAF inhibitor GW5074, on the human CRC cell lines, HCT116 and LoVo cells, the changes in cell viability were first determined using the MTT analysis. The results indicated that a significant decrease in metabolic activity was observed in HCT116 and LoVo cells with sorafenib treatment (Figure 1). Moreover, despite the higher dose of GW5074, the cell viability of HCT116 was still approximately 60% (Figure 1A), while LoVo cells did not respond at all (Figure 1C). Both HCT116 and LoVo cells responded well at a higher dosage of Sorafenib (Figures 1B, D). We further examined whether GW5074 had a synergistic effect on cell viability with sorafenib on HCT116 and LoVo cells using the combination index analysis. When the combination index score is less than 1, it means there is a synergistic effect, and when the score is greater than 1, it means there is an antagonistic effect. The results showed that combined treatment had a synergistic effect in HCT116 and LoVo cells, both of which could dramatically reduce the IC50 dose of sorafenib from 17 and 31 µM to 0.14 and 0.01 µM at the dosage of GW5074 0.034 and 0.003 µM, respectively (Figure 2).




Figure 1 | The effects of GW5074 and sorafenib on the cytotoxicity of HCT116 and LoVo cells. HCT116 and LoVo cells (A, C) were treated with 0, 10, 15, 20, 40, 60, 80, and 100 µM GW5074 for 24 h; (B, D) were treated with 0, 5, 10, 20, 40, 60, 80, 90, and 100 µM sorafenib for 24 h. Metabolic activity was measured using MTS assays. The results are representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.






Figure 2 | The combination index of GW5074 and sorafenib in HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 0.313, 0.625, 1.25, 2.5, 5, 10, and 20 µM sorafenib for 24 h and 0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 µM GW5074 for 24 h. Metabolic activity was measured using MTS assays. The combination index of sorafenib plus GW5074 in HCT116 (A) and LoVo (B) cells. Isobolograms (ED50) of sorafenib or GW5074 were calculated using CalcuSyn software.





The Functional Interactions Between Sorafenib and GW5074 in the Cell Cycle, Cellular Apoptosis, and Cellular Proliferation

Figure 1 showed that GW5074 consistently potentiates the cytotoxicity of sorafenib in CRC cells, similar to our previous finding in renal carcinoma cells (20). Next, we explored the effects of combined treatment on different cellular mechanisms of CRC cells, including the cell cycle profile, cellular apoptosis, cellular proliferation, and ROS generation. To determine the functional roles of sorafenib, GW5074, and both combined in the cell cycle profile, we treated HCT116 and LoVo cells with indicated amounts of sorafenib (0, 1, 3, 5, 7, and 10 μM), GW5074 (0, 20, and 40 μM), and both combined (0, 20, and 40 μM GW5074 combined with 10 μM sorafenib). Sorafenib increased the populations of subG1, G1, and G2/M phases and decreased the population of the S phase in a dose-dependent manner (Figures 3A, C). GW5074 increased the population of the subG1 phase and decreased the population of the S phase in a dose-dependent manner (Figures 3B, D). The combined results indicate that GW5074 failed to potentiate the effects of sorafenib on the cell cycle profile, except for the population of the subG1 phase in the highest dose combination (Figures 3B, D). The cleavage forms of PARP and caspase 3 are biomarkers for cellular apoptosis (24). Hence, we further examined the cleaved trends of PARP and caspase 3 to confirm the increase in the population of subG1 in HCT116 and LoVo cells. We observed increasing amounts of cleaved PARP and caspase 3 by sorafenib combined with increasing amounts of GW5074 (Figures 3E, F). In the Annexin V-PE/7-AAD double fluorescence staining apoptosis analysis, our results demonstrated that sorafenib, GW5074, and a combination of both did not affect the early apoptosis stage in HCT116 and LoVo cells (Figure 4). We detected the apparent effects on the late apoptosis stages treated with sorafenib and GW5074. However, both combinations revealed that GW5074 failed to enhance the effect of sorafenib because of the dramatic induction by GW5074 itself.




Figure 3 | The effects of GW5074 and sorafenib on the cell cycle profile of HCT116 and LoVo cells. HCT116 (A) and LoVo (C) cells were treated with 0, 1, 3, 5, 7, and 10 µM sorafenib for 24 h. HCT116 (B) and LoVo (D) cells were treated for 24 h with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib. (E, F) Western blot analysis was applied for the cleavage off PARP and Caspase 3 proteins. α-tubulin is a loading control protein. SE: shorter exposure; LE: longer exposure. The results (A–D) are representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.






Figure 4 | The effects of GW5074 and sorafenib on cellular apoptosis of HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h. They were then subjected to Annexin V apoptosis analysis. Early apoptotic cells are PE Annexin V-positive and 7-AAD-negative, while late apoptotic cells are both PE Annexin V- and 7-AAD-positive. HCT116 (C) and LoVo (D) cells were measured the percentage (early apoptosis plus late apoptosis) compared with vehicle alone (100%). The results are representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.



We applied the BrdU analysis for cellular proliferation to confirm the suppressive effect of sorafenib on the population of the S phase in HCT116 and LoVo cells (Figures 3A–D). Sorafenib suppressed cellular proliferation in a dose-dependent manner and its more suppressive effects than GW5074 in HCT116 and LoVo cells (Figure 5). GW5074 failed to further suppress the sorafenib-suppressed cellular proliferation in HCT116 and LoVo cells. However, in the combined treatment, GW5074 failed to potentiate the suppressive effect of 10 μM sorafenib on the cellular proliferation capacity in both cell lines (Figures 5B, D).




Figure 5 | The effects of GW5074 and sorafenib on cellular proliferation of HCT116 and LoVo cells. HCT116 (A) and LoVo (C) cells were treated with 0, 1, 3, 5, 7, and 10 µM sorafenib for 24 h. HCT116 (B) and LoVo (D) cells were treated for 24 h with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib. They were subjected to BrdU proliferation analysis. The results are representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.





The Cytotoxic Effects of Combined Sorafenib and GW5074 on the Endoplasmic Reticulum Stress and the ROS Status in HCT116 and LoVo Cells

Tyrosine kinase inhibitors can result in cytotoxicity mediated through the pathways of endoplasmic reticulum (ER) stress, autophagy, and oxidative stress (25, 26). To deal with the ER stress response, cells activate a series of signaling pathways, including PKR-like ER kinase (PERK), inositol-requiring transmembrane kinase/endoribonuclease 1α (IRE1α), and activating transcription factor 6 (ATF6) pathways, termed the unfolded protein response (UPR), which can either be protective (usually in the short term) or detrimental (usually in the long term). Here, we examined ER stress-related proteins and the consistent increasing trends of ATF3, ATF4, and CHOP in HCTA116 and LoVo cells treated with sorafenib, GW5074, and both combined using the western blotting analysis (Figures 6A, B). ATF5 and ATF6 had consistent increasing trends in HCTA116 and LoVo cells treated with individual sorafenib and GW5074 but had decreasing trends with both combined (Figures 6A, B). The decreased trend by both combined was observed in the ratio of p-eIF2/eIF2 and XBP-1, even sorafenib elevated the p-eIF2/eIF2 ratio in HCT116 cells. We further examined these above effects on related mRNAs using the RT-PCR analysis (Figures 6C, D). ATF3 and CHOP mRNAs were consistently increasing trend with their proteins in HCTA116 and LoVo cells. ATF4 mRNA was inconsistent with its protein-increasing trend. Other mRNAs were hard to make clear relation between protein and mRNA expression.




Figure 6 | The effects of GW5074 and sorafenib on ER stress of HCT116 and LoVo cells. HCT116 and LoVo cells were treated with 0, 20, and 4 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h. (A, B) Cell lysates were subjected to Western blotting analysis. ACTN is a loading control protein. (C, D) Total RNA were subjected to RT-PCR analysis. 18S is a loading control.



A previous study pointed out that C-RAF maintains cell survival by controlling ROS production and Ca2+ homeostasis of mitochondria (27). Next, we used the ROS-sensitive dye DCF-DA and the specific mitochondrial superoxide indicator MitoSOX™Red with flow cytometry for monitoring the generation of ROS in cytoplasm and mitochondria of HCT116 and LoVo cells treated with sorafenib, GW5074, and both combined (Figures 7, 8). The generation of cytosolic ROS was significantly enhanced by sorafenib and GW5074, but GW5074 failed to potentiate the capacity of sorafenib at 10 and 40 µM in HCT116 and 40 µM in LoVo cells (Figures 7A, B). The generation of mitochondrial ROS was significantly enhanced by sorafenib and GW5074 (Figures 8A, B). The combined therapy had a significant additive effect on increasing ROS in mitochondria of HCT116 and LoVo cells. The oxidative capacity is determined by oxidative stress, which highlights the crucial role of antioxidant defenses in the redox homeostasis of the organism. Hence, we analyzed proteins related to oxidative stress, such as NRF2 and HO-1, and antioxidant defense mechanisms, such as catalase, superoxide dismutase 1 (SOD1), SOD2, and SOD3, in HCT116 and LoVo cells. Our Western blotting data showed that sorafenib and GW5074 elevated the level of NRF2 in HCT116 cells, and both combined decreased the levels of SOD1 and SOD2 in HCT116 and LoVo cells (Figures 7C, D). A well-known DNA damage biomarker, γH2A.x, was suppressed in the presence of sorafenib-treated HCT116 cells and increased by both combined in LoVo cells.




Figure 7 | The effects of GW5074 and sorafenib on the cytosolic ROS generation of HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h, after which the live cells were stained with 20 μM DCFH-DA for 10 min at 37°C and assayed using a flow cytometer. (C, D) Cell lysates were subjected to Western blotting analysis with antibodies against SOD 1-3, Nrf2, HO-1, and γH2A.x. GAPDH is a loading control protein. SE, shorter exposure; LE, longer exposure. The results (A, B) are representative of three independent experiments. **p < 0.01 and ***p < 0.001.






Figure 8 | The effects of GW5074 and sorafenib on the mitochondrial ROS generation of HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h, after which the live cells were stained with 5 mM MitoSOX™Red for 10 min at 37°C and assayed using a flow cytometer. The results are representative of three independent experiments. **p < 0.01 and ***p < 0.001.





The effects of Sorafenib, GW5074, and Both Combined on Mitochondrial Functions in HCT116 and LoVo Cells

Mitochondria are dynamic organelles that respond to cell stress by continuously undergoing biogenesis, fission, fusion, mitophagy, and motility (28). Mitochondrial fission is necessary for the selective elimination of mitochondria damaged by mitophagy, and mitochondrial fusion enables surviving fragmented mitochondria to return to the mitochondrial network (29). To test whether sorafenib, GW5074, and both combined treatments affected mitochondrial mass via the fission-fusion transient, we stained mitochondria with MitoView™Green, a membrane potential independent dye, and analyzed by flow cytometry. The results indicated that GW5074 and both combined treatments significantly reduced mitochondrial mass in HCT116 and LoVo cells (Figures 9A, B). Two outer mitochondrial membrane proteins, dynamin-related protein 1 (DRP1) and mitofusin 1 (Mfn1), are involved in the dynamic processes of mitochondrial fission and fusion, respectively (30, 31). The ratio of p-DRP1/DRP1, the biomarker for mitochondrial fission, was reduced by sorafenib, GW5074, and both combined treatments in HCT116 cells (Figure 9C), whereas the ratio of p-DRP1/DRP1 was increased by sorafenib and both combined treatments in LoVo cells (Figure 9D).




Figure 9 | The effects of GW5074 and sorafenib on the mitochondrial fission–fusion transient of HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h, after which the live cells were stained with 100 nM MitoView™Green for 15 min at 37°C and assayed using a flow cytometer. (C, D) Cell lysates were subjected to Western blotting analysis with antibodies against DRP, p-DRP, and Mfn1. GAPDH is a loading control protein. The results (A, B) are representative of three independent experiments. **p < 0.01 and ***p < 0.001.



According to a previous report, each member of the RAF family presents a specific distribution at the level of cellular membranes, and C-RAF is the only isoform that directly targets mitochondria—it plays an important role in mitochondria, regulating the shape and the cellular distribution of mitochondria and making it a target of the combination of sorafenib and GW5074 in some cancers (32). Mitochondrial dysfunction is involved in the induction of apoptosis and is even considered to be the core of the apoptosis pathway (33). Therefore, we used JC-1 dye to examine the disruption of mitochondrial membrane potential after the combination of sorafenib and GW5074 in HCT116 and LoVo cells, which is considered a hallmark of apoptosis. In non-apoptotic cells, stained red JC-1 exists in the form of dimers and accumulates in the form of aggregates in mitochondria. In apoptotic cells, JC-1 exists in the cytoplasm as a monomer and is stained green. The results showed that when HCT116 and LoVo cells were treated alone with GW5074, mitochondrial membrane potential loss levels increased with dose (Figure 10). Combination treatment with sorafenib 10 µM dramatically increased the loss of mitochondrial membrane potential. This finding suggests that the combined treatment of sorafenib and GW5074 led to more severe mitochondrial damage in HCT116 and LoVo cells.




Figure 10 | The effects of GW5074 and sorafenib on the mitochondrial membrane potential of HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h and assayed with JC-1 dye using a flow cytometer. The results are representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.



Changes in overall mitochondrial mass represent changes in the balance of mitochondrial biogenesis and mitophagy levels (34). Mitochondrial transcription factor A (mtTFA) and peroxisome-proliferator-activated receptor γ co-activator-1α (PGC-1α) are two key mitochondrial biogenic and respiratory factors for mitochondrial respiratory function (35, 36). Therefore, we subsequently examined the protein levels of mitochondrial biogenesis, respiration, and mitophagy such as PGC-1α, mtTFA, Tom20, parkin, and autophagy using Western blotting analysis. The protein levels of Tom20, mtTFA, and PGC-1α were affected variably by sorafenib and GW5074 in HCT116 and LoVo cells; however, GW5074 had the suppressive effect of sorafenib on these proteins in both cells (Figures 11A, B). The mRNA levels of mtTFA and PGC-1α were suppressed by sorafenib which was enhanced by GW5074 (Figures 11C, D). Autophagy plays a dynamic tumor-suppressive or tumor-promoting role in different contexts and stages of cancer development. We further examined the biomarker of autophagy, LC3B; the II/I ratios were increased in HCTA116 and LoVo cells treated with sorafenib, GW5074, and both combined (Figures 11A, B). An autophagic cargo p62 did not follow the trend in both cell lines. Mitophagy, selective autophagy in mitochondria, is regulated by PINK1 and parkin proteins. The parkin proteins were suppressed with the combination of sorafenib and GW5074 (Figures 11A, B), but the mRNAs were enhanced in HCT116 and LoVo cells (Figures 11C, D). TFEB (transcription factor E3) is one of the master transcriptional regulators of autophagy and the AMPK-p70S6K pathway is a positive pathway for autophagy. The protein and mRNA levels of TFEB did not show a clear trend. The ratio of p-AMPK/AMPK was elevated by sorafenib, which could be slightly suppressed by GW5074 in both cells; the ratio of p-p70S6K/p70S6K was strongly suppressed by GW5074 in LoVo cells, and the mRNA levels of p70S6K were decreased by sorafenib combined with GW5074 in LoVo cells.




Figure 11 | The effects of GW5074 and sorafenib on the mitochondrial autophagy and biogenesis of HCT116 and LoVo cells. HCT116 and LoVo cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h. (A, B) Cell lysates were subjected to Western blotting analysis. α-Tubulin is a loading control protein. (C, D) Total RNA were subjected to RT-PCR analysis. 18S is a loading control.



We observed mitochondrial morphology by immunofluorescence staining for PGC-1α and TOM20 with sorafenib, GW5074, and the combined treatment in HCT116 and LoVo cells (Figures 12, 13). The amounts of PGC-1α were elevated by sorafenib and the subcellular distributions were changed by GW5074 and sorafenib (Figure 12). More nuclear PGC-1α proteins were observed with the combination of sorafenib and GW5074 in HCT116 and LoVo cells. The subcellular distributions of TOM20 were changed from fragmented to tubular forms by GW5074 and sorafenib (Figure 13).




Figure 12 | The effects of GW5074 and sorafenib on the expression of PGC-1α in HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h and were immune-stained with anti-PGC-1α (green) and DAPI (blue). Images were examined under a Leica Thunder microscope with a 100x objective. Scale Bar=10 μm.






Figure 13 | The effects of GW5074 and sorafenib on the expression of Tom20 in HCT116 and LoVo cells. HCT116 (A) and LoVo (B) cells were treated with 0, 20, and 40 µM GW5074 in the absence or presence of 10 µM sorafenib for 24 h and were immune-stained with anti-Tom20 (green) and DAPI (blue). Images were examined under a Leica Thunder microscope with a 100x objective. Scale Bar=10 μm.






Discussion

The efficacy of sorafenib target therapy may also be altered by the development of drug resistance and cancer recurrence in CRC. In this study, we combined sorafenib with GW5074 to reduce the dose of sorafenib and enhance its cytotoxicity in two CRC cell lines, HCT116 and LoVo cells. Our findings demonstrate that GW5074 can potentiate the cytotoxicity of sorafenib and dramatically reduce the IC50 dose of sorafenib from 17 and 31 µM to 0.14 and 0.01 µM in HCT116 and LoVo cells, respectively. GW5074, similar to sorafenib, suppressed the cellular proliferation and induced cellular apoptosis and cytosolic ROS, but had no further enhancement on the above-mentioned effects when combined with sorafenib. The synergistic effects of GW5074 and sorafenib were mainly exerted in impacting mitochondrial functions, including ROS generation, membrane potential disruption, and fission–fusion dynamics, which were examined by using the flow cytometry analysis. In summary, the C-RAF inhibitor GW5074 might potentiate the cytotoxicity of the B-RAF inhibitor sorafenib mediated through mitochondrial dysfunctions, suggesting that GW5074 potentially serves as a sensitizer for sorafenib application to reduce the risk of drug resistance of CRC treatment.

pC-RAFS338 interacted with pDAPKS308 and directed it to become colocalized in the mitochondria (37). A study by Cha showed that sorafenib and GW5074 bound to mitochondrial C-RAF and induced a conformational change to compromise its mitochondrial targeting capability (20). GW5074 and sorafenib combination therapy resulted in the translocation of pC-RAFS338 from the mitochondria to the cytoplasm, concomitant with a decrease in mitochondrial membrane potential and an increase in ROS generation in RCC. In CRC, we observed similar effects of GW5074 and sorafenib combination therapy on the disruption of mitochondrial membrane potential and the induction of ROS generation with decreasing amounts of pDAPKS308 (data not shown). The cytotoxicity of GW5074 alone was hard to detect in LoVo cells, whereas it could induce mitochondrial ROS generation and the disruption of mitochondrial membrane potential and fission–fusion dynamics. The detailed mechanisms involved in the regulation of mitochondrial function by pDAPKS308 and pC-RAFS338 and the effectiveness of various mitochondrial functions are worthy of further investigation in CRC.

Sorafenib is a multi-kinase inhibitor with activity against B/C-RAF, B-RAFV600E, Flt3, Kit, RET, VEGFR1/2/3, and PDGFRβ (11, 12, 38). Sorafenib is the only first-line therapeutic targeted drug for advanced hepatocellular carcinoma (HCC) (39, 40). Sorafenib resistance is mainly focused on the activation of sorafenib targets and downstream signaling, the regulation of cell proliferative and apoptotic signals, and the epithelial–mesenchymal transition and stemness. Studies have demonstrated that sorafenib induces autophagy, correlated with the reduction in sorafenib sensitivity (25). Research literature has demonstrated that activated ER stress can induce autophagy (41). A recent study demonstrated that melatonin regulates ER stress-induced autophagy to overcome apoptosis resistance and increase the sensitivity to sorafenib in HCC cells (42). Here, compared with sorafenib alone, the combination of GW5074 with sorafenib induced ATF4-CHOP and reduced ATF6 and the ratio of p-eIF2/eIF2 in HCT116 and LoVo cells. In addition, mTOR pathway activation is responsible for the acquisition of resistance to sorafenib in HCC therapy (43). In our study, GW5074 combined with sorafenib reduced the ratio of pAMPK/AMPK in HCT116 and the amount of p62 in LoVo cells. Hence, the combination of GW5074 with sorafenib might mediate through the induction of ER stress and suppression of mTOR activation to decrease the chance of sorafenib resistance in our current study. However, the detailed mechanism should be checked in sorafenib-resistant CRC cell lines.

ROS plays a central role in cell signaling mediated by mitochondria (26). A two-hit working model of sorafenib combined with GW5074 was proposed, where cytosolic translocation of C-RAF/pDAPKS308 induces mitochondrial dysfunction to produce ROS (first hit) and triggers PP2A-mediated de-phosphorylation and activation of DAPK (second hit) in RCC (20). Our data on cytosolic and mitochondrial ROS generation suggest that GW5074 synergistically enhances the ability of ROS generation in mitochondria, not in the cytosol, which might be mediated through the disruption of mitochondrial membrane potential. Mitochondria also have an important role in triggering and regulating apoptosis; this synergy effect was not found in our apoptotic Annexin V analysis. The generation of ROS in cells exists in equilibrium with a variety of antioxidant defenses, including SODs (44). We observed the downregulation of SOD1 and SOD2 with the combination of GW5074 and sorafenib in HCT116 and LoVo cells. It is important to elucidate how mitochondrial or cytosolic ROS are involved in the induction of apoptosis using mitochondrial or cytosolic ROS scavengers.

The synergistic effect between sorafenib and GW5074 on the cytotoxicity and mitochondrial functions might be the primary contribution of our current work which also is encouraged by these ongoing clinical trials. However, the limitation of the current study is a lack of a sorafenib-resistant HCT116 or LoVo cell line to verify the synergistic effect of GW5074 on these resistant CRC cells. In addition to DAPK, more phosphorylation status of B-RAF and C-RAF targets by GW5074 and/or sorafenib should be examined to support our findings via the inhibitors for B-RAF and C-RAF.
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Objective

Low-density lipoprotein receptor-related protein-1 (LRP-1) and survivin are associated with radiotherapy resistance in patients with locally advanced rectal cancer (LARC). This study aimed to evaluate the value of a radiomics model based on dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) for the preoperative assessment of LRP-1 and survivin expressions in these patients.



Methods

One hundred patients with pathologically confirmed LARC who underwent DCE-MRI before surgery between February 2017 and September 2021 were included in this retrospective study. DCE-MRI perfusion histogram parameters were calculated for the entire lesion using post-processing software (Omni Kinetics, G.E. Healthcare, China), with three quantitative parameter maps. LRP-1 and survivin expressions were assessed by immunohistochemical methods and patients were classified into low- and high-expression groups.



Results

Four radiomics features were selected to construct the LRP-1 discrimination model. The LRP-1 predictive model achieved excellent diagnostic performance, with areas under the receiver operating curve (AUCs) of 0.853 and 0.747 in the training and validation cohorts, respectively. The other four radiomics characteristics were screened to construct the survivin predictive model, with AUCs of 0.780 and 0.800 in the training and validation cohorts, respectively. Decision curve analysis confirmed the clinical usefulness of the radiomics models.



Conclusion

DCE-MRI radiomics models are particularly useful for evaluating LRP-1 and survivin expressions in patients with LARC. Our model has significant potential for the preoperative identification of patients with radiotherapy resistance and can serve as an essential reference for treatment planning.





Keywords: dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), locally advanced rectal cancer, radiomics models, LRP-1, survivin



Introduction

Rectal cancer is the third most common malignant tumor worldwide, and approximately 70% of patients have locally advanced rectal cancer (LARC) at the initial diagnosis (1). At present, radiotherapy before surgical resection is the recommended treatment for patients with LACR (2). Preoperative radiotherapy can reduce the risk of local recurrence and ultimately improve the quality of life of patients by downstaging tumors and increasing the preservation rate of the sphincter (3). However, this effect is not ideal because the response of different individuals to preoperative radiotherapy is highly variable (4). In addition, radiotherapy is associated with long-term treatment-related toxicity, such as chronic pain, urinary incontinence, sexual dysfunction, and secondary malignant tumors (5). The identification of radioresistant LARC is a significant hurdle for patient-specific treatment.

Although the mechanism underlying radioresistance has not been fully clarified, the therapeutic effect of radiotherapy is known to depend on the cell cycle of cancer cells (6). Among all cell division phases, cells in the S, G0/G1, and G2/M phases are resistant, relatively sensitive, and sensitive to radiotherapy, respectively (7). Hence, several proteins that function in the cell cycle have been considered as potential biomarkers of radiotherapy resistance in rectal cancer. Low-density lipoprotein receptor-related protein-1 (LRP-1) is widely expressed in a wide variety of tissues; it exhibits functionalities in supporting tumor cell proliferation by promoting the entry of the cell cycle into the S phase and decreasing apoptosis (8, 9). A previous study has shown that patients with high LRP-1 expression who were subjected to radiotherapy had a poor prognosis, implying that LRP-1 could be an important marker for discriminating radioresistant rectal cancer (10). Additionally, studies have reported that survivin can also affect the radioresistance of LARC by regulating the cell cycle. Survivin is an inhibitor of apoptotic proteins that regulate both cell cycle progression and cell survival (11). According to the literature, targeted inhibition of survivin can reduce radiation-induced G2/M arrest, which means that survivin can cause more irradiation-damaged cells to enter mitosis, thus playing a vital role in radiotherapy (12). Identifying LRP-1 and survivin expressions preoperatively is helpful in making individualized treatment plans. However, the detection of LRP-1 and survivin expressions mainly depends on tissue sampling, which is limited by the invasiveness of the operation and may not reflect the entire tumor. Thus, identifying a noninvasive method for detecting LRP-1 and survivin will be beneficial and provide a reference for treatment decisions.

Radiomics analysis is an emerging field of image analysis that reflects the biological characteristics of tumors by transforming gray information into high-dimensional image features (13). Accumulating evidence indicates that radiomics can be used to quantitatively analyze tumor heterogeneity and is closely related to pathology (14). Deng et al. (15) found that radiomics predictive models have the potential to noninvasively differentiate lymph node metastasis and vascular endothelial growth factor expressions in cervical cancer. In previous studies, radiomics features have always been extracted from computed tomography angiography, T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI), and apparent diffusion coefficient (ADC) maps. Unlike the abovementioned imaging techniques, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a relatively novel imaging modality that combines tumor morphology and changes in hemodynamics (16). DCE-MRI parameters can also reflect tumor angiogenesis and, therefore, provide essential information about the prognosis and effect of treatment for LARC (17). Moreover, in various oncology fields, several researchers have recommended using DCE-MRI to assess response to radiotherapy (18, 19). Li et al. (20) showed that radiomics features based on breast DCE-MRI could identify the status of some pathological markers (HER2 and Ki-67). Thus, radiomics analysis based on DCE-MRI might be a noninvasive method for predicting LRP-1 and survivin expressions in LARC.

This study aimed to construct and validate a noninvasive model using DCE-MRI to predict LRP-1 and survivin expressions in LARC, thus guiding clinical treatment options and improving the level of medical care.



Materials and methods

This retrospective study was carried out in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of Shaoxing People’s Hospital. The requirement for written informed consent to review the medical records or images of the patients was waived because of the study’s retrospective nature.


Study participants

The data of patients with pathologically confirmed LARC by biopsy or surgery from February 2017 to August 2021 at Shaoxing People’s Hospital were consecutively assessed in this study. The detailed inclusion criteria were as follows (1): histologically confirmed primary rectal adenocarcinoma (2), DCE-MRI within 2 weeks before biopsy or surgery (3), LARC determined by pretreatment MRI (≥T3 and/or N+), and (4) absence of antitumor treatment, such as neoadjuvant chemoradiotherapy, before MRI. The exclusion criteria were as follows (1): poor image quality (with severe artifacts) or failure to obtain measurements (2), severe systemic disease and absolute contraindications (3), lack of pre-surgical carcinoembryonic antigen (CEA) and carbohydrate antigen (CA)199 data (4), metastatic disease, and (5) a maximum tumor diameter of <1 cm. The standard of care for patients with LARC at our hospital was neoadjuvant chemoradiotherapy followed by total mesorectal excision (TME). However, some patients underwent TME plus adjuvant chemotherapy because of their age, risk of toxic effects, possibility of tumor progression, or painfully long treatment period. Additionally, some elderly patients chose other treatment options for the above reasons. Finally, 100 patients were enrolled in this study; among these, 64 were treated with TME plus adjuvant chemotherapy, 21 were treated with neoadjuvant chemotherapy plus TME, 12 received neoadjuvant chemoradiotherapy followed by TME, and 3 received neoadjuvant radiotherapy plus TME.



Dynamic contrast-enhanced magnetic resonance imaging protocol

All imaging data of patients with LARC were obtained using a 3.0-T MRI scanner (Verio, Siemens, Germany) with a 12-channel phased-array body coil. Patients were required to fast for at least 8 h to empty the gastrointestinal tract and inject antispasmodic medication (Anisodamine, Minsheng, Hangzhou, China) before the MRI examination to reduce gastrointestinal artifacts. During the MRI scan, the patient was placed in the supine position, and the positioning line was located on the xiphoid process. All patients underwent a routine plain scan (T1WI, T2WI with fat suppression, T2WI, ADC, DWI) before the DCE-MRI scan and a multi-angle cross-sectional T1WI in the axial plane scan (repetition time/echo time, 3.48 ms/1.3 ms; layer thickness, 3 mm; field of view, 260 mm × 260 mm; matrix, 202 × 288; scan at multiple flip angles of 5°, 10°, and 15°). DCE-MRI adopts free breathing and is performed using a fast three-dimensional T1-weighted spoiled gradient recalled echo sequence. Multiphase dynamic enhanced scanning was performed with the following parameters: flip angle, 10°; and number of phases scanned, 35. The other acquisition parameters were the same as those above. Subsequently, a gadolinium contrast agent (Omniscan, GE Healthcare, China) was injected intravenously during phase 3 using a power injector at 0.1 mmol/kg and 3.5 mL/s. Finally, 20-mL saline was injected for flushing at the same flow rate. Contrast agent injection and data acquisition were performed simultaneously.



Image data analysis and processing

All sequences acquired from the DCE-MRI of eligible patients with LARC were imported into Omni Kinetics (GE Healthcare, China) software for post-processing. First, multi-flip angles of 5°, 10°, and 15° and corrected dynamic enhancement sequence scans were processed using Omni Kinetics software. Second, the external iliac artery was selected as the input artery. Third, the Tofts pharmacokinetic model was used to obtain three DCE-MRI pseudo-color images (Ktrans, Kep, and Ve). Furthermore, the region of interest (ROI) was manually delineated on each slice of the sagittal DCE pseudo-color images for calculation, using T2-weighted images as a guide. The ROI was placed in an area to avoid necrosis, calcification, and blood vessels on each slice (Figure 1). Two radiologists with 5 years (reader 1) and 8 years (reader 2) of specific clinical experience in rectal cancer imaging completed all image segmentations. The software automatically generated 231 radiomics features from three perfusion maps (Ktrans, Kep, and Ve), which included five categories: first-order, histogram, gray level co-occurrence matrix, Haralick, and run-length matrix.




Figure 1 | Magnetic resonance images of a histopathologically confirmed locally advanced rectal cancer in a 56-year-old woman. (A) Manual region of interest (ROI) placement in a contrast-enhanced sagittal T1-weighted image. (B) Color-coded Ktrans map of the ROI. (C) Color-coded Kep map of the ROI. (D) Color-coded Vp map of the ROI.





Immunohistochemical evaluation of low-density lipoprotein receptor-related protein-1 and survivin

LARC pathological specimens were harvested during surgery or by enteroscopy biopsy. In order to avoid the influence of anti-tumor therapy on the expressions of LRP-1 and survivin, biopsy specimens were used in patients who received any antitumor treatment before surgery. Postoperative specimens were used only in patients treated with TME plus adjuvant chemotherapy. Accordingly, there were 36 biopsy specimens and 64 surgical specimens, respectively. The expressions of LRP-1 and survivin were determined in formalin-fixed, paraffin-embedded tumor tissues using immunohistochemistry (IHC). Serial sections were immunostained with antibodies against LRP-1 (1:4000; Gene Tech, Shanghai, China) and survivin (GT204821; Gene Tech, Shanghai, China). Immunohistochemical tests for LRP-1 and survivin were performed strictly according to the IHC protocol. The expression levels of LRP-1 and survivin in tumor cells were determined using the following scoring system: 1 (≤ 10%), 2 (10% to ≤ 50%), 3 (50% to ≤ 80%), or 4 (> 80%). Staining intensity was scored as 0 (no staining), 1 (weak staining), 2 (moderate staining), or 3 (intense staining). The score for the percentage of positively stained tumor cells and the score for staining intensity were then multiplied to obtain the immunoreactive score (IRS), which ranged from 0 to 12. There was no uniform opinion on the evaluation of LRP-1 and survivin expressions on IHC, considering the limited number of patients in this study. To facilitate further statistical analyses, the expression levels of LRP-1 and survivin were divided into two categories: low expression (IRS ≤ 4 points) and high expression (IRS > 4 points). An 80% agreement between the two pathologists participating in immunostaining evaluation was set as the standard. When the pathologists disagreed regarding an evaluation, they made decisions based on consultation.



Interobserver variability evaluation

To assess the intraobserver and interobserver reproducibilities of radiomics feature extraction, 30 patients were randomly selected and intraclass correlation coefficients (ICCs) were calculated for tumor segmentation performed 1 week later by readers 1 and 2. Subsequently, intragroup consistency analysis was performed on the features of the 30 patients drawn by reader 1, and intergroup consistency analysis was performed on the features of the same 30 patients drawn by readers 1 and 2. The reproducibility of radiomics features extracted from DCE-MRI was considered good, with intraobserver and interobserver ICC values both > 0.8. These features, with good reproducibility, were collected for subsequent radiomics analysis.



Feature selection and radiomics signature construction

For each extracted radiomic feature, the mean value was individually subtracted from the score, which was then divided by the respective standard deviation (Z-score normalization). Subsequently, two technical approaches (the maximum relevance minimum redundancy [mRMR] method (21) combined with the least absolute shrinkage and selection operator [LASSO] method) were used to select the most useful predictive features from the training data cohort. The LASSO logistic regression model was used with penalty parameter tuning, which was conducted using tenfold cross-validation. Lambda was selected according to the 1-standard error of the minimum (1-SE) rule, where the coefficients are not rapidly changing, and the model is most parsimonious with the minimum prediction error. Multivariate logical regression was used to construct the predictive model using the selected features. A radiomics score (Rad-score) was calculated for each patient using a linear combination weighted by the respective coefficients (22).

Receiver operating characteristic (ROC) curves were used to assess the performance of the radiomics models for LRP-1 and survivin. The specificity, sensitivity, positive predictive value (PPV), negative predictive value (NPV), and area under the curve (AUC) were calculated to determine model performance. Calibration curves were used to investigate the predictive accuracy of the model graphically. The aforementioned operations were performed in both the training and validation cohorts. Finally, decision curve analysis (DCA) was used to determine the clinical usefulness of the radiomic models.



Pathological evaluation of the therapeutic response

Tumor regression grading (TRG) was assessed in postoperative pathological specimens according to the four-tier American Joint Committee on Cancer system (23): TRG 0, no residual tumor cells; TRG 1, single cell or small group of cells; TRG 2, residual cancer with a desmoplastic response; and TRG 3, minimal evidence of tumor response. Patients were then divided into 2 groups; patients with TRG scores of 0 and 1 classified as sensitive and those with TRG scores of 2 and 3 were classified as resistant.



Statistical analyses

All statistical analyses and figure creation were performed using R software (version 40.2; packages mainly included glmnet, pROC, rms, and rmda, Foundation for Statistical Computing, Vienna, Austria). To determine the clinical usefulness of the LRP-1 and survivin predictive model, DCA was performed by calculating the net benefits at different threshold probabilities in the test cohorts. The area under the ROC curve was calculated to measure the diagnostic efficacy of the models. Moreover, the sensitivity, specificity, PPV, NPV, and accuracy were assessed. All tests were two-tailed, and statistical significance was set at p < 0.05. Continuous variables (age) are presented as means and standard deviations, and an independent sample t-test was used to assess differences between high and low expression groups. Categorical variables (sex, location, mrT stage, mrN stage, CEA level, and CA199 level) were assessed using Fisher’s exact test or chi-squared test, as appropriate.




Results


Characteristics of patients with locally advanced rectal cancer

This research’s summary profile is shown in Figure 2. Of the 100 patients, 64 were male and 36 were female. The patients were randomly divided, in a 7:3 ratio, into training (70 patients) and validation cohorts (30 patients). According to LRP-1 and survivin expression groups, no statistically significant differences were observed between the training and validation cohorts in terms of sex, age, body mass index, location, mrT stage, mrN stage, CEA level, or CA199 level (all p > 0.05). Details regarding the clinical characteristics of patients with LARC with high/low expression (LRP-1 and survivin) in both cohorts are provided in Tables 1, 2.




Figure 2 | Patient inclusion and exclusion details and the patient recruitment flowchart.




Table 1 | Characteristics of patients with locally advanced rectal cancer in the training and validation cohorts (low-density lipoprotein receptor-related protein-1).




Table 2 | Characteristics of patients with locally advanced rectal cancer in the training and test groups (survivin group).





Expressions of LRP-1 and survivin

LRP-1 and survivin expressions were identified by IHC. Examples of the IHC analysis of LRP-1 and survivin expressions are shown in Figure 3. A weak correlation between LRP-1 and survivin was observed (r = 0.201, p = 0.045). Furthermore, some patients with high LRP expression exhibited significantly low survivin expression.




Figure 3 | Representative immunohistochemical staining of markers. Low-density lipoprotein receptor-related protein-1: (A) low expression, (B) high expression. Survivin: (C) low expression, (D) high expression (magnification: ×10 20).





Feature selection and radiomics model construction

In total, 231 features were extracted from the MRI data (67 features each from Ktrans, Kep, and Ve). The details of these selected features are provided in the Supplemental Material. Using the mRMR method, 20 features were identified as having high stability for predicting LRP-1 and survivin. The LASSO method with tenfold cross-validation was then used to select four potential predictive features each for LRP-1 and survivin, with non-zero coefficients, to construct the final model; the LASSO process is shown in Figure 4. The features were weighted according to their corresponding coefficients. The resulting Rad-score equation for the LRP-1 prediction (Rad-score1) is as follows:

	




Figure 4 | Radiomics feature selection using sthe least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) LASSO coefficient profile, displaying 30 texture features. A coefficient profile plot was produced against the log (lambda) sequence. Each colored line represents the coefficient of an individual feature. (B) Tuning parameter (log lambda) selection in the LASSO model used tenfold cross−validation via 1-SE criteria. Vertical dotted lines were drawn at the selected λ values. (A, C) The error rate curve. (B, D) LASSO coefficient λ graph. Coefficient λ was selected in the LASSO using a tenfold cross-validation. We selected the coefficient λ according to the 1-SE rule.



The resulting Rad-score equation for the survivin prediction (Rad-score2) is as follows::

	



Radiomics model evaluation

We compared Rad-scores between the LRP/survivin (high) and LRP/survivin (low) groups in the training and validation cohorts. There was a significant difference in Rad-scores between the LRP/survivin (high) and LRP/survivin (low) groups, as shown in Figure 5.




Figure 5 | (A) A comparison of radiomics scores (Rad-scores) between different low-density lipoprotein receptor-related protein-1 expression levels in the training and validation cohorts. (B) A comparison of Rad-scores between different survivin expression levels in the training and validation cohorts.



The discrimination performance of the Rad-scores for LRP-1 and survivin is summarized in Table 3. ROC curves of the Rad-score for predicting LRP-1 and survivin status are shown in Figure 6. The LRP-1 model yielded an AUC of 0.853, with a 95% confidence interval (CI), accuracy, sensitivity, and specificity of 0.760–0.945, 0.829, 0.900, and 0.733, respectively. This model was applied to the validation cohort, which generated an AUC, 95% CI, accuracy, sensitivity, and specificity of 0.747, 0.556–0.938, 0.767, 0.882, and 0.615, respectively. Correspondingly, in the training cohort, the survivin model yielded an AUC of 0.780 with 95% CI, accuracy, sensitivity, and specificity of 0.670–0.890, 0.757, 0.700, and 0.833, respectively. Analysis in the validation cohort generated an AUC, 95% CI, accuracy, sensitivity, and specificity of 0.800, 0.635–0.967, 0.800, 0.824, and 0.769, respectively.


Table 3 | Performance summary of radiomics scores for predicting low-density lipoprotein receptor-related protein-1 and survivin status in each cohort.






Figure 6 | Receiver operating characteristic curves of the biomarkers for classifying low-density lipoprotein receptor-related protein-1 (A) and survivin (B) expression levels in the training and validation cohorts.



The calibration curves of the two models demonstrated that the predicted probability fit well with the actual expression levels in both the training and validation cohorts, indicating excellent calibration of the radiomics models (Figure 7). The decision curve of the radiomics model is shown in Figure 8, and DCA revealed that using the radiomics models (LRP-1/survivin) added more net benefit than the treat-all or treat-none strategies, indicating the excellent performance of the radiomics models in terms of clinical application.




Figure 7 | Calibration curves of the radiomics model for predicting low-density lipoprotein receptor-related protein-1 (LRP-1) and survivin expression levels in the training and validation cohorts. (A, B). Calibration curves of the model for LRP-1 in (A) the training and (B) validation cohorts. (C, D) Calibration curves of the model for survivin in (C) the training and (D) validation cohorts. In the calibration plots, the 45° line represents marks the location of the ideal model. The blue line represents the predicted performance of the model, and the red line represents the bias correction in the model.






Figure 8 | Decision curve analysis for the model for (A) low-density lipoprotein receptor-related protein-1 and (B) survivin in the test cohorts. The y-axis measures the standardized net benefit. The red curve represents the radiomics model. The gray curve represents the assumption that all patients were treated, and the straight black line at the bottom of the figure represents the assumption that no patient was treated.





Rad-scores in resistant and sensitive groups

Among 15 patients who underwent radiotherapy (12 received neoadjuvant chemoradiotherapy followed by TME and 3 received neoadjuvant radiotherapy plus TME), Rad-score2 was not significantly different between sensitive and resistant groups (p = 0.594; Table 4). However, Rad-score1 was significantly higher in the resistant group (4.829 ± 3.459) than in the sensitive group (-0.210 ± 0.648, p = 0.043; Table 4).


Table 4 | Radiomics scores between resistant and sensitive groups.






Discussion

To the best of our knowledge, this study is the first attempt to propose and validate noninvasive radiomics models based on DCE-MRI for the preoperative prediction of LRP-1 and survivin expressions in patients with LARC. The predictive model for LRP-1 demonstrated favorable discrimination and yielded AUCs of 0.853 and 0.747 in the training and validation groups, respectively. In predicting survivin expression, the radiomics model achieved AUCs of 0.780 and 0.800 in the training and validation cohorts, respectively. The results suggest that the clinical use of radiomics is promising in terms of the preoperative prediction of LRP-1 and survivin. In addition, Rad-score1 was significantly higher in the resistant group than in the sensitive group, although Rad-score2 was not significantly different between the two groups. Thus, the predictive models may be helpful in guiding clinicians in identifying patients who are radiotherapy resistant and selecting appropriate treatment plans for patients with LARC.

In recent years, radioresistance has mainly been responsible for treatment failure and mortality in patients with LARC receiving radiation therapy. Furthermore, the current standard of care for LARC is to apply the same treatments to all patients, regardless of their individual responses to radiotherapy. This uniform treatment method inevitably leads to undertreatment or overtreatment for several patients with LARC (24). Currently, approximately 30%–50% of patients are reported to show radioresistance to ionizing radiation (IR); however, if these patients are identified before surgery, more intensive chemotherapy could be applied (25). In contrast, the complete response for tumors predicted to undergo invasive radical surgery may even be modified. Therefore, the development of new biomarkers capable of successfully assessing patients’ radio-responsiveness status preoperatively is urgently needed to establish patient-specific treatment (26). Radioresistance is a complex process involving the alteration of several cellular mechanisms (27). Moreover, cell division phases profoundly influence the response to radiation in cancer (28, 29). Numerous studies have shown that LRP-1 and survivin play essential roles in regulating the cell cycle, which is significantly related to radiotherapy tolerance in LARC. Identifying LRP-1 and survivin expressions before surgery may improve prognostication and guide the selection of a clinical treatment plan. At present, a pathological examination is the gold standard for diagnosing LRP-1 and survivin expressions. However, results are influenced by sampling and may be inadequately comprehensive because of tumor heterogeneity. With the advent of the precision medicine era, single-modality medical imaging is gradually evolving and cannot meet the requirements of individualized treatment (30, 31). Radiomics, an emerging technique in computational medical imaging, can extract information-rich imaging functions with high throughput and quantify imaging information that the human eye cannot detect (32, 33). Many prior studies have shown that radiomics can effectively predict the expression of multiple pathological biomarkers in various tumors based on quantitative image features derived from different MRI techniques (34, 35). In our study, we used DCE-MRI to construct a predictive model. Unlike conventional MRI imaging techniques, DCE-MRI has the advantage of estimating blood flow, blood volume, and vascular permeability and the tumor vascular microenvironment. DCE-MRI has been applied in several tumor studies and has yielded satisfactory results (36). However, no study has aimed to determine the expressions of LRP-1 and survivin. In view of this knowledge gap, we established radiomics models based on DCE-MRI to distinguish between LRP-1 and survivin expression levels, and obtained promising results.

LRP-1 is a multifunctional scavenger receptor that belongs to the low-density lipoprotein receptor family (37). Owing to its capacity to control the pericellular levels of various growth factors and proteases, LRP-1 plays a crucial role in tumor progression. Compared to untreated cells with LRP-1 inhibition, treated cells present an increase in the proportion of cells in the G1 phase and a decrease in the S phase cell population (8). Clinically, high LRP-1 expression in patients subjected to radiotherapy has a poor prognosis. Certainly, LRP-1 expression status has a crucial role in predicting radiotherapy resistance and prognosis in patients with LARC; however, few studies have used radiomics features extracted from pretreatment DCE-MRI to predict LRP-1 expression. In this study, four DCE-MRI radiomics features (Ktran. sum Average, Ktrans. difference entropy, Kep. skewness, and Ve. run length nonuniformity) were selected to construct the predictive model for LRP-1, which yielded a high AUC in both training (AUC = 0.853) and validation (AUC = 0.747) cohorts. Moreover, features from Ktrans were most commonly used in the optimal radiomics model (2/4). Previous studies have corroborated that Ktrans reflects vessel blood flow and is the product of vessel permeability and vessel surface area (38). Theoretically, the value of Ktrans is mainly determined by blood flow or elevated vessel permeability. Devy et al. (39) revealed that LRP-1 also plays an essential role in the angiogenic processes for tumor growth through its wide spectrum of interactions. Thus, the observed association between Ktrans (sum average) and LRP-1 expression is reasonable. Our radiomics model may serve as a novel quantitative tool for individually predicting the expression of LRP-1 and selecting appropriate targeted therapies for patients with LARC.

In addition, we constructed a radiomics model to predict the expression of survivin and achieved excellent results, with sensitivities of 70.0% and 76.5%, specificities of 83.3% and 69.2%, and AUCs of 0.780 and 0.800 in the training and validation cohorts, respectively. Notably, the performance of the radiomics model in the test cohort was superior to that in the validation cohort (AUC, 0.800 vs. 0.780), which demonstrates the robustness of our model. Survivin is a unique member of the inhibitor of apoptosis protein family that is expressed in most cancer cells but is barely detected in most normal adult tissues (40). Without doubt, survivin has attracted a great deal of interest as an anti-radiotherapy factor, and its overexpression in tumors has been shown to be associated with radioresistance, poor prognosis, and drug resistance (41, 42). Previous studies have shown that targeted inhibition of survivin in cancer cells can interfere with their DNA repair ability and increase their radiosensitivity to IR (12, 42). Two features from Ktrans were selected in the radiomics model for predicting survivin. In several studies, Ktrans has been considered as a robust and clinically useful biomarker of radiation resistance in some tumor types (43). These results demonstrate that Ktrans plays an essential role in reflecting the expression levels of LRP-1 and survivin. Our findings also highlighted a weak correlation between LRP-1 expression and survival (r = 0.201, p = 0.045). This correlation between LRP-1 and survivin suggests that they may play a synergistic role in radiotherapy resistance in LARC to some extent. LRP-1 or survivin may have a specific association with radiotherapy tolerance in rectal cancer, and targeted inhibition of LRP-1 or survivin can improve the prognosis of patients. However, as a puzzling part of our study, we found that some patients with high LRP-1 expression exhibited low survivin expression. These results are entirely contrary to our initial conjecture that the presentation of LRP-1 should be consistent with that of survivin to a certain extent. In our view, this inconsistency may originate from the heterogeneity of the tumor and the complex mechanisms of IR. Radiotherapy tolerance is a complex process involving many mechanisms. The biological behavior of LARC radioresistance may be reflected by multiple biomarkers rather than a single biomarker (LRP-1 or survivin). In the future, with further research on radiotherapy tolerance mechanisms, the inclusion of more tolerance factors may help improve the predictive model for radiotherapy tolerance. Further studies with larger sample sizes are required to investigate the clinical validation and additive values of the radiomics model for predicting the response to radiotherapy.

Furthermore, the calibration curve of the predictive radiomics models demonstrated good agreement between the predicted and actual probabilities in the training and validation cohorts, indicating that our models accurately evaluated the true values of LRP-1 and survivin expression. DCA showed a higher overall net benefit with the radiomics model, thus highlighting its value as an excellent tool, based on DCE-MRI, for assistance in clinical decision-making. Using the radiomics model, if a patient is predicted to have high LRP-1 or survivin expression, the administration of targeted therapy or more intensive chemotherapy should be recommended. In the future, patients with high LRP-1 and survivin-expressing LARC may serve as an ideal population for testing newer therapies.

In order to investigate the relationship between LRP-1 and survivin expression and resistance to neoadjuvant radiotherapy in patients with LARC, we collected additional LARC biopsy specimens from 27 patients who received neoadjuvant radiotherapy with/without DCE-MRI examinations from February 2017 to August 2021 at Shaoxing People’s Hospital; these patients were not among the 100 patients in the main analyses. LRP-1 expression was significantly higher in the resistant group than in the sensitive group (7.813 ± 2.297 vs 5.000 ± 2.828, p = 0.011). In addition, survivin expression was significantly higher in the resistant group than in the sensitive group (7.500 ± 2.318 vs 4.636 ± 2.385, p = 0.006), as shown in Figure 9. These results further suggest that LRP-1 and survivin may be predictive markers clinically relevant to resistance to neoadjuvant radiotherapy in patients with LARC.




Figure 9 | Differences in low-density lipoprotein receptor-related protein-1 (LRP-1) and survivin between sensitive and resistant groups. (A) The expression of LRP-1 was higher in the resistant group than in the sensitive group (p = 0.011). (B) The expression of survivin was higher in the resistant group than in the sensitive group (p = 0.006).



Regarding whether the effects of radiation therapy can be predicted using radiomics models, we find that although radiomics models based on DCE-MRI performed well, the present study has some limitations. First, this was a retrospective study from a single institution, which may lead to potential selection biases; also, the predictive model was not tested with external test data. Therefore, prospective and multicenter studies are encouraged in the future. Second, the number of patients was relatively small; therefore, it is necessary to incorporate more cases in future studies to determine the proposed model’s reliability. Third, additional pathological, clinical, and radiological characteristics were not considered in our study. Finally, the present study was merely based on DCE-MRI, and several previous studies have shown that the combined application of more MRI sequences (e.g., T2WI, T1WI, and DWI) may improve the predictive ability of the radiomics model. Despite these limitations, the application of the radiomics models may have clinical prospects in terms of precision and personalized medicine for patients with LARC.



Conclusion

In conclusion, the present study demonstrated that radiomics analysis of DCE-MRI features facilitates the determination of LRP-1 and survivin expression levels in LARC before treatment. Our models have significant potential for the preoperative identification of patients with radiotherapy resistance and can serve as an essential reference for treatment planning.
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Background

Research findings have revealed that combining anti-angiogenesis inhibitors with programmed death-1(PD-1) inhibitors can reverse the immunosuppressive tumor microenvironment and enhance the antitumor immune response. To explore the therapeutic options for breaking immune tolerance in microsatellite stability (MSS) or mismatch repair-proficiency (pMMR) advanced colorectal cancer (CRC), we assessed the efficacy, safety and predictors of the fruquintinib and PD-1 inhibitors combination in patients with MSS/pMMR advanced CRC in a real-world environment.



Methods

We conducted a single-center retrospective study by collecting relevant data on patients with MSS/pMMR advanced CRC who received fruquintinib coupled with PD-1 inhibitors in the First Affiliated Hospital of Zhengzhou University between August 2019 and November 2021, focusing on progression-free survival.



Results

We enrolled 110 eligible patients in this study between August 2019 and November 2021. At the deadline (January 20, 2022), 13 patients had objective responses. The objective response rate was 11.8% (13/110, 95% confidence interval [CI]: 6.4-18.2), the disease control rate was 70.0% (82/110, 95% CI: 60.9-78.2), and the progression-free survival was 5.4 months (95% CI: 4.0-6.8). Liver metastases (hazard ratio [HR]: 0.594, 95% CI: 0.363-0.973, P<0.05), alkaline phosphatase elevation (ALP>160U/L) (HR: 0.478, 95%CI: 0.241-0.948, P<0.05), fibrinogen elevation (FIB>4g/L) (HR: 0.517, 95% CI: 0.313-0.855, P<0.05), and an increase in the ALP level from the baseline after treatment (HR: 1.673, 95% CI: 1.040-2.690, P<0.05) were negative predictors of the progression-free survival. A total of 101 of 110 patients experienced treatment-related adverse events, including 14 who experienced grade 3 or above treatment-related adverse events, and no treatment-related deaths occurred. Hypertension was the most frequently encountered grade 3 treatment-related adverse event.



Conclusion

Fruquintinib combined with PD-1 inhibitors has antitumor activity and manageable safety in treating patients with MSS/pMMR advanced CRC. Liver metastases, ALP level and FIB level might be a prediction of the patient response to this therapy.





Keywords: fruquintinib, PD-1 inhibitors, microsatellite-stable (MSS), colorectal cancer (CRC), predictors, retrospective study



Introduction

Colorectal cancer (CRC) is the third most prevalent cancer and the second largest cause of mortality globally (1). Due to the lack of specificity in its early diagnosis, the majority of patients with the condition are diagnosed at an advanced stage. Chemotherapy remains the standard treatment for CRC despite its disadvantages such as apparent systemic adverse effects, low selectivity, and drug concentration at the tumor site. Immunotherapy has shown promising outcomes in treating various malignant tumors in recent years. The approved immune checkpoint inhibitors (ICIs) for CRC, pembrolizumab and nivolumab ± ipilimumab, are only suited for patients with microsatellite instability-high (MSI-H) or mismatch repair-deficient (dMMR) (2, 3), whereas 95% of CRC patients have microsatellite stability (MSS) or mismatch repair-proficiency (pMMR), and single-agent ICIs are ineffective. The objective response rate (ORR) of pembrolizumab in the MSS/pMMR CRC cohort in the KEYNOTE-016 study was 0% (4), and advanced patients have fewer options for later-line treatment.

Fruquintinib is a small-molecule tyrosine kinase inhibitor that targets the vascular endothelial growth factor receptor (VEGFR) 1, 2, and 3, and it is highly selective and potent. The FRESCO study found that fruquintinib extended the median overall survival (OS) (9.3 months vs. 6.6 months) and progression-free survival (PFS) (3.7 months vs. 1.8 months) when compared to placebo (5). The Food and Drug Administration has approved fruquintinib as a third-line treatment for metastatic CRC (mCRC).

According to growing evidence, anti-angiogenic therapy combined with immunotherapy strengthens the vascular normalization and immune reprogramming, reversing the immunosuppressive tumor microenvironment (TME) and inducing a long-lasting antitumor immune response in the body (6, 7). In a case report, after failing multiple lines of treatment, a late-stage patient who received fruquintinib plus sintilimab experienced a quick remission. The antitumor activity and the ability to reprogram the immunosuppressive TME of fruquintinib plus PD-1 inhibitors were confirmed in mouse experiments (8). According to an American Society of Clinical Oncology (ASCO) study published in 2020, the ORR of fruquintinib plus sintilimab in the treatment of mCRC was much higher than that of single-agent fruquintinib (15.4% vs. 4.9%) (9). The Phase Ib/II study of the fruquintinib and sintilimab combination for advanced CRC showed that the ORR was 27.3% and the PFS was 6.9 months in the fruquintinib 5 mg intermittent-treatment group according to the 2021 ASCO Meeting Abstract (10). These findings suggest that fruquintinib coupled with PD-1 inhibitors has a promising application in advanced CRC, providing compelling evidence of the clinical application of combined therapy.

These findings suggest novel approaches to treating MSS/pMMR advanced CRC. However, clinical trial data are limited due to the strict inclusion criteria that are implemented. In the real world, the efficacy and safety of fruquintinib coupled with PD-1 inhibitors in treating MSS/pMMR mCRC are unknown, and few studies have reported efficacy predictors for this treatment. Therefore, we designed this retrospective study.



Patients and methods


Patients

From August 2019 to November 2021, patients with MSS/pMMR advanced CRC receiving fruquintinib plus PD-1 inhibitors at the First Affiliated Hospital of Zhengzhou University were included in this single-center retrospective study. Out of the 141 eligible patients, 31 patients were excluded, 19 had no available follow-up data, 4 received treatment that was combined with other chemotherapy drugs, and 8 had severe underlying diseases or other tumor complications. The data of the remaining 110 patients were analyzed. A flow chart of the patient selection procedure is shown in Figure 1. The main inclusion criteria were: 1. advanced or metastatic CRC confirmed by histology or cytology; 2. MSS/pMMR confirmed by tumor genetic testing in a local laboratory; 3. an Eastern Cooperative Oncology Group Performance Status (ECOG PS) score of <3; 4. the patient’s disease progressed after ≥2nd-line therapy; 5. the presence of measurable lesions that meet the Response Evaluation Criteria for Solid Tumors Version 1.1 (RECIST V1.1); 6. sufficient reserves of the bone marrow, liver, kidney organ functions and the coagulation function. The key exclusion criteria were as follows: 1. active or previous chronic or recurring autoimmune illness; 2. severe comorbidity; 3. a definitive diagnosis of hereditary CRC syndrome. The data are all from the medical record system of the First Affiliated Hospital of Zhengzhou University. The patient’s clinical features, gene status, laboratory results, tumor responses, and treatment-related adverse events (TRAEs) were collected and analyzed. Table 1 summarizes the baseline characteristics of the study participants.




Figure 1 | The patient selection process for the retrospective cohort. MSS/pMMR, microsatellite stability or mismatch repair-proficiency; CRC, colorectal cancer; PD-1, programmed death-1.




Table 1 | Baseline Characteristics.





Treatment methods

Patients received fruquintinib at a dose of 3–5 mg once a day for 14/21 days, every 28 days. Patients received PD-1 inhibitors including sintilimab, camrelizumab, toripalimab, tislelizumab, and pembrolizumab. Patients received fixed doses of sintilimab, camrelizumab, tislelizumab, and pembrolizumab (200 mg) every 3 weeks, and toripalimab (240 mg) every 3 weeks on the first day of fruquintinib application. To control TRAEs, the dose of fruquintinib was adjusted in some patients; however, the doses of PD-1 inhibitors were not.



Assessment

According to RECIST V1.1, tumor response was tested using computed tomography every 6–8 weeks. Tumor response to treatment was assessed as complete response (CR: all target lesions disappeared and no new lesions appeared), partial response (PR: the sum of the longest diameters of all target lesions is less than 30% of the baseline), progression (PD: a 20% increase in the longest diameter of all target lesions compared to the minimum, or the appearance of new lesions), and stable (SD: insufficient reduction to achieve PR but insufficient increase to achieve PD). The ORR is the proportion of patients achieving CR and PR, and the disease control rate (DCR) is the proportion of patients achieving CR, PR, and SD. PFS was defined as the time from treatment initiation to either disease progression or death. The time from the treatment of the study until death from any cause was defined as the OS. TRAEs were assessed by the National Cancer Institute Common Terminology Criteria for Adverse Events Version 5.0 (NCI CTCAE V5.0).



Statistical analysis

The baseline characteristics of CRC patients were described using percentages and median values. Pearson’s chi-square test was used to analyze the effects of patients’ baseline characteristics on the efficacy of combination therapy for statistical analysis. P<0.05 was considered statistically significant. The Kaplan-Meier survival analysis was used to calculate the PFS, and the log-rank test was used to compare subgroups to each other. Hazard ratios (HRs) and confidence intervals (CIs) were calculated using the Cox proportional hazards regression model for variables with P<0.05 in univariate analysis. Statistical Product Service Solutions Version 21.0 and GraphPad Prism Version 9.0 were used for statistical analysis.




Results


Patients characteristics and treatment strategies

A total of 110 patients were enrolled from August 2019 to November 2021. The median age was 53 years (range: 22–81). A total of 91 (82.7%) patients were less than 65 years old, and 38 (34.5%) patients were early-onset (<50 years). At the beginning of treatment, 12 (10.9%) patients had an ECOG PS score of 2. At the initial diagnosis, the tumors of 86 (78.2%) patients were located in the left side (distal 1/3 of transverse colon, descending colon, sigmoid colon and rectum) and those of 24 (21.8%) patients were located in the right side (proximal 2/3 transverse colon, cecum, ascending colon). At the start of treatment, 60 (54.5%) patients had liver metastases, 64 (58.2%) had lung metastases, 47 (42.7%) had other organs metastases (23 had pelvic metastases, 12 had bone metastases, 3 brain metastases, 5 kidney metastases, 4 bladder metastases, 5 ureteral metastases, 2 spleen metastases, 1 gallbladder metastases, 3 soft tissue metastases, 1 penis metastases, 1 chest wall metastases), and 89 (80.9%) had at least two metastases. Treatment methods varied, and all patients received ≥2 lines of prior chemotherapy, 98 (89.1%) received anti-angiogenic therapy (mostly bevacizumab and cetuximab), 11 (10.0%) received PD-1 inhibitors, 9 (8.2%) patients received anti-angiogenic drugs combined with PD-1 inhibitors, 85 (77.3%) underwent surgery (including primary tumor and metastases resection), 10 (9.1%) received radiotherapy. All patients had histologically or cytologically confirmed CRC, and the gene test results were MSS/pMMR. A total of 54 (49.1%) patients had a RAS mutation, and 6 (5.4%) patients had a BRAF mutation. Thirty-three of the 110 patients were tested for tumor mutational burden (TMB), 8 (7.3%) patients showed high-TMB (TMB-H, TMB-H was defined as≥10mut/Mb), and 25 (22.7%) showed low-TMB (TMB-L). We collected the ALP, glutamyl transpeptidase (GGT), lactate dehydrogenase (LDH), D-Dimer, FIB values of 110 patients at baseline and divided patients into two groups using the upper limits of normal values as cutoff values. The baseline characteristics of study participants are shown in Table 1.

In this study, a total of five PD-1 inhibitors were used in 110 patients, with the most common ones being sintilimab (46.4%), camrelizumab (35.5%), and toripalimab (13.6%). In all patients, these molecules were combined with fruquintinib, and most of them (92.7%) received fruquintinib at a dose of 5 mg (Table 2).


Table 2 | Programmed death-1 inhibitors and fruquintinib combination strategies.





Clinical efficacy

As of January 20, 2022, 110 patients who received the combination of fruquintinib and PD-1 inhibitors underwent at least one tumor imaging assessment. Table 3 summarizes the patients’ best responses from the baseline. None of the patients achieved CR, 13 (11.8%) of them achieved PR, and 64 (58.2%) were rated as SD. The ORR was 11.8% (13/110, 95% CI: 6.4-18.2), and the DCR was 70.0% (82/110, 95% CI: 60.9–78.2). The median PFS was 5.4 months (95% CI: 4.0–6.8) (Figure 2). The median OS was not determined in our study (Figure 3).


Table 3 | Curative effect evaluation.






Figure 2 | Kaplan–Meier plot for the total population (n = 110). The progression-free survival (PFS) from the beginning of the Fruquintinib and programmed death-1 (PD-1) inhibitors combination therapy. CI, confidence interval.






Figure 3 | Kaplan–Meier plot for the total population (n = 110). The overall survival (OS) from the beginning of the Fruquintinib and programmed death-1 (PD-1) inhibitors combination therapy.



No factors, including age, gender, location of the primary tumor, ECOG score, treatment lines, previous treatment methods, the presence or absence of metastases (liver, lung, peritoneum, pelvic, bone), gene mutation status, some biochemical and coagulation indicators (ALP, GGT, LDH, D-Dimer, and FIB) at baseline, were found to have a significant impact on the effectiveness of the fruquintinib and PD-1 inhibitors combination.

The Kaplan-Meier survival analysis found that the PFS of patients with liver metastases was significantly shorter than that of patients without them (PFS: 3.4 [95% CI: 2.3–4.5] months vs. 7.6 [95% CI: 5.3–9.9] months, P<0.05, Figure 4A). The patients with ALP>160 U/L had a substantially shorter PFS than those without them (PFS: 3.3 [95% CI: 3.0-3.7] months vs. 6.1 [95% CI: 4.6-7.6] months, P<0.05, Figure 4B). The PFS of patients with FIB>4g/L was significantly shorter than that of patients without them (3.4 [95%CI:2.5-4.3] months vs. 6.8 [95%CI:5.8-7.8] months, P<0.05, Figure 4C). Patients with D-dimer ≤0.3 mg had longer PFS (PFS: 6.3[95% CI: 4.8–7.8] months vs. 4.1[95% CI: 3.9–4.2] months, P<0.05, Figure 4D). The PFS was extended in patients with peritoneum metastases (P=0.976, Figure 4E), primary lesions located in the left side (P=0.396, Figure 4F), RAS wild (P=0.343, Figure 4G), BRAF-mutated (P=0.090, Figure 4H) and patients without lung metastases (P=0.995, Figure 4I) compared with their corresponding subgroups. In comparison to the TMB-L group, the PFS in the TMB-H group was longer (5.0 [95%CI: 2.0-8.0] months vs. 6.1 [95%CI: 0.0-12.2] months, P=0.979, Figure 4J). The comparison of the efficacy of each subgroup is shown in Figure 5.




Figure 4 | Kaplan–Meier plot for progression-free survival (PFS) stratified by clinical factors, including (A) liver metastases, (B) alkaline phosphatase (ALP), (C) fibrinogen (FIB), (D) D-Dimer, (E) peritoneum metastases, (F) Left-side: distal 1/3 of transverse colon, descending colon, sigmoid colon and rectum, Right-side: proximal 2/3 transverse colon, cecum, ascending colon, (G) RAS wild/mutant, (H) BRAF wild/mutant, (I) lung metastases, (J) high tumor mutational burden (TMB-H, ≥10 mut/Mb) / low tumor mutational burden (TMB-L, < 10 mut/Mb), (K) changes from baseline in ALP levels after treatment, (L) changes from baseline in FIB levels after treatment.






Figure 5 | Efficacy in selected subgroups. ALP, alkaline phosphatase; FIB, fibrinogen; TMB-H, high tumor mutational burden (≥10 mut/Mb), TMB-L, low tumor mutational burden (<10 mut/Mb).



Patients were assessed for ALP and FIB after two cycles of combination therapy and compared with pre-treatment values. The ALP level was decreased in 42 (38.9%) patients and increased in 66 (61.1%) patients. The PFS was 7.0 (95% CI: 5.9-8.0) months and 3.4 (95% CI: 2.2-4.8) months in the decreased and increased ALP level groups (P<0.05, Figure 4K). The FIB level was decreased in 43 (40.6%) patients and increased in 63 (59.4%) patients. The PFS was 5.4 (95% CI: 2.8–8.0) months and 5.0 (95% CI: 3.6–6.5) months in the FIB-lowering and FIB-raising groups (P=0.578, Figure 4L).

The multivariate Cox proportional hazards regression analysis results showed that liver metastases, ALP level, FIB level, and changes in ALP level after treatment were associated with PFS in fruquintinib coupled with PD-1 inhibitors in MSS/pMMR CRC (P<0.05, Table 4).


Table 4 | Influence of clinical factors on progression-free survival.



Considering that the difference in PFS caused by ALP and FIB levels may be caused by the metastatic site, we compared the clinical characteristics of ALP>160U/L group and ALP ≤ 160U/L group, FIB>0.4g/L group and FIB<0.4 g/L group, and found that patients with liver metastases had a higher incidence of the elevated ALP level than those without liver metastases (16.7% vs. 4.0%, P=0.034), while none of the characteristics assessed between FIB subgroups were significantly different. In patients without liver metastases, the PFS of ALP>160U/L group and ALP ≤ 160U/L group were 7.7 months and 3.2 months (P=0.052).

There was no significant difference in the efficacy of different PD-1 inhibitors and fruquintinib combinations (sintilimab: PFS: 4.1 [95% CI: 2.5-5.6] months, ORR: 7.8%, DCR: 68.6%; camrelizumab: PFS: 5.6 [95% CI: 3.3-7.9] months, ORR: 7.7%, DCR: 69.2%; tislelizumab: PFS: 6.8 [95% CI: 3.8-9.8] months, ORR: 33.3%, DCR: 73.3%), and no significant difference between different doses of the fruquintinib and PD-1 inhibitors combination (fruquintinib 3mg: PFS: 4.1 [95% CI: 2.5-5.7] months, ORR: 0%, DCR: 85.7%; fruquintinib 5mg: PFS: 5.4 [95% CI: 3.7-7.1] months, ORR: 12.7%, DCR: 68.6%).



Safety

As of January 20, 2022, 98 (89.1%) of 110 patients had at least 1 TRAE. Table 5 presents the TRAEs associated with fruquintinib coupled with PD-1 inhibitors. A total of 13 (11.9%) patients suffered TRAEs of grade 3, and two patients suffered TRAE of grade 4. Two patients experienced two types of TRAEs of grade 3 or higher (one patient continued the fruquintinib dose reduction to 4 mg [hand-foot syndrome and hypertension], the other improved after symptomatic treatment and continued to receive the combination therapy [leukopenia and neutropenia]). The following were the most common TRAEs: thrombocytopenia (32.7%), elevated aspartate aminotransferase (AST) levels (28.2%), elevated alanine aminotransferase (ALT) levels (24.5%), diarrhea (23.7%), elevated thyroid-stimulating hormone (TSH) levels (22.7%), proteinuria (21.8%), hypothyroidism (20.0%), hyperlipidemia (19.1%), anemia (18.2%), leukopenia (16.4%), hypertension (15.5%), hand-foot syndrome (14.5%), elevated lactate dehydrogenase levels (14.5%), constipation (12.7%), nausea or vomiting (11.8%), and elevated bilirubin levels (10.9%). The most frequent grade 3 TRAE was hypertension. No deaths occurred as a result of the treatment.


Table 5 | Treatment-related adverse events.



Eleven patients discontinued treatment due to TRAEs: proteinuria (2), rash (2), hypertension, hand-foot syndrome, oral mucositis, thrombocytopenia, diarrhea, arrhythmia, adrenal cortex hypofunction, and immune-associated pneumonia. Three patients experienced fruquintinib dose reduction: two with the hand-foot syndrome and one with hypertension.

As of January 20, 2022, 33 patients were still on treatment, and three were assessed to continue benefiting from the combination therapy and continued treatment after disease progression. Six patients discontinued treatment due to TRAEs, and 71 patients discontinued treatment due to disease progression.




Discussion

MSI-H/dMMR CRC stimulates tumor antigen synthesis by increasing TMB, resulting in increased T-cell infiltration in the TME and responding well to ICIs (11, 12). In contrast, MSS/pMMR CRC with a TMB-L and limited T-cell infiltration were resistant to ICIs. The ORR of pembrolizumab in MSI-H mCRC was 40% in the KEYNOTE-016 study; however, it was 0% for MSS mCRC (4). Only 1 of 20 MSS/pMMR CRC patients treated with nivolumab plus ipilimumab showed an objective response in CHECKMATE 142 (13). New treatments to break through immunological resistance in MSS/pMMR CRC are urgently needed.

Tumor angiogenesis promotes tumor growth and metastasis while also constructing an immunosuppressive TME resistant to immunotherapy (7). By inhibiting VEGFR, fruquintinib normalizes tumor blood vessels, improves the TME’s hypoxic environment, and stimulates T-cell infiltration, all of which help reverse the immunosuppressive microenvironment. Fruquintinib shown significant selectivity for tumor cells and good antitumor activity in both preclinical and clinical studies (5, 14). Many studies have confirmed the mutual synergy of anti-angiogenesis inhibitors and ICIs in recent years. In a case report, fruquintinib combined with sintilimab in a patient with MSS/pMMR CRC who progressed on multiple lines of therapy brought about rapid remission. In mouse models, fruquintinib combined with a PD-1 inhibitor efficiently suppressed tumor growth in a syngeneic MSS-CRC model, enhancing antitumor immune response by decreasing the number of Treg cells and increasing tumor cell immunogenicity and T-cell infiltration (8). The ORR of regorafenib with nivolumab in MSS/pMMR CRC patients was 33.3%, and the PFS was 7.9 months in the REGONIVO study (15). Basic experiments and clinical trials have given us confidence in exploring combination therapy strategies for MSS/pMMR CRC; however, real-world evidence on combination therapy is still rare.

Our study included 110 MSS/pMMR CRC patients who received the combination regimen of fruquintinib and PD-1 inhibitors. At the deadline (January 20, 2022), 13 patients had objective responses, and 64 were rated as SD. The ORR was 11.8% (95% CI: 6.4–18.2), the DCR was 70.0% (95% CI: 60.9–78.2), and the PFS of all patients was 5.4 months (95% CI: 4.0-6.8). Because of the short follow-up time, we could not judge the OS, which was one of our study’s shortcomings.

Clinical trials of the MSS/pMMR CRC combination therapy have been conducted to explore therapeutic strategies for breaking immune tolerance based on the surprising outcomes of the REGONIVO study (15). The ORR of regorafenib combined with toripalimab was 15.2% (5/33) in MSS/pMMR CRC patients in the REGOTORI study (16). The ORR was 25% (4/16) in another retrospective study of fruquintinib/regorafenib combined with camrelizumab (17). No promising combination therapy is without its challenges. The ORR of regorafenib combined with avelumab was 0% (0/40) in the REGOMUNE study (18). In another retrospective study, regorafenib combined with PD-1 inhibitors had no objective response in 23 MSS/pMMR CRC patients (19). The above indicates that selecting the right combination therapy is crucial for patients to benefit from it.

Although our ORR and PFS were lower than those in the REGONIVO study, we believe that attaining such results in the real world is gratifying and represents a significant breakthrough in the treatment of MSS/pMMR CRC. We suspect this is related to discrepancies between clinical trials’ rigorous inclusion criteria and the actual clinical population included. It is worth noting that in our study, a patient with liver and lung metastases and a KRAS mutation had continuous PR for 8.5 months before the medication was discontinued owing to a suspected malignant arrhythmia. The patient’s status was stable at the cutoff date, and the follow-up period was 22.4 months. Comparing the efficacy of ICI monotherapy and fruquintinib monotherapy in MSS/pMMR CRC (4, 5), the combined therapy significantly improved treatment efficacy; so, we are eagerly awaiting the benefits of fruquintinib coupled with PD-1 inhibitors for more cancer patients.

Previous research has revealed that patients without liver metastases have a higher incidence of CD8+ T-cell infiltration than those with them, implying that patients with liver metastases benefit less from ICIs due to a weakened antitumor immune response (20). In our study, we found that patients with liver metastases had significantly shorter PFS durations than those without liver metastases, which also confirms the abovementioned finding. Notably, patients with lung metastases had greater ORR than those with liver metastases and those without lung metastases. This is consistent with the findings of the REGONIVO and REGOTORI studies (15, 16). Before patients receive combination therapy, we think the presence or absence of liver metastases can be used as a predictor of treatment efficacy.

TMB is a biomarker for immunotherapy in multiple solid tumors. TMB-H is a biomarker for pembrolizumab-treated solid tumors that may inadvertently reflect the tumors’ capacity to produce neoantigens (21, 22). Our study showed that TMB-H patients had a longer PFS, but this difference was not statistically significant. Perhaps TMB≥10mut/Mb is not a reliable predictor of immunotherapy efficacy for all solid tumors. There is still debate on the TMB-H threshold for MSS/pMMR CRC. Critical issues with reliably detecting TMB in a particular cancer type and then determining an ideal TMB threshold (if one exists) must be resolved in order to better adopt TMB-H as a reliable clinical biomarker. It also has to be determined whether TMB-H can be utilized as a biomarker for immunotherapy in conjunction with targeted therapy.

In clinical practice, ICIs are routinely administered with other drugs. However, few clinical trials have revealed predictors of the success of combination therapy. We won’t be able to choose patients who will benefit from combination therapy and maximize patient effectiveness unless we can identify the appropriate predictors. For this, we did some exploration. In 1878, Billroth discovered that tumor cells were wrapped in the thrombus formed by FIB through the body’s coagulation system to escape the killing effect of the body’s immune system (23). High levels of plasma FIB and D-Dimer have been associated with cancer metastasis, recurrence, and poor prognosis in a number of studies (24). The strongest associations of D-Dimer and FIB with poor prognosis in CRC were observed in a meta-analysis (25). In our study, it was determined that the level of FIB was associated with the PFS of combination therapy. However, the effect of D-Dimer level on efficacy is only meaningful in univariate analysis, we think it may be due to insufficient sample size. ALPase is highly expressed in tumor cells and can stimulate tumor cell growth, the elevated ALP levels in preoperative CRC patients are related to a poor prognosis (26). ALP levels were observed to correlate with PFS in MSS/pMMR CRC receiving combination therapy in our study. It is possible that liver injury caused by liver metastases caused us to observe such differences, but patients with elevated ALP levels in the without liver metastases group had poorer prognosis. ALP levels have been shown to be associated with radiologic undetectable occult metastasis in liver or bone tissue (27), and we think it still has value in judging the prognosis of MSS/pMMR CRC receiving combination therapy. Unfortunately, we are unable to study the underlying mechanism. In clinical practice, the detection of ALP and FIB is convenient, fast and economical, and we believe that it is feasible as a predictor of the efficacy of combined therapy.

In addition to the DNA mismatch-repair system, the other most important pathway involved in CRC development is the epidermal growth factor receptor (EGFR) signaling pathway including KRAS and BRAF mutations (28). RAS mutations are associated with a poor prognosis with EGFR inhibitor therapy (29). There was no significant difference in the PFS between RAS mutant patients and RAS wild patients in our study (4.1 months vs. 5.1 months, P>0.05). It remains to be seen if anti-EGFR therapy combined with ICIs can conquer RAS resistance to anti-EGFR therapy. According to previous studies, patients with BRAF mutations who progress after first-line therapy are less likely to receive later-line therapy and have a worse prognosis (30). Although only six patients had BRAF mutations in our study, two patients achieved PR, and the remaining four achieved disease control. The ORR was 33.3%, the DCR was 83.3%, and the PFS was 13.3 months. A high response rate of 50% was also observed in two patients with BRAF mutations in the REGOTORI study (16). According to previous reports, this may be related to PD-1 inhibitors altering BRAF abundance and increasing BRAF mutation-associated tumor-associated lymphocytes via the mitogen-activated protein kinase (MAPK) pathway (31, 32). Our study, despite its small sample size, proposes a novel therapeutic strategy for BRAF-mutant patients in the late stage. More large-scale randomized controlled studies are needed to substantiate the efficacy of fruquintinib coupled with PD-1 inhibitors in BRAF-mutant patients.

Safety was evaluated as a secondary endpoint in our study. Only 11 of the 110 patients discontinued treatment due to TRAEs, and the majority of them were able to continue treatment once the TRAEs were attenuated. The dose of fruquintinib was modified in three patients due to TRAEs, and all of them continued treatment after the dose of the drug was decreased. Although 89% of patients experienced TRAEs, the majority of these TRAEs were of grade 2 or lower (87%). It is worth noting that 10 patients developed hyperuricemia and six developed bleeding in our study; however, all of them recovered after symptomatic treatment. Due to suspected malignant arrhythmia, immune-related pneumonia, and immune-related adrenal insufficiency, three patients discontinued treatment. Immune-related adrenal insufficiency resolved with glucocorticoid therapy. The most common TRAEs are consistent with those seen with single-drug fruquintinib and single-drug PD-1 inhibitors (33, 34). Compared with the REGONIVO study, the overall incidence of TRAEs (100% vs. 89.1%) and the incidence of grade 3 TRAEs (20% vs. 11.8%) were lower (15). The following are some plausible explanations: 1. Doctors will adjust the dosage and usage of the drug in time according to the patient’s tolerance in the process of clinical management, which minimizes the risk of TRAEs to a certain extent; 2. In retrospective studies, the limitations of restricted data collection and incomplete data may decrease the incidence of TRAEs. 3. The dose expansion of regorafenib may have increased the incidence of TRAEs in the REGONIVO study.

This study had some limitations. First, being a retrospective study, it was prone to biases due to limited data collection and incomplete data, resulting in biased results. Second, the OS could not be determined because of the short follow-up duration and inadequate data collected. Third, infiltration of cytotoxic T-cells in tumors has been shown to predict immunotherapy response in different studies. Most patients have not been checked for PD-1/PD-L1 expression levels or T-lymphocyte values to reduce the burden of clinical treatment; as such, we could not investigate whether they can be used as biomarkers associated with combination therapy. Fourth, although we preliminarily identified liver metastases, ALP level, and FIB level as efficacy predictors for fruquintinib coupled with PD-1 inhibitors in MSS/pMMR CRC, the underlying mechanisms were not investigated. Fifth, our study used a variety of PD-1 inhibitors and was unable to determine the best medication combination. However, this may imply that we can select a more appropriate medicine combination for the patient based on their financial situation and tolerance without worrying about the drug’s effectiveness. Further large-scale randomized controlled trials are needed to determine the best combination therapy regimen.

In conclusion, MSS/pMMR CRC resistant to immunotherapy can benefit from combination therapy, and liver metastases, ALP levels, and FIB levels may indicate prognosis.
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Cancer therapy failure is a fundamental challenge in cancer treatment. One of the most common reasons for therapy failure is the development of acquired resistance of cancer cells. DNA-damaging agents are frequently used in first-line chemotherapy regimens and DNA damage response, and DNA repair pathways are significantly involved in the mechanisms of chemoresistance. MRE11, a part of the MRN complex involved in double-strand break (DSB) repair, is connected to colorectal cancer (CRC) patients’ prognosis. Our previous results showed that single-nucleotide polymorphisms (SNPs) in the 3′ untranslated region (3′UTR) microRNA (miRNA) binding sites of MRE11 gene are associated with decreased cancer risk but with shorter survival of CRC patients, which implies the role of miRNA regulation in CRC. The therapy of colorectal cancer utilizes oxaliplatin (oxalato(trans-l-1,2-diaminocyclohexane)platinum), which is often compromised by chemoresistance development. There is, therefore, a crucial clinical need to understand the cellular processes associated with drug resistance and improve treatment responses by applying efficient combination therapies. The main aim of this study was to investigate the effect of miRNAs on the oxaliplatin therapy response of CRC patients. By the in silico analysis, miR-140 was predicted to target MRE11 and modulate CRC prognosis. The lower expression of miR-140 was associated with the metastatic phenotype (p < 0.05) and poor progression-free survival (odds ratio (OR) = 0.4, p < 0.05). In the in vitro analysis, we used miRNA mimics to increase the level of miR-140 in the CRC cell line. This resulted in decreased proliferation of CRC cells (p < 0.05). Increased levels of miR-140 also led to increased sensitivity of cancer cells to oxaliplatin (p < 0.05) and to the accumulation of DNA damage. Our results, both in vitro and in vivo, suggest that miR-140 may act as a tumor suppressor and plays an important role in DSB DNA repair and, consequently, CRC therapy response.
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Introduction

Treatment failure of colorectal cancer (CRC) therapy, represented by the development of drug resistance or outgrowth of metastasis, is a major complication for CRC patients. There is a crucial clinical need for predictive biomarkers that indicate the success or failure of cancer treatment. A better understanding of the cellular processes associated with drug resistance will eventually lead to improved treatment response by applying more effective combination therapies (1).

Cancer cells react toward chemotherapeutics in different modes, such as by modifying DNA repair pathways. DNA repair plays a major role in the cancer therapy response, as chemotherapeutics usually induce various types of DNA damage in cancer cells (2). The overexpression of DNA repair genes in the tumor may confer more efficient repair of induced damage and thus contribute to chemoresistance and impaired therapy response (3). However, downregulation of the DNA repair genes may confer a better therapy response but may also give a basis for the appearance of new mutations and cancer progression (4).

Oxaliplatin (oxalato(trans-l-1,2-diaminocyclohexane)platinum; OX) belongs to the most used chemotherapeutics in CRC treatment. OX is a genotoxic drug that induces the formation of DNA crosslinks, thus directly impairing the structure of DNA, inhibiting DNA replication and RNA synthesis, and inducing apoptosis (5). One of the most crucial repair pathways to deal with DNA crosslinks is homologous recombination (HR), a constituent of double-strand break (DSB) repair (6).

MRN complex, a protein complex consisting of MRE11-RAD50-NBS1, plays an important role in the initial processing of DSB repair. The impaired function of the MRN complex leads to gene instability and DNA damage accumulation, a prerequisite of malignant transformation (7). Mutations in MRE11 predispose to CRC and are frequent in primary CRC with mismatch repair deficiency (8). Patients with the decreased expression of MRE11 were more sensitive to OX treatment, with more significant tumor mass reduction and more prolonged progression-free survival (9). Moreover, single-nucleotide polymorphisms (SNPs) in the 3′ untranslated region (3′UTR) of MRE11 gene are associated with decreased cancer risk but with shorter survival in CRC patients, which implies the role of microRNA (miRNA) regulation in CRC (10).

MiRNAs are signaling molecules in various cell processes functioning mainly as the suppressors of gene expression through interaction with 3′UTRs of target mRNAs. However, miRNAs have also been shown to interact with other regions of mRNA and can even activate gene expression under certain conditions (11). There are several mechanisms by which the deregulation of miRNAs can influence malignant transformation (for review, see (12)). Regardless of the mechanism, miRNA dysregulation can potentiate CRC development by acquiring one or more hallmarks of cancer (13). Despite some evidence of miRNAs influencing the CRC sensitivity to the therapy, there is a scarcity of miRNAs associated with OX therapy response (14).

The main aim of this study was to investigate the effect of miRNAs on the OX therapy response of CRC patients. Based on our previous published study, where we observed an association of SNPs in the 3′UTR of the MRE11 gene with decreased CRC risk (10), we performed in silico analysis of miRNAs associated with MRE11 and found 187 miRNAs with MRE11 as a predicted target. By additional analysis using The Cancer Genome Atlas (TCGA) database, we have identified miR-140 as the best candidate for further investigation. Our results suggest that the miR-140/MRE11 axis is associated with improved therapeutic response in oxaliplatin-treated CRC patients.



Materials and methods


Patient characteristics and samples

Paired tumor and non-malignant adjacent mucosa samples were obtained from 50 patients who underwent surgery between the years 2011 and 2015 and in whom all information was followed and updated in 2021 (patients’ characteristics in Table 1 and Supplementary Table 1). All the patients provided signed consent for participation and their medical documentation for research. The design of the study was approved by the Ethical Committee of the Institute of Experimental Medicine, Prague, Czech Republic. RNA was isolated from tissues by miRNeasy® Mini Kit (50) (Qiagen, Hilden, Germany).


Table 1 | Patients’ characteristics.





Bioinformatics analysis

Data from TargetScan (15) were extracted by multiMiR R package (16).

All miRNA-Seq transcriptional profiles and detailed clinical information were downloaded from TCGA (https://portal.gdc.cancer.gov) using the TCGAbiolinks R package (17). For the present study, data from the project TCGA-READ (rectal adenocarcinoma, n = 155) and TCGA-COAD (colon adenocarcinoma, n = 476) for every miRNA were separately analyzed and filtered according to the following criteria: 1) analyses were performed on CRC patients who had miRNA expression level data available, and 2) clinical data including survival data were also available. Finally, for miR-140, a total of 570 patients presented expression levels.



Cell cultures

Human colorectal cancer cell lines HCT116, DLD1, and HT29 were obtained from Merck (Darmstadt, Germany). Cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Merck, Germany) with 10% fetal bovine serum (Merck, Germany), 1 mM of l-glutamine (Biosera, Nuaille, France), 1 mM of sodium pyruvate (Biosera, Nuaille, France), and 1 mM of penicillin/streptomycin (Biosera, Nuaille, France). All cells were cultured in a humidified incubator at 37°C, with 5% CO2.



Transient transfection

Cells were transfected in 6-well plates at 60%–80% confluency with 2.5 pmol of MISSION miRNA hsa-miR-140-3p miRNA Mimics (Ambion, Austin, TX, USA) or with Negative Control miRNA Mimics (Ambion, USA) with no homology to the human genome using Lipofectamine® RNAiMAX 2000 (Invitrogen™) according to the manufacturer’s protocol. All the experiments in cell lines were performed in three independent repeats. The efficiency of transfection was analyzed by qPCR measuring expression levels of transfected miRNAs as compared to negative controls.



Isolation and reverse transcription of RNA from cell culture samples

Forty-eight hours after transfection, total RNA (including miRNAs) was extracted from cells using Qiagen miReasy Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. The concentration of the total RNA was measured by Nanodrop™ 8000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the integrity of mRNA (RNA integrity number (RIN)) of each sample was determined by Agilent RNA 6000 Nano Kit by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA), according to the manufacturer’s protocol.



Quantitative PCR of cell culture samples

Expression levels of miR-140 were measured using TaqMan MicroRNA Assays at 7500 Real Time PCR System (Thermo Fisher Scientific, USA). The reaction contained 2 μl of a sample with 40 ng of cDNA, 10 μl of TaqMan™ Universal PCR Master Mix, 1 μl of the assay, and 7 μl of RNAse-free water. The thermal protocol was as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 60 s plus melting curve analysis. MiRNA expression was normalized to RNU6B, and all data were subsequently analyzed by the 2−ΔΔCt method.



Oxaliplatin treatment

Oxaliplatin, obtained from Merck (Germany), was dissolved in dimethyl sulfoxide (DMSO; Merck, Germany) at the concentration of 100 mM and stored at 4°C. To assess the chemosensitivity of CRC cells with overexpressed miR-140 and control cells, both cells were treated with a 6 μM concentration of oxaliplatin 24 h after miRNA mimics transfection and analyzed for cell viability.



Viability and proliferation assays

For clonogenicity formation assay (CFA), 48 h after cell transfection with miRNA mimics, 500 cells per well were plated for colony formation assay onto 6-well plates and cultured in DMEM. Twelve days later, colonies were fixed with 3% formaldehyde, stained with 1% crystal violet, and counted.

For proliferation assay, cells were plated onto 96-well plates at a density of 3 × 104 cells per well. The metabolic activity of the cells was measured 24 h after plating by adding WST-1 solution into the media as recommended by the manufacturer (Merck, Germany). Absorbance at 450 and 690 nm was measured on BioTek ELx808 absorbance microplate reader (BioTek, Winooski, VT, USA).



Cell cycle analysis

Cells were seeded on 12 well plates (5 × 105 cells/ml), harvested, washed with PBS, and centrifuged at 1,000 rpm for 10 min. Then, 1 ml of propidium iodide (PI) staining solution (0.02 µg/µl of PI, 0.02 mg/ml of RNase, and 0.05% Triton X-100) was added to the cell pellet, and cells were incubated for 30 min at 37°C in the dark. After incubation, samples were analyzed using a flow cytometer (Apogee A-50 micro, Apogee, Hertfordshire, UK). Measured data were evaluated with FlowLogic software (Inivai Technologies, Mentone, VIC, Australia).



Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western blotting analysis

Proteins (20 μg) were loaded and separated in 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels at 15 mA for 60 min. Then, the separated proteins were transferred to 0.45 µm Amersham Protran Nitrocellulose Blotting Membrane (GE Healthcare, Life Sciences, Marlborough, MA, USA) in methanol transfer buffer using Mini Trans-Blot Cell (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline containing Tween 20 (TBST; 20 mM of Tris–HCl, pH 7.4, 0.15 M of NaCl, and 0.1% Tween 20) for 1 h and incubated with anti-MRE11, anti-γH2AX, anti-RAD51 (Cell Signaling, Leiden, the Netherlands) and anti-GAPDH antibodies (Abcam, Cambridge, UK) at 4°C overnight, followed by incubation with goat anti-rabbit secondary antibody conjugated with horseradish peroxidase (Abcam, Cambridge, UK). The membranes were then incubated with Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore Corporation, Billerica, MA, USA) and visualized by Azure c600 (Azure Biosystems, Dublin, CA, USA).



Preparation and application of recombinant lentiviruses for MRE11 silencing

For the preparation of recombinant lentiviruses expressing MRE11 shRNAs, HEK293FT cells (Thermo Fisher, Waltham, MA, USA) seeded in 6-well plates were co-transfected with pLKO1 mission MRE11 shRNA plasmids and helper plasmids psPax2 and pMD2.g (Addgene, Cambridge, MA, USA) using Lipofectamine 3000 (Thermo Fisher, Massachusetts, USA). Six hours later, the medium was replaced with fresh DMEM without antibiotics. After 48 h, the recombinant lentivirus-containing culture medium was harvested and centrifuged at 15 min, 3,000 rpm, and 4°C to remove any floating cells and cell debris. The cleared media containing lentiviruses were at 1:3 and 1:10 v/v ratios, added to HCT116 cells and plated in a 12-well plate, and after 24 h; the media were replaced with the fresh cultivation medium; cell cultures containing integrated lentiviruses were selected by using 2 μg/ml of puromycin for 4–5 days. Transfected cells were then tested using genomic PCR and Western blotting analysis for the genetic elimination/loss of expression of the MRE11 gene.



Statistical analysis

Statistical analyses were performed using pairwise comparison by Student’s t-test and two-way ANOVA (GraphPad Prism8, GraphPad Software, La Jolla, CA, USA; www.graphpad.com). The results represent the mean value of three independent experiments ± SD; the significance level was set at p ≤ 0.05. Statistical analysis for TCGA data was performed using the R environment using the dplyr and survival, survminer, and ggplot2 packages. The survival significance was measured by a log-rank test.




Results


In silico analysis of miRNAs targeting MRE11

Using TargetScan (15), we found 187 miRNAs with MRE11 as a predicted target (Supplementary Table 2) with 111 miRNAs with data sufficient for progression-free survival (PFS) calculation in the TCGA database. Out of these 111 miRNAs, eight had a statistically significant impact on PFS (p < 0.05, Supplementary Table 3). We identified miR-140 as the candidate for further investigation, as it displayed the strongest statistically significant association with PFS (Figure 1, p < 0.01) in the group of analyzed miRNAs supported by data from more than 500 patients.




Figure 1 | Survival analysis of TCGA samples. PFS associated with miR-140 expression of CRC patients from TCGA database. Kaplan–Meier analysis of the TCGA dataset showed that lower miR-140 expression is associated with poor PFS (p = 0.006). TCGA, The Cancer Genome Atlas; PFS, progression-free survival; CRC, colorectal cancer.





MiR-140 is downregulated in colorectal cancer and associated with progression-free survival and with the metastatic phenotype in colorectal cancer patients’ samples

We investigated the expression levels of MRE11 and miR-140 in 50 CRC tumor tissues and adjacent non-malignant mucosa samples (Table 1 and Supplementary Table 1). The levels of miR-140 were significantly lower in tumor tissue (Figure 2A, p < 0.01) compared to adjacent mucosa. MRE11 levels were moderately, but not significantly, higher in tumor tissues (Figure 2B, p = 0.11). A significant decrease in miR-140 in patients’ CRC samples led only to a moderate non-significant increase in MRE11, which might be due to broader regulation, mixed phenotype, or complex treatment.




Figure 2 | MiR-140 downregulation and association with PFS and metastatic CRC phenotype. (A) Relative expression of miR-140 is decreased in tumor tissues compared to non-adjacent mucosa (p = 0.009). (B) Relative expression of MRE11 in non-significantly increased in tumor tissue (p = 0.11). (C) Kaplan–Meier analysis showed that lower expression of miR-140 in tumor tissue is associated with poor PFS (p = 0.017). (D) Decreased relative expression of miR-140 is associated with the metastatic phenotype of CRC (p = 0.023). *p ≤ 0.05, **p ≤ 0.01. PFS, progression-free survival; CRC, colorectal cancer. ns = p>0.05 = non-significant.



The Kaplan–Meier analysis showed, in concordance with TCGA results, that lower expression of miR-140 in tumor tissue is associated with poor PFS (Figure 2C, p < 0.05).

Because metastatic CRC has a higher mortality rate and treatment is much more challenging, we have also investigated the association between miR-140 and metastatic formation. Our data showed that decreased expression of miR-140 is associated with the metastatic phenotype of CRC (Figure 2D, p < 0.05).



MiR-140 represses MRE11 expression

To select the appropriate colorectal cell line for transient transfection, we measured the expression levels of miR-140 in different CRC cell lines (Supplementary Figure 1A), and we decided on DLD1 by transient transfection of miR-140 by miRNA mimics. We have reached a significant increase in miR-140 levels stable up to 72 h (Supplementary Figure 1B). Our data showed that overexpression of miR-140 using miRNA mimics decreased the protein levels of MRE11 (Figure 3A) as well as mRNA levels of MRE11 (Figure 3B).




Figure 3 | Increased levels of miR-140 led to the downregulation of MRE11. (A) Western blotting analysis of cells after transient transfection of miR-140 in the DLD1 cell line showed decreased protein level of MRE11. (B) qPCR analysis of cells showed decreased MRE11 mRNA level. The results represent the mean value of three independent experiments ± SD. *p ≤ 0.05, **p ≤ 0.01.





Overexpression of miR-140 leads to the accumulation of DNA damage

MRE11 is a crucial component of the MRN complex associated with DSB repair (18). Therefore, we evaluated the effect of miRNA mimic-induced miR-140 overexpression on one of the markers of DSB DNA damage and γH2AX protein accumulation (19). Western blotting analysis showed higher levels of γH2AX after miR-140 miRNA mimics in the CRC cell line (Figure 4).




Figure 4 | Effect of miR-140 on markers of DSBs. Western blotting analysis of cells transiently transfected with miR-140 showed decreased protein levels of RAD51 and increased levels of γH2AX. DSBs, double-strand breaks.





Overexpression of miR-140 decreases colorectal cancer cell proliferation

The effect of miR-140 overexpression induced by miRNA mimics on CRC cell proliferation was measured using the WST-1 assay. Figure 5A shows that overexpression of miR-140 leads to decreased cell proliferation, pronounced 24 h after transfection (p = 0.05). However, miR-140 overexpression does not affect clonogenic potential (Figure 5B). In addition, flow cytometry analysis of the cell cycle showed that overexpression of miR-140 leads to moderate accumulation of cells in the G1 phase (Figure 5C).




Figure 5 | Effect of miR-140 on colorectal cancer cells. (A) Proliferation analysis showed a decreased level of proliferation in cells overexpressed miR-140 after 24 h (p = 0.05). (B) miR-140 overexpression did not affect the clonogenic potential of the cells. (C) Analysis of cell cycle content showed moderate accumulation of cells in the G1 phase. The results represent the mean value of three independent experiments ± SD. *p ≤ 0.05.





MiR-140 enhances the chemotherapeutic sensitivity of colorectal cancer cells

Oxaliplatin is a third-generation platinum compound with an important role in CRC treatment. Therefore, we have investigated miR-140 in relation to the oxaliplatin sensitivity of CRC cells. Cell proliferation after oxaliplatin treatment in DLD1 cells overexpressing miR-140 significantly decreased after 48 and 72 h (Figure 6A, p < 0.05). The clonogenic potential of the cells (CFA) revealed a significant decrease in colony numbers (Figure 6B, p < 0.05). Cell cycle analysis of oxaliplatin-treated cells showed that overexpression of miR-140 leads to an increase in cells in the G1 phase and a decrease in those in the S phase (Figure 6C).




Figure 6 | MiR-140 enhances the oxaliplatin sensitivity of CRC cells. (A) CRC cell proliferation after miR-140 and oxaliplatin treatment is decreased after 48 h (p < 0.05) and 72 h (p < 0.05). (B) Analysis of cell clonogenicity potential showed a significant decrease in CFA (p < 0.05). (C) Analysis of cell cycles showed an accumulation of cells in the G1 phase and a decrease in the S phase. The results represent the mean value of three independent experiments ± SD. *p ≤ 0.05. CRC, colorectal cancer; CFA, clonogenicity formation assay.





MiR-140 did not affect oxaliplatin sensitivity in shMRE11 cell lines

Our in silico analysis proposed a potential connection between miR-140 and MRE11. To further analyze the effect of miR-140 on oxaliplatin sensitivity through MRE11, we used recombinant lentiviruses expressing MRE11 shRNAs and established CRC cell lines with suppressed levels of MRE11 (Figure 7A). Cellular growth after miR-140 overexpression was not changed in parental and shMRE11 cell lines (Figures 7B, C). The measurement of cellular growth of HCT116 with overexpression of miR-140 and oxaliplatin treatment showed decreased cellular growth (p = 0.05) (Figure 7D). However, the analysis of cell growth did not show increased oxaliplatin sensitivity of shMRE11 cells with overexpressed miR-140 (Figure 7E).




Figure 7 | MiR-140 did not affect oxaliplatin sensitivity in shMRE11 cell lines. (A) Western blotting analysis of novel established cell line expressing recombinant lentiviruses MRE11 shRNA. (B) Cellular growth of parental cells HCT116 after overexpression of miR-140 was not changed. (C) Cellular growth of shMRE11 cells after overexpression of miR-140 was not changed. (D) Analysis of cellular growth of HCT116 with overexpression of miR-140 and oxaliplatin treatment showed decreased growth (p = 0.05). (E) Cellular growth of shMRE11 cells with miR-140 overexpression after oxaliplatin treatment was not changed. The results represent the mean value of three independent experiments.






Discussion

Poor therapy response and chemoresistance pose significant complications in CRC treatment, leading to ineffective therapy, tumor progression, metastasis, relapse of disease, and impaired patient survival.

Based on our previous evidence that miRSNPs in the MRE11 gene influence CRC risks and survival (10), in the present study, we investigated the effect of the miRNA/MRE11 axis on the oxaliplatin therapy response of CRC patients.

Despite the multidisciplinary approach and chemotherapy improvement, there is a considerable percentage of patients with inadequate response to treatments and a poor prognosis. Currently, there is a lack of properly validated predictive factors for CRC treatment response, and the emergence of resistant clones is a non-negligible reason for therapeutic failure and potential metastasis development (20). In our study, we defined the association of miR-140 expression with PFS, where lower miR-140 expression is associated with poor survival. Furthermore, our results showed lower levels of miR-140 in tumor tissue. MiR-140 expression has been previously studied mainly in association with cancer development and recurrence. Zheng et al. performed a meta-analysis and found a strong correlation between high expression of miR-140 and better overall survival (OS) in several cancers. Conversely, low expression is associated with advanced stages, worse histologic type, and lymph node metastasis (21). MiR-140 could also remarkably reduce the tumor size in gastric cancer xenograft mice (22). Yuan et al. found that miR-140 is significantly downregulated in non-small lung carcinoma (NSCLC) tissues and cell lines (23). In recent years, there has been increasing evidence of a miR-140 role in the response to platinum derivative treatment in different cancers. Meng et al. described that miR-140 promoted autophagy mediated by HMGN5 and sensitized osteosarcoma cells to chemotherapy (24). Furthermore, miR-140 acts as a tumor suppressor in breast cancer by inhibiting FEN1 from repressing DNA damage repair. The authors of the published work reveal miR-140 to be a new anti-tumorigenesis factor for adjuvant breast cancer therapy (25). These results suggest a therapeutic potential of miR-140 in cancer treatment. Lui et al. demonstrated that plasma exosomal miR-140 in CRC patients was lower than in healthy controls, and their work supports our findings that miR-140 exerts a tumor suppressor ability (26).

Moreover, we found that decreased expression of miR-140 was associated with metastatic CRC phenotype. Our findings are consistent with a study by Shahabi et al. (2020). The authors showed that low expression of miR-140 is associated with lymph node metastasis in breast cancer (27).

Our in vitro analysis revealed an association of miR-140 overexpression with decreased CRC cell survival and accumulation of DNA damage. Moreover, overexpression of miR-140 enhances the sensitivity of colorectal cells to oxaliplatin. The important role of miRNA in oxaliplatin resistance in CRC was also proven by Wang et al. (28). They published evidence that overexpression of miR-29b re-sensitized OR-SW480 cells to oxaliplatin treatment. MiR-140 also re-sensitizes cisplatin-resistant NSCLC cells to cisplatin treatment through the SIRT1/ROS/JNK pathway (29).

Direct or indirect induction of DNA damage is the main goal of most cancer treatment regimens. Therefore, the process of DNA damage repair plays an important role in therapy response and chemotherapy resistance. Unfortunately, cancer cells can initiate DNA repair, which plays a role in therapy response (3) and chemotherapy resistance (2). The clinical importance of HR for cancer therapy, mainly of MRE11, RAD50, and, NBS, has already been reported (30). According to Pavelitz et al., deficient MRE11 protein is a marker of better prognosis for CRC patients irrespective of treatment in the long term (31). We previously described the significant influence of miRNA binding sites (miRSNPs) in the MRE11 gene on CRC risks and survival (10). The importance of SNPs in miRSNPs of DNA repair genes has been also described in other types of cancer (32). MiR-140 was predicted as a potential interacting partner for MRE11 by TargetScan (15). In vitro overexpression of miR-140 causes the decrease of MRE11 protein levels. We did not observe any effect of miR-140 on cell proliferation and oxaliplatin sensitivity in the cells with inhibited MRE11 (shMRE11). Based on this data, we hypothesize that miR-140 affects oxaliplatin sensitivity in CRC cells via MRE11, or miR-140 may cooperate with MRE11 and may affect oxaliplatin sensitivity in tested cells. MRE11 downregulation may lead to impairment of MRN complex and thus to inefficient HR and subsequent damage accumulation (33). That is in accordance with our results, as we observed the accumulation of γH2AX, a marker of DNA damage, following overexpression of miR-140.

Despite intensive research, the efficiency of CRC therapy remains low. Searching for novel prognostic and predictive biomarkers may lead to better therapy responses. The presence of miRNAs in blood plasma gives miRNAs a solid potential to be easily accessible biomarkers. However, their use may be compromised by the interindividual variability of cancer patients and large intratumor heterogeneity. Our results indicate miR-140 as a tumor suppressor and potential predictive biomarker for oxaliplatin treatment. We believe that identifying and validating novel biomarkers will ultimately lead to more personalized cancer therapy and improve the quality of a CRC patient’s life.
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Cetuximab is a monoclonal antibody against epidermal growth factor receptor that blocks downstream signaling pathways of receptor tyrosine kinases, including Ras/Raf/MAPK and PI3K/Akt, thereby inhibiting tumor cell proliferation and inducing cancer cell apoptosis. Owing to KRAS mutations, the effectiveness of cetuximab is usually limited by intrinsic drug resistance. Continuous activation of the PI3K/Akt signaling pathway is another reason for cetuximab resistance. Platycodin-D, a bioactive compound isolated from the Chinese herb Platycodon grandiflorum, regulates Akt in different trends based on tissue types. To investigate whether platycodin-D can sensitize KRAS-mutant colorectal cancer cells to cetuximab by inhibiting the PI3K/Akt signaling pathway, HCT116 and LoVo cells were treated with cetuximab and platycodin-D. LY294002 and SC79 were used to regulate Akt to further evaluate whether platycodin-D sensitizes cells to cetuximab by inhibiting Akt. Our results confirmed that platycodin-D increased the cytotoxic effects of cetuximab, including inhibition of growth, migration, and invasion, via downregulation of PI3K and Akt phosphorylation in HCT116 and LoVo cells both in vitro and in vivo. Given these data, platycodin-D may sensitize KRAS-mutant colorectal cancer cells to cetuximab via inhibition of the PI3K/Akt signaling pathway.




Keywords: Akt, cetuximab, colorectal cancer, platycodin D, resistance



Introduction

Epidermal growth factor receptor (EGFR) is a member of the human epidermal growth factor receptor (HER) family of receptor tyrosine kinases, and its abnormal expression is associated with the etiology of various cancers. When EGFR binds to its ligands, it activates the PI3K/Akt pathway, promotes the growth and proliferation of tumor cells, inhibits apoptosis, promotes invasion and metastasis, and regulates tumor angiogenesis (1). Cetuximab (CTX), a clinically recommended EGFR inhibitor, mainly binds to the extracellular ligand-binding domain of EGFR with high affinity and interferes with the binding of other endogenous ligands to EGFR, thereby inhibiting the activity of EGFR downstream signaling and tumor cell proliferation as well as inducing apoptosis in cancer cells (2). Wild-type KRAS is the gold standard for identifying cancer patients and is suitable for CTX therapy, which ensures that the Ras/Raf/MAPK pathway is effectively inhibited by CTX (3). Therefore, the effectiveness of CTX is limited by drug resistance due to downstream KRAS mutations (4). In addition, the continuous activation of Akt independent of EGFR is also an important reason for the emergence of resistance to CTX therapy (1); therefore, Akt inhibition is a strategy to sensitize cancer cells to CTX (5). As a downstream pathway of EGFR, the PI3K/Akt signaling pathway is dysregulated in many cancer cells. In addition to the direct regulation of this pathway by EGFR, various proteins affect Akt activation (1, 6). Therefore, there is an urgent need to develop new treatments targeting Akt to enhance the sensitivity of KRAS-mutant colorectal cancer (CRC) cells to CTX.

Platycodon grandiflorum saponin D (platycodin D, PD) is a triterpenoid saponin-like ingredient extracted from the Chinese herb Platycodon grandiflorum, with various biological effects. It exhibits immunostimulatory (7), anti-inflammatory (8), anti-obesity (9), and anti-atherosclerotic activities (10). In addition, PD exhibits anticancer effects against various cancer cell lines, mainly by inhibiting cell proliferation, inducing cell cycle arrest, and promoting apoptosis (11–15). It has been shown that PD up- or downregulates PI3K/Akt signaling in various types of cancer. For example, PD inhibits the proliferation of human glioma U251 cells by inhibiting PI3K/Akt signaling activation, reducing Akt phosphorylation, inducing apoptosis, and causing cell cycle arrest (16). In addition, PD significantly inhibits the expression of p-Akt in NCI-H460 and A549 cells in a dose- and time-dependent manner and induces autophagy in the two cell types by inhibiting the PI3K/Akt/mTOR signaling pathway (17). PD inhibits the migration, invasion, and growth of MDA-MB-231 human breast cancer cells by suppressing the EGFR-mediated Akt and MAPK pathways and by inhibiting the phosphorylation of Akt and mTOR (18). However, contradictory reports (19) have revealed that PD could promote p-Akt ubiquitination by increasing p-Akt levels. It has also been shown that PD is involved in the activation of extracellular signal-regulated kinases in hepatoma cells to trigger autophagy by upregulating the expression of p-Akt. Furthermore, PD can activate PI3K/Akt signaling in HEK-293 cells, promoting the phosphorylation of p-PI3K and p-Akt, but has no effect on the expression of PI3K and Akt (20). To the best of our knowledge, studies on cancer treatment with a combination of PD and CTX or other EGFR tyrosine kinase inhibitors (EGFR-TKIs) are still lacking.

In this study, two KRAS-mutant CRC cell lines, HCT116 and LoVo, were used to investigate the effect of PD treatment on the cytotoxicity of CTX in vitro and in vivo. The effect of PD on p-PI3K and p-Akt in CRC cells and whether the regulation of the PI3K/Akt signaling pathway affects CTX resistance were examined in this study. Our research provides a potentially reliable theory for the improvement of CTX chemotherapy efficacy with PD treatment.



Materials and methods


Reagents and antibodies

All cell culture media, trypsin, and antibiotics were purchased from Gibco (Grand Island, NY, USA), and fetal bovine serum (FBS) was purchased from Quacell (Zhongshan, China). PI3 Kinase p85 (19H8) Rabbit mAb, Phospho-PI3 Kinase p85 (Tyr458)/p55 (Tyr199) Antibody, Akt (pan) (C67E7) Rabbit mAb, Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb were obtained from Cell Signaling Technology (Danvers, MA, USA). Rabbit a beta-Actin (Loading Control), Goat anti-rabbit IgG/HRP, Phenylmethanesulfonyl fluoride (PMSF) and RIPA Lysis Buffer were purchased from Bioss (greater Boston, MA, USA). CTX was purchased from TargetMol (Boston, MA, USA). PD was purchased from Topscience (Shanghai, China). LY294002 and SABC-HRP Kit with Anti-Rabbit IgG (IHC&ICC) were obtained from Beyotime (Shanghai, China). Cell Counting Kit-8 (CCK-8), Rabbit anti-Ki67 Polyclonal Antibody and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) Apoptosis Detection Kit-diaminobenzidine (DAB) were purchased from absin (Shanghai, China).



Cell lines

The KRAS mutant human colon cancer cell lines HCT116 and LoVo were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). All cells were cultured in an RPMI 1640 medium supplemented with 10% FBS, 100 μg/ml streptomycin, and 100 U/ml penicillin and incubated at 37°C in a humidified atmosphere containing 5% CO2.



Measurement of cell viability

Cells were seeded in 96-well flat-bottom microtiter plates at a density of 5000 cells per well and treated with different concentrations of PD and CTX in four different groups: (1) cells without drug treatment as the control group; (2) cells treated with PD alone for 48 h; (3) cells treated with CTX alone for 48 h; and (4) cells treated with a mixture of PD and CTX for 48 h. Cell viability was measured using the Cell Counting Kit-8 (CCK-8) after treatment, according to the manufacturer’s instructions. Absorbance was measured at 450 nm using a microplate reader (Synergy HT; Bio-Tek, USA).



Colony formation assay

For colony formation assay with monolayer cultures, cells were seeded in 6-well plates, and 300 cells/well were seeded in each experimental group for 2 weeks. After fixing in methanol for 15 min, the cells were stained with GIMSA application stain for 30 min, and the colonies were imaged and counted.



Wound healing assay

Cells were cultured in 6-well plates to form a monolayer and serum-starved overnight. Then, the cells were scratched with a 10-μl sterile pipette tip to create an artificial scratch wound, washed three times with phosphate buffer solution (PBS), and incubated with serum-free medium for 48 h. Photographs of random fields from three replicate wells were captured using a light microscope (Nikon Corporation; Tokyo, Japan). The following equation was used to calculate percent wound closure: percent wound closure (%) = [1 − (Lt/L0)] × 100, where Lt represents the width of the scratch at time t, and L0 represents the initial scratch width.



Cell invasion assay

Cells with a subconfluent growth density were serum-starved for 24 h. Next, the cells were trypsinized and seeded into the upper chamber of 24-well Transwell plates (8 μm pore size; Corning; NY, USA) at a density of 2×105cells/ml in 200 μl of serum-free medium, and 600 μl of medium with 10% FBS was added to the lower chambers. After 24 h of incubation, the cells on the upper surface of the membrane were removed using cotton swabs, and those on the lower surface were fixed in methanol and stained with 0.1% crystal violet. The stained cells were counted under a light microscope. Images of randomly selected fields across three replicate wells were captured for analysis.



Western blotting analysis

Cells were harvested from culture dishes and lysed in RIPA lysis buffer containing 1 mM phenylmethylsulfonyl fluoride and 1 mM protease inhibitors. The lysates were centrifuged, and the protein concentration was determined using a BCA protein assay kit (Solarbio; Beijing, China). Protein samples were suspended in the SDS loading buffer. After boiling for 10 min, cell protein samples (25μg protein/line) were separated on a 6–10% gel SDS-PAGE (Bio-Rad; CA, USA) and then transferred to Immobilon PVDF membranes(Immobilon; Darmstadt, Germany), which were then blocked with 5% skim milk for 1 h and probed with primary antibodies (1:1000 dilution in tris buffered saline with tween-20 (TBST); Akt antibody was used at 1:2000 dilution in TBST). Immunoreactive bands were visualized by enhanced chemiluminescence using horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:10000 dilution in TBST). Band density was quantified using ImageJ (Wayne Rasband, et al. Bethesda, MD, USA) and normalized to an indicated sample in an identical membrane. Each assay was performed in triplicate.



Subcutaneous tumor model

A subcutaneous tumor model was used to evaluate the inhibitory effects of PD and CTX on the tumors in vivo. Briefly, 6-week-old male BALB/c nude mice were purchased from Beijing Hfkbio Co., Ltd (Beijing, China). HCT116 and LoVo cells were digested and washed twice with cold PBS to a final concentration of 2.5×107 cells/ml in cold PBS. A 200-μl cell suspension was injected subcutaneously into one side of the armpit area of nude mice. When the tumor reached a certain size (4–5 mm) after 7 days, the mice were randomly grouped into four groups: control, PD, CTX, and combined groups (five mice in each group). The mean tumor volume and body weight were well balanced between the groups. The control group received an intraperitoneal injection of 200 μl normal saline every day; the CTX group was injected with 200 μl CTX (2 mg/kg); the PD group was intragastrically administered PD (20 mg/kg); and the combined group received PD plus CTX every day. The mice were sacrificed 14 days after dosing. Blood of mice in each group was collected from the retroorbital sinus for the measurement of serum biochemical indices. Tumors were removed from mice of the different treatment groups, and weight was measured using an electronic balance. All animal-related procedures were approved by the Animal Care and Use Committee of Tianjin Union Medical Center.



Detection of serum biochemical parameters

Blood samples were centrifuged at 4500× g and 4°C for 15 min to collect the serum. Then, the serum concentrations of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were detected using respective commercial test kits (Solarbio, Beijing, China), according to the manual instructions.



Immunohistochemical staining analysis

Tumor tissues were fixed in 10% buffered formalin. After 48 h of fixation, tissue samples were embedded in paraffin and sectioned into 4-μm-thick slices.

For immunohistochemical staining, tumor sections were dissolved in 10 mM sodium citrate solution (pH 6) after deparaffinization. Next, the samples were incubated overnight at 4°C with the primary antibody (dilution 1:200). The sections were then washed and incubated with a secondary antibody (dilution 1:100) for 2 h. The color was developed using DAB substrate kits. Images were captured using a Nikon microscope paired with the SPOT Advanced software (Diagnostic Instruments, Inc., MI, USA) (magnification, ×100). The ImageJ software was used to count the number of cells in each slice. Color deconvolution was used to determine positive/negative staining and was thresholded across all image samples.



TUNEL staining analysis

For TUNEL staining, tumor sections were stained with terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) to detect apoptotic cells using the TUNEL Apoptosis Detection Kit-DAB according to the manufacturer’s instructions. The slides were incubated with the TUNEL reaction cocktail and streptavidin-HRP reaction cocktail at 37°C separately for 2 h and 30 min in the dark and counterstained with DAB at 20°C for 30 min. Specimens were observed under a Nikon microscope (magnification, ×100). The TUNEL-positivity index was calculated by dividing the number of TUNEL-positive cells by the total number of cells.



Hematoxylin and eosin staining

The lung, liver, and kidney tissues of sacrificed mice were fixed with 10% buffered formalin. Following 48 h of fixation, the samples were embedded in paraffin and sectioned into 4-μm-thick slices. The sections were stained with hematoxylin solution for 15 min and incubated with eosin for 3 min. The tissue structure and cell morphology were observed under a light microscope (magnification, ×100).



Statistical analysis

All data are represented as the mean ± S.D. One-way analysis of variance was used to evaluate the significance of differences between different groups using the SPSS software (SPSS Inc., Chicago, IL, USA). Statistical significance was set at P < 0.05.




Results


Combined treatment with platycodin D increased the sensitivity of KRAS-mutant colorectal cancer cells to cetuximab

Figure 1 shows the cytotoxicity of PD and/or CTX treatment on KRAS-mutant (HCT116 and LoVo) CRC cell lines. The cells were treated with different concentrations of PD and/or CTX for 48 h, and their viability was assessed via the CCK-8 assay. The results shown in Figure 1A indicate that both CTX and PD exert considerable cytotoxicity to the two cell lines. The IC50 of PD on HCT116 and LoVo cells was 27.62 µM and 33.78 µM, respectively, whereas the IC50 of CTX on both cell lines was 46.57 μg/ml and 105.11 μg/ml, respectively. Furthermore, combination index (CI) analysis using the CalcuSyn software showed that the combination of CTX and PD had an obvious synergistic effect on HCT116 and LoVo cells (CI<1) (Figure 1B).




Figure 1 | Results of CCK-8 and colony formation assays of PD- and CTX-treated cells. (A) The inhibitory effects of PD and/or CTX treatment in HCT116 and LoVo cells were examined by CCK-8 assay after treatment for 48 h. (B) The results of CCK-8 assay were analyzed with the CalcuSyn software. Combination Index (CI) was calculated by the Calcusyn software. CI < 1 was considered synergistic, CI = 1 additive, and CI > 1 antagonistic cytotoxicity. (C) The colony-formation assay was performed, and the results are displayed as colony numbers. Columns showed mean ± S.D. ‘Control’ was compared with the other groups, ‘CTX’ was compared with ‘CTX+PD’ using one-way ANOVA. *P < 0.05 represents a significant difference.



A colony formation assay was performed to evaluate the antiproliferative effect of PD in combination with CTX. HCT116 cells were treated with 5 μM PD and 10 μg/ml CTX, and LoVo cells were treated with 6 μM PD and 20 μg/ml CTX for 48 h. The results showed that these two drugs had only a slight inhibitory effect on the cells when used alone at the indicated concentrations, but the combination treatment significantly reduced cell viability (Figure 1C). Taken together, the results of CCK-8 and colony formation assays both showed that PD sensitized these two cell lines to CTX. Therefore, the two drugs were used at these concentrations in all subsequent in vitro experiments.



Platycodin D inhibits the PI3K/Akt signaling pathway in KRAS-mutant colorectal cancer cells with or without cetuximab treatment

It has been reported that p-Akt is upregulated or remains unchanged after CTX treatment in some CTX-resistant cancer cells, and some drug treatments inhibit p-Akt to sensitize these cells to CTX (1, 21). PD was found to inhibit the PI3K/Akt signaling pathway and the proliferation and migration of other types of cancer cells (16). The PI3K/Akt signaling pathway is known to play an important role in the occurrence and drug resistance of cancer. Therefore, we investigated whether PD could enhance the sensitivity of KRAS-mutant CRC cells to CTX by acting on the PI3K/Akt signaling pathway. Western blotting analysis (Figure 2) indicated that CTX did not effectively decrease the phosphorylation levels of PI3K and Akt. PI3K and Akt phosphorylation in cells was significantly suppressed by a single treatment with PD or combined treatment with PD and CTX. However, there was little change in the total levels of PI3K and Akt. To further determine the role of PI3K/Akt inhibition by PD in CTX resistance, experiments were performed using LY294002 (10 µM, 48 h), a selective inhibitor specific for this signaling pathway, and SC-79 (4 µg/ml, 48 h), an Akt phosphorylation activator. These two regulators did not have detectable inhibitory effects on cells at this concentration, as confirmed by the CCK-8 assay (data not shown).




Figure 2 | Western blotting analysis of PI3K and Akt in PD- and CTX-treated cells. (A) Western blot images. The left column shows protein names, including p-PI3K, PI3K, p-Akt, Akt, and β-actin, which was used as loading control. The top row shows two cell lines HCT116 and LoVo, and drug treatment with different combinations. (B) Bar plots of densitometric analysis. Protein expression levels are normalized to that of the loading control. Columns show the mean ± S.D. One-way ANOVA was used to analyze P values between groups. All groups are compared with the ‘Control’ group, the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference.



Figure 3 shows that LY294002 decreased the phosphorylation levels of PI3K and Akt when administered alone or in combination with CTX. The combination treatment of PD and SC-79 did not decrease p-Akt effectively, suggesting that SC-79 rescued the inhibitory effect of p-Akt by PD. These results indicate that these two Akt regulators can be used to further investigate the influence of PD-induced Akt inhibition caused by PD on CTX resistance.




Figure 3 | Western blot analysis of PI3K and Akt in cells treated with LY294002 and SC-79. (A) Western blot images. The left column shows protein names, including p-PI3K, PI3K, p-Akt, Akt, and β-actin, which was used as loading control. The top row shows two cell lines HCT116 and LoVo, and drug treatment with different combinations. ‘LY’ represents LY294002. (B) Bar plots of densitometric analysis. Protein expression levels are normalized to that of the loading control. Columns show the mean ± S.D. One-way ANOVA was used to analyze P values between groups. All groups are compared with the ‘Control’ group, the ‘CTX’ group is compared with the ‘CTX+LY’ or ‘CTX+PD+SC79’ group. *P < 0.05 represents a significant difference. (C) The signaling pathway by which PD enhances the cytotoxicity of CTX. A PI3K inhibitor and an Akt activator were used to confirm the inhibitory effect of PD on PI3K.





Akt regulators affect cetuximab resistance

The CCK-8 assay was used to investigate the effect of PI3K/Akt signaling on CTX resistance and the synergistic effects of PD and CTX. Figure 4A shows that CTX-induced cell growth inhibition was enhanced by the PI3K selective inhibitor LY294002, which suggests that Akt inhibition is a critical factor in CTX sensitization. In addition, when the Akt activator SC-79 was used to offset Akt inhibition by PD, the synergistic effect between PD and CTX was lost (Figures 4B, C). The results of the colony formation assay (Figure 4D) also showed that LY294002 further inhibited the growth of cells treated with CTX, and when Akt inhibition by PD was offset by SC-79, the cell growth-inhibitory effect of PD and CTX combination decreased.




Figure 4 | CCK-8 and colony-formation assay results of cells treated with PD, CTX, and Akt regulators. (A) The inhibitory effects of CTX and LY294002 treatment in HCT116 and LoVo cells were examined by CCK-8 assay after treatment for 48 h. ‘LY’ represents LY294002. The inhibitory effect of ‘CTX+LY’ is significantly higher than that of ‘CTX’ at all concentrations, as determined by one-way ANOVA (P<0.05). (B) SC79 (4 μg/ml) was administered concomitantly with PD. The inhibitory effects of PD+SC79 and/or CTX treatment in HCT116 and LoVo cells were examined by CCK-8 assay after treatment for 48 h. (C) The CCK-8 assay results of PD+SC79 and/or CTX treatment were analyzed with the CalcuSyn software. Combination Index (CI) was calculated by the Calcusyn software. CI < 1 was considered synergistic, CI = 1 Tadditive, and CI > 1 antagonistic cytotoxicity. (D) The colony-formation assay was performed, and the results are displayed as colony numbers in the column diagram. HCT116 cells were treated with 5 μM PD and 10 μg/ml CTX, whereas LoVo cells were treated with 6 μM PD and 20 μg/ml CTX. Cells were treated with 4 µg/ml SC-79 and 10 µM LY294002. ‘LY’ represents LY294002. Columns showed mean ± S.D. ‘CTX’ was compared with ‘CTX+LY’ or ‘CTX+PD+SC79’ using one-way ANOVA. *P < 0.05 represents a significant difference.





Platycodin D and Cetuximab both inhibit the migration and invasive abilities of KRAS-mutant colorectal cancer cells

The PI3K/Akt signaling pathway contributes to the migration and invasion abilities of cancer cells during CTX treatment, and inhibition of p-Akt reduces cancer cell migration and invasion (22, 23). Considering our finding that PD inhibited p-Akt, scratch wound healing, and cell invasion assays were conducted to investigate the effects of PD and CTX treatment on the migration and invasion abilities of cancer cells, respectively. Figure 5 shows that low concentrations of PD and CTX significantly decreased cancer cell migration and invasion, and the combination of these two drugs further decreased cancer cell migration and invasion.




Figure 5 | Results of Transwell and scratch wound-healing assays. (A) Invasion of HCT116 and LoVo cells were both measured by Transwell assay. The top row shows various drug treatments. Scale bars, 100 μm. (B) Migration of HCT116 and LoVo cells were both measured by scratch wound-healing assay. The top row shows various drug treatments. The left column shows the type of cells and time of measurement. (C) Bar diagrams of Transwell (C1) and scratch wound-healing (C2) assays. Columns show the mean ± S.D. One-way ANOVA was conducted to analyze P values between groups. All groups are compared with the ‘Control’ group, and the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference.





Combinative treatment with platycodin D and cetuximab exerted the strongest inhibition of tumorigenicity in KRAS-mutant colorectal cancer cells in vivo

A subcutaneous tumor model of HCT116 and LoVo cells in BALB/c nude mice was used to investigate the therapeutic efficacy of the combination treatment of PD and CTX in vivo. As shown in Figure 6, according to the comparison of the tumor weight, CTX treatment exerted considerable inhibitory effect on HCT116 and LoVo tumor growth. PD treatment only inhibited tumor growth in HCT116 cells at the statistical level. The combination of PD and CTX showed the strongest inhibitory effect among all treatments. These in vivo results indicated a synergistic effect of PD and CTX, similar to the in vitro results. Survival curves showed that all mice ultimately died owing to tumor burden. Single treatment with PD or CTX prolonged survival time compared with the control, and the combination treatment further increased survival time.




Figure 6 | The antitumor efficacy of co-treatment with PD and CTX in subcutaneous tumor models. (A) Subcutaneous tumor models of HCT116 and LoVo cells were collected after the mice were sacrificed. Each group contained five mice, but one mouse of the HCT116 control group died during the experiment. (B) After sacrifice, subcutaneous tumors were removed and photographed. (C) Tumor weight was measured using an electronic balance. The mean ± S.D. is shown. One-way ANOVA was performed used to analyze P values between groups. All groups are compared with the ‘control’ group, the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference. (D) Survival curves of each group. Survival days of other groups are compared with those of the control group; the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P<0.05 represents a significant difference.





Combination treatment of cetuximab and platycodin D decreased proliferation and enhance apoptosis via PI3K/Akt inhibition in vivo

To further investigate the mechanism by which PD sensitized CTX, we examined the expression of a cell proliferation marker (Ki-67) and the rate of apoptosis in tumor tissues from each group, as shown in Figure 7. Compared with that in the control groups, Ki67 expression was decreased in the CTX group, but not in the PD group, and the combination treatment further decreased the expression level of Ki67 (Figure 7A, Ki67 panels). To further analyze the effects of CTX and PD on tumor apoptosis, a TUNEL assay was performed on tumor samples. Histopathological staining revealed massive necrotic sheets in the combination treatment group, compared with the control group. The results of this experiment indicated a significant increase in apoptosis following the combination treatment, compared with that after single CTX treatment (Figure 7A, TUNEL assay panels). Furthermore, PD alone did not induce obvious tumor apoptosis. Collectively, the series of experiments revealed that the combination of CTX and PD effectively decreased tumor growth by decreasing cell proliferation (Ki67) and increasing cell death (apoptosis) in KRAS-mutant CRC cell lines.




Figure 7 | Combination treatment of CTX and PD decreases proliferation and enhance apoptosis in vivo. (A) Images of Ki67 immunohistochemical analysis and TUNEL staining assay in subcutaneous tumor models. Scale bars, 100 μm. (B) Quantitation of positive immunohistochemical staining for Ki67 and TUNEL staining in every group. Graph of percentage of positive cells for Ki67 and TUNEL staining (three random fields). ImageJ was used to quantify positive immunohistochemical staining results (n=3). Data are shown as the mean ± S.D. One-way ANOVA was used to analyze P values between groups. All groups are compared with the ‘Control’ group, and the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference.



Next, we detected the expression of p-PI3K and p-Akt using immunohistochemical staining. As shown in Figure 8, the lowest expression of p-PI3K and p-Akt was found in HCT116 and LoVo subcutaneous tumors in the combination treatment group; moreover, PD treatment also significantly decreased these two phosphorylated proteins, but CTX treatment did not. These results indicated that CTX did not inhibit the PI3K/Akt signaling pathway in HCT116 and LoVo subcutaneous tumor Balb/c mouse models, and co-treatment with PD compensated for this deficiency of CTX treatment. This mechanism explains how PD sensitizes these subcutaneous tumors to CTX.




Figure 8 | Immunohistochemical analysis of PI3K and Akt in tumor tissues treated with PD and/or CTX. (A) Images of immunohistochemically stained tissues. The left column shows proteins in each tumor type. The top row shows drug treatments with different combinations. Scale bars, 100 μm. (B) Quantitation of positive staining for p-Akt, p-PI3K, Akt, and PI3K in every group. Graph of percentage of positive cells for immunohistochemical staining (three random fields). ImageJ was used to quantify the positive immunohistochemical staining results (n=3). Data are shown as the mean ± S.D. One-way ANOVA was used to analyze P values between groups. All groups are compared with the ‘Control’ group, and the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference.





Platycodin D decreases cetuximab-induced liver damage in vivo

Tissue damage in the lung, liver, and kidney were analyzed by hematoxylin and eosin staining, as shown in Figure 9. The results indicated that PD and CTX did not exert obvious damaging effects on the lung and kidney. Furthermore, CTX decreased the number and vessel diameter of central veins in the hepatic lobules when administered alone, but these effects were reduced when CTX was administered in combination with PD (Figure 9B). We next investigated the serum biochemical indicators in mice. The findings revealed that the concentration of serum AST and ALT in the CTX group were increased compared with the normal group. In the combination treatment group, serum levels of AST and ALT were significantly decreased compared with the CTX group (Figure 9C). These data suggested that PD effectively suppressed the activities of liver functional enzymes increased by CTX in mice.




Figure 9 | Hematoxylin and eosin staining assay of the lung, liver, and kidney. (A) Images of hematoxylin and eosin stained tissues. The left column shows cell types of subcutaneous tumor and types of stained tissue. The top line shows drug treatments, where ‘Normal’ represents healthy mice, and ‘Control’ represents tumor-burdened mice without drug treatment. Scale bars, 100 μm. (B) Quantitation of the number and vessel area of central veins in the hepatic lobules in every group. ImageJ was used to quantify the vessel diameter of central veins. Five pictures of the liver used in the column diagram were added as Figure S3 in Supplementary Materials. (C) Concentrations of serum AST and ALT were determined in mice in different groups. Data are shown as the mean ± S.D. One-way ANOVA was used to analyze P values between groups. All groups are compared with the ‘Normal’ group, and the ‘CTX’ group is compared with the ‘CTX+PD’ group. *P < 0.05 represents a significant difference.






Discussion

It is estimated that approximately 30–40% of CRC patients have KRAS mutation (24). Owing to KRAS mutations, many patients do not benefit from CTX therapy. Inhibition of Akt/PI3K, another downstream signaling pathway of EGFR, is a strategy to overcome resistance to CTX (25). Our results showed that PD reduced the CTX resistance of two KRAS-mutant CRC cell lines, HCT116 and LoVo. PD significantly increased the cytotoxicity of CTX when administered at a low concentrations, which only had a slight inhibitory effect on cells. Further experiments showed that Akt was not effectively inhibited by CTX in KRAS-mutant CRC cells, but was inhibited by PD. Therefore, two Akt regulators, LY294002 and SC79, were used to investigate whether PD could enhance CTX efficacy through Akt inhibition. As an Akt inhibitor, LY294002 was combined with CTX to determine whether Akt inhibition increased CTX efficacy. The results indicated that LY294002 enhanced CTX efficacy similar to that of PD. SC-79 is an Akt activator, and western blotting results showed that SC-79 treatment rescued Akt inhibition by PD. Therefore, the synergistic effect of SC-79 and PD combination (PD+SC-79) with CTX was evaluated by CCK-8 and colony formation assays. CI calculation indicated that although the combination treatment had the highest growth inhibition effect, PD+SC-79 had no synergistic effect with CTX. In vitro experiments showed that the inhibitory effect of CTX on cancer cell proliferation, migration, and invasion was negatively correlated with p-Akt levels. This implies that some downstream components of Akt that are related to migration and invasion, such as mTOR (26)or Glycogen Synthase Kinase 3β (GSK3β)/Snail (27), may be inhibited by PD. In addition, CTX itself decreases CRC cell migration and invasion to a certain degree, which may interfere with other downstream pathways of EGF/EGFR (28).

PD is a triterpenoid saponin present in the roots of P. grandiflorum. Increasing evidence suggests that PD has a wide spectrum of antitumor activity, exhibiting significant growth inhibitory effects and strong cytotoxicity against various cancers (29–33). Our in vitro and in vivo experiments also showed that PD exerted an antitumor effect on KRAS-mutant CRC cells. PD has different regulatory effects on p-Akt in various tissue types (17–20), and our in vitro results confirmed that low concentration of PD (about 0.2 IC50) inhibited p-Akt in KRAS-mutant CRC cells. This suggests that PD with low cytotoxicity can be used as an auxiliary agent to enhance CTX efficacy. In vivo experiments using a subcutaneous tumor model also showed that PD with a low toxic concentration had an inhibitory effect on p-Akt. The proliferation inhibition and apoptosis promotion effects were not obvious with PD treatment alone, but PD co-treatment significantly enhanced the therapeutic efficacy of CTX in subcutaneous tumors. In addition, PD had no obvious damaging effects on the lungs, liver, and kidneys of these mice, and reduced the liver damage caused by CTX treatment.

Akt inhibition contributes to antitumor effects and enhances the efficacy of antitumor drugs; therefore, many strategies involving Akt inhibition have been developed to inhibit tumor proliferation and overcome drug resistance (34, 35). In addition to acting on the Ras/Raf/MAPK pathway, CTX can exert an antitumor effect if the PI3K/Akt pathway is effectively inhibited. However, in addition to EGF/EGFR, other upstream molecules, such as integrin (36)and G protein-coupled receptor (GPCR) (37), also regulate the PI3K/Akt pathway. Therefore, the PI3K/Akt pathway may be activated by other upstream molecules owing to the feedback mechanism that occurs when EGF/EGFR is blocked by CTX. Our results showed that CTX did not effectively inhibit the PI3K/Akt pathway in KRAS-mutant CRC cells and that it was significantly inhibited by combination treatment with PD and CTX. This effect suggests that PD inhibited PI3K/Akt independent of EGF/EGFR to a certain degree. Therefore, the combination treatment showed tumor suppression through Akt inhibition, even in KRAS-mutant CRC cells.

In addition to the inhibition of downstream pathways of EGFR, CTX has other antitumor effects. For example, the interaction between CTX and the tumor microenvironment is an important factor for its therapeutic efficacy. CTX is a monoclonal antibody containing a human IgG Fc fragment. CTX triggers antibody-dependent cell-mediated cytotoxicity through Fcγ receptors in immunologic effector cells (38). Therefore, effective inhibition of Akt through combination with PD can help CTX to block the downstream pathways of EGFR, although CTX still has other antitumor effects. The combination treatment of PD and CTX may be a potential therapy for patients with KRAS-mutant CRC.

In this study, the potential role of PD in the sensitivity of KRAS-mutant CRC cells to CTX treatment was evaluated. In vitro and in vivo experimental results confirmed that PD enhanced the sensitivity of HCT116 and LoVo cells to CTX through PI3K/Akt inhibition. Our results showed that PD inhibited PI3K and Akt phosphorylation in these cells, but did not affect the expression levels of these two proteins. This conclusion will hopefully provide a prospective therapeutic strategy for patients with CRC with KRAS mutations.
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Background

For rectal cancer, it remains unclear how to incorporate tumor response to neoadjuvant chemoradiotherapy (nCRT) when deciding whether to give adjuvant chemotherapy. In this study, we aim to determinate the survival benefit of adjuvant chemotherapy for rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery.



Methods

The study cohort included 720 rectal cancer patients who had good response (ypT0-2N0) after nCRT and surgery, who did or did not receive adjuvant chemotherapy between January 2007 and December 2017, from the Taiwan Cancer Registry and National Health Insurance Research database. The Kaplan–Meier method, log-rank tests, and Cox regression analysis were performed to investigate the effect of adjuvant chemotherapy on 5-year overall survival (OS) and disease-free survival (DFS).



Results

Of 720 patients, 368 (51.1%) received adjuvant chemotherapy and 352 (48.9%) did not. Patients who received adjuvant chemotherapy were more likely to be female, younger (≤ 65), with advanced clinical T (3-4)/N (1-2) classification and ypT2 classification. No significant difference in 5-year OS (p=0.681) or DFS (p=0.942) were observed by receipt of adjuvant chemotherapy or not. Multivariable analysis revealed adjuvant chemotherapy was not associated with better OS (adjusted hazard ratio [aHR], 1.03; 95% Confidence Interval [CI], 0.88-1.21) or DFS (aHR, 1.05; 95% CI, 0.89-1.24). Stratified analysis for OS and DFS found no significant protective effect in the use of adjuvant chemotherapy, even for those with advanced clinical T or N classification.



Conclusion

Adjuvant chemotherapy may be omitted in rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery.





Keywords: rectal cancer, neoadjuvant chemoradiotherapy, surgery, adjuvant chemotherapy, survival



Background

Although mortality has steadily decreased since 1990, colorectal cancer remains one of the most frequent cancer-related death in the US (1). In addition, the incidence of colorectal cancer under the age of 50 increased from 1992 to 2012 at a rate of 2.1% annually, and continues to rise (2). According to the Taiwan Cancer Registry (TCR) database in recent two decades, male and female young-onset rectal cancer incidence rates rose from 4.0 to 8.3 and 3.8 to 6.4 per 100,000 (3).

Although radical resection is the cornerstone of management in rectal cancer, radiotherapy and chemotherapy has emerged as an important component of curative therapy, because local recurrence is more common in those types than with colon primaries (4, 5). Treatment for locally advanced rectal cancer (T3-4N0 or T1-4N1-2) consists of neoadjuvant chemoradiotherapy (nCRT) followed by total mesorectal excision and adjuvant chemotherapy with fluorouracil and oxaliplatin. The use of nCRT promotes greater sphincter preservation and facilitates tumor downstaging (6, 7). Most importantly, about 15% of these patients have a pathologic complete response (defined as ypT0N0), which is associated with an excellent long-term survival outcome (8, 9). A further 20% of patients downstage to ypT1/T2N0 (10). However, up to a third of contemporary patients who undergo surgical resection of rectal cancer patients still ultimately develop metastatic disease (11). Adjuvant chemotherapy after nCRT and resection has thus been proposed as a potential method of alleviating micrometastasis, hence reducing recurrence and enhancing survival. Currently, the use of adjuvant chemotherapy in rectal cancer patients remains controversial (12–14). National Comprehensive Cancer Network (NCCN) guidelines state that pre-treatment staging, not surgical pathology, should be used to guide decisions for adjuvant chemotherapy. It is unclear how to incorporate tumor response to nCRT when deciding to provide adjuvant chemotherapy; this uncertainty is reflected in the poor compliance with NCCN guidelines for adjuvant chemotherapy administration (15).

In this study, we sought to address the impact of adjuvant chemotherapy on survival in rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery, by conducting an analysis from a large cohort of patients from the TCR and the National Health Insurance Research Database (NHIRD).



Materials and methods


Ethics approval and informed consent

The study was approved by the Ethics Committee of the Institutional Review Board of Chi Mei Medical Center (IRB: 10707–012). Informed consent was not obtained because the IRB waived the need for individual informed consent, as no personally identifiable information were used. This study had a non-interventional retrospective design, no human subjects used and all data were analyzed anonymously.



Data source and study cohort

We obtained data from the TCR and NHIRD, which cover more than 95% of the cancer cases in Taiwan. The TCR also has documented excellent data quality and completeness (16). The rectal cancer patients who underwent nCRT and surgical resection with or without adjuvant chemotherapy between January 2007 and December 2017 were included. Follow-up was completed on December 31, 2018. Exclusion criteria included: 1) a history of cancer or metastatic disease; 2) no clear coding on follow-up and treatment; or 3) patients received short course radiation. Rectal cancer diagnosis were defined by the International Classification of Disease for Oncology, third edition (ICD-O-3) codes for location: rectum (code C20.9); and histologic type: adenocarcinoma (codes 8140, 8210, 8261, and 8263), mucinous adenocarcinoma (code 8480), or signet ring cell carcinoma (code 8490). These patients were all staged according to the 7th edition American Joint Committee on Cancer (AJCC) classification system. The variables from the TCR database used for analysis included age, gender, histology type, grade, stage, margin status, lymph node yield, comorbid conditions and cancer-related treatment. Here, Charlson Comorbidity Index (CCI) score were used to grade the severity of comorbid conditions (17). Finally, a total of 720 rectal cancer patients with good response “ ypT0-2N0 “ after nCRT and surgery were extracted (Figure 1).




Figure 1 | Flow chart.





Statistical analysis

In this study, all statistical analyses were performed using SAS 9.4 for Windows (SAS Institute, Inc., Cary, NC, USA) and Kaplan-Meier curves were plotted using STATA (version 12; Stata Corp., College Station, TX, USA). A p value ≤ 0.05 was considered statistically significant. The distribution difference between ypT0-2N0 rectal cancer patients treated with and without adjuvant chemotherapy was estimated using Pearson’s chi-square test for categorical variables and the Wilcoxon rank sum test for continuous variables. The primary endpoints were the 5-year overall survival (OS) and disease-free survival (DFS) rates and were calculated via Kaplan-Meier method, comparing by log-rank statistics. The risk was presented as hazard ratios (HRs) with 95% confidence intervals (CIs) and calculated using the Cox proportional hazards model for factors associated with survival. We also performed stratified survival analyses for important prognostic characteristics such as age, cT/cN/ypN classification.




Results

Between 2007 and 2017, a total of 720 rectal cancer patients were selected for analysis, including 368 patients receiving adjuvant chemotherapy and 352 patients without adjuvant chemotherapy (Figure 1). Baseline clinicopathological characteristics are summarized in Table 1. Among these patients, 498 were male (69.2%) and 222 were female (30.8%). The mean age at diagnosis was 61 ± 11 years, and the median (Q1-Q3) follow‐up time was 4.22 years. The information of neoadjuvant treatment is summarized in Supplementary Table 1. The median (Q1-Q3) total dose of radiotherapy was 50.4 Gy in 27 fractions. Concurrent, neoadjuvant chemotherapy regimens included fluorouracil (5-FU), leucovorin, capecitabine, oxaliplatin and UFUR. Patients who received adjuvant chemotherapy were more likely to be female, younger (≤ 65), with advanced clinical T (3-4)/N (1-2) classification and ypT2 classification. The median (Q1-Q3) timing of adjuvant chemotherapy started after operation were 36 days. Adjuvant chemotherapy regimens used as follows: Leucovorin, Fluorouracil (5-FU), UFUR, oxaliplatin and capecitabine. Most patients (88.59%) received combined regimens instead of mono-therapy.


Table 1 | Clinicopathological information of rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery, n=720.



Kaplan-Meier survival curves were generated to compare the 5-year OS and DFS rates by receipt of adjuvant chemotherapy or not. As presented in Figure 2, there was no significant difference in 5-year OS (p=0.681) or DFS (p=0.942) between those who received adjuvant chemotherapy and those who did not. After adjustment for confounders (Table 2), multivariable analysis indicated that adjuvant chemotherapy was not significantly associated with better 5-year OS (adjusted hazard ratio [aHR], 1.03; 95% Confidence Interval [CI], 0.88-1.21) or DFS (aHR, 1.05; 95% CI, 0.89-1.224). Further stratified analysis for 5-year OS and DFS found no significant protective role in the use of adjuvant chemotherapy for these “good response” rectal cancer patients, even for those with advanced cT or cN classification (Table 2). In this study, we selected ypT1-2N0 patients without clinical metastases and there are some early stage (cT1-2N0) included into our analysis. As shown in Table 3, comparisons by different clinical and pathological T and N classifications revealed that the use of adjuvant chemotherapy provided limited survival benefit compared to not using it. Regarding to different adjuvant chemotherapy regimens, the related 5-year OS and DFS rate were presented in Table 4.




Figure 2 | Probability of overall survival (A) and disease-free survival (B) in rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery, n=720.




Table 2 | Overall and stratified analysis of the use of adjuvant chemotherapy for 5-year OS and DFS in rectal cancer patients with good response (ypT0-2N0) after nCRT and surgery, n=720.




Table 3 | 5-year OS and DFS comparison by different clinicopathological stage and the use of adjuvant chemotherapy of study patients, n =720.




Table 4 | The distribution and 5-year survival among different adjuvant chemotherapy regimens groups, n =368.





Discussion

Treatment for clinical stage II or III rectal cancer patients consists of nCRT followed by total mesorectal excision and adjuvant chemotherapy with fluorouracil and oxaliplatin. However, the benefit of adjuvant chemotherapy for downstaged or good response (ypT0-2N0) rectal cancer after nCRT remains inconsistent (12–14). In this nationwide, population-based, cohort study, our results found no significant difference in 5-year OS or DFS between those who received adjuvant chemotherapy and those who did not. Moreover, there was no significantly difference in 5-year survival even in those with advanced cT or cN classification.

Our study offers a number of advantages over earlier studies from single institutions or several national datasets. First, we obtained data from the TCR and the NHIRD (18). This database covered more than 95% cancer cases in Taiwan. The follow-up period was long and the patient number was enough (N=764) to make our results convincing. Additionally, we included individuals with rectal cancer diagnosed between 2007 and 2018, which increased the relevance of our study. Second, this database had comprehensive information on patient characteristics, clinical staging, pathological staging, surgical methods and comorbidities enabling us to conduct in-depth analyses on the actual impact of adjuvant chemotherapy.

Adjuvant chemotherapy is recommended as standard treatment for those with high risk stage II and stage III colon cancer (19, 20). However, the precise benefit of adjuvant chemotherapy in rectal cancer remains unclear. According to NCCN guidelines, whether or not to give adjuvant chemotherapy depends on the pre-treatment clinical staging. The guidelines suggest all patients who underwent nCRT for locally advanced (T3/4 or node-positive) non-metastatic rectal cancer receive four months of adjuvant chemotherapy, regardless of the pathologic findings at the time of resection. However, in terms of the evidence level, four randomized phase III trials explored the benefit of adjuvant chemotherapy following nCRT for rectal cancer (6, 11, 21–23). None of the four found any advantage in the use of adjuvant chemotherapy, either in terms of recurrence rate or OS. However, all of these trials were flawed. For example, in the European Organisation for Research and Treatment of Cancer (EORTC) trial 22921 and the cooperative Italian study, the adjuvant chemotherapy regimen consisted of four to six cycles of postoperative bolus fluorouracil plus leucovorin, which was not consistent with the current standard regimen (24, 25). In these two studies, the rate of adherence to adjuvant chemotherapy was poor (43% in the EORTC 22921 study and 72% in the cooperative Italian study). In the Dutch colorectal PROCTOR/SCRIPT trials, the adjuvant chemotherapy regimens included fluorouracil/leucovorin or capecitabine (21). However, the trial did not reach full accrual. The adjuvant chemotherapy regimen in the United Kingdom phase III Chronicle trial was capecitabine plus oxaliplatin (XELOX), which was the current standard chemotherapy regimen (22). Unfortunately, the study was also closed prematurely due to poor accrual. A meta-analysis of individual patient data from all four of these trials concluded that fluorouracil-based chemotherapy did not improve OS, DFS, or distant recurrence rates (26). Another systematic review published in 2017 identified eight phase III trials and one randomized phase II trial comparing adjuvant chemotherapy with observation in patients with non-metastatic rectal cancer treated with nCRT. The authors reported that the data were not robust enough to warrant routine use of adjuvant therapy in this population (27). However, other meta-analyses have come to the opposite conclusion. A systematic review of the scientific literature from 1975 until March 2011 quantitatively summarized the available evidence regarding the impact of adjuvant chemotherapy on the survival of patients with surgically resectable rectal cancer (28). The authors supported the use of 5-FU based postoperative adjuvant chemotherapy, but available data did not allow them to define whether the efficacy of this treatment was greatest for one specific TNM stage. Consequently, conclusive data on the benefits of adjuvant therapy in rectal cancer patients remains lacking.

Our study focused on the benefit of adjuvant chemotherapy for patients with good response (ypT0-2N0) to nCRT and surgery. Patients who achieve a pathologic complete response after preoperative therapy have excellent outcomes (10). These findings raise concerns regarding the possibility of overtreatment in this group, when adding adjuvant chemotherapy. Other database studies have also failed to discover a significant benefit to adjuvant chemotherapy in this setting (29–31). However, three similar observational studies using the National Cancer Database, which looked only at patients achieving pathologic complete response, found that adjuvant chemotherapy did improve survival in this favorable subgroup (32–34).

Our study demonstrated that adjuvant chemotherapy is not beneficial for those rectal patients with good response to nCRT and surgery, even those with advanced clinical stage disease. However, our study showed that patients with clinical nodal positive status had worse OS and DSS. This finding implies that clinical stage might be a prognostic factor rather than a predictive factor. There are some potential explanations for the conflicting results, which are also the common limitations of nationwide cancer registry database analysis, including ours. First, it is challenging to accurately assess clinical stage, since the imaging tools used to determine stage differ by hospital. Some patients could be over-staged, which makes adjuvant chemotherapy appear to be of no benefit in this group. Second, the presence of perineural and extramural venous invasion, particularly after preoperative irradiation, is a significant negative prognostic factor for local recurrence, metastatic disease, and OS (35). However, this information was not recorded in our database. Third, due to treatment-related toxicity, patients receiving adjuvant chemotherapy may face interruption or dose reduction during the course of treatment. However, we could not assess the compliance with the administration of adjuvant chemotherapy (including prescribed dose, and cycles) (36, 37). Future work including the information about the compliance with the administration of chemotherapy may help us to investigate in depth about the role of adjuvant chemotherapy on survival. However, we could know the stop of neoadjuvant CRT course from the coding of total radiation dose. We found 20 (2.7%) patients received less than 45Gy during their neoadjuvant CRT. Fourth, patients with different molecular profiles, such as microsatellite instability, KRAS mutation, or BRAF mutation, may vary in their prognostic profiles and sensitivity to chemotherapeutic and biological agents. The microsatellite instability status also influences the decision to provide adjuvant chemotherapy, but these molecular profiles were not available for our analysis (38). Finally, following nCRT and surgery, patients with a pathologic complete response or a clinically significant downstage to ypT1/T2N0 often have a good prognosis and are unlikely to benefit from additional adjuvant chemotherapy. Although no markers were available in our cancer registry database, we defined the good response from the pathological stage (yp) which is generally accepted and used. However, the response should be a dynamic process and is better evaluated by tumor regression grade (39).

Questions remain regarding how much downstaging is predictive of further benefit from adjuvant therapy. It is possible that adjuvant chemotherapy may not benefit patients at the two extremes of pathologic response: patients with good response and those with poor or minimal pathologic response to nCRT. Perhaps the intermediate group may benefit from further adjuvant chemotherapy. However, identifying this group remains challenging and more prospective studies are needed before this occurs.



Conclusion

In summary, our results demonstrated that adjuvant chemotherapy does not improve 5-year OS or DFS in rectal cancer patients with good response after nCRT and surgery. Moreover, there is no significantly difference in 5-year OS, even in those with advanced cT or cN classification. Therefore, adjuvant chemotherapy may be omitted in these good response patients. Prospective studies that include more patients and clinicopathological variables are necessary to valid our findings into clinical practice.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

Study design: Y-HK, Y-TL, C-HH, C-LC, L-CC, C-JT, W-JH, Y-CC, C-CY. Data analysis: Y-HK, C-HH, Y-CC, C-CY. Manuscript writing: Y-HK, Y-TL, C-HH, C-CY. All authors contributed to the article and approved the submitted version.



Acknowledgments

We are grateful to Health Data Science Center, National Cheng Kung University Hospital for providing administrative and technical support.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1087778/full#supplementary-material



Abbreviations

LARC, Locally advanced rectal cancer; nCRT, Neoadjuvant chemoradiotherapy; pCR, Pathologic complete response; NCCN, National Comprehensive Cancer Network; TCR, Taiwan Cancer Registry; NHIRD, National Health Insurance Research database; AJCC, American Joint Committee on Cancer; ICD-O-3, International Classification of Diseases for Oncology, 3rd Edition; CCI, Charlson comorbidity index; OS, Overall survival; DFS, Disease free survival; HRs, Hazard ratios; CIs, Confidence intervals.



References

1. Cronin, KA, Scott, S, Firth, AU, Sung, H, Henley, SJ, Sherman, RL, et al. Annual report to the nation on the status of cancer, part 1: National cancer statistics. Cancer (2022) 128(24):4251–84. doi: 10.1002/cncr.34479

2. Stoffel, EM, and Murphy, CC. Epidemiology and mechanisms of the increasing incidence of colon and rectal cancers in young adults. Gastroenterology (2020) 158(2):341–53. doi: 10.1053/j.gastro.2019.07.055

3. Sung, JJY, Chiu, HM, Jung, KW, Jun, JK, Sekiguchi, M, Matsuda, T, et al. Increasing trend in young-onset colorectal cancer in Asia: More cancers in men and more rectal cancers. Am J Gastroenterol (2019) 114(2):322–9. doi: 10.14309/ajg.0000000000000133

4. Sauer, R, Becker, H, Hohenberger, W, Rodel, C, Wittekind, C, Fietkau, R, et al. Preoperative versus postoperative chemoradiotherapy for rectal cancer. N Engl J Med (2004) 351(17):1731–40. doi: 10.1056/NEJMoa040694

5. Sebag-Montefiore, D, Stephens, RJ, Steele, R, Monson, J, Grieve, R, Khanna, S, et al. Preoperative radiotherapy versus selective postoperative chemoradiotherapy in patients with rectal cancer (Mrc Cr07 and ncic-ctg C016): A multicentre, randomised trial. Lancet (2009) 373(9666):811–20. doi: 10.1016/S0140-6736(09)60484-0

6. Collette, L, Bosset, JF, den Dulk, M, Nguyen, F, Mineur, L, Maingon, P, et al. Patients with curative resection of Ct3-4 rectal cancer after preoperative radiotherapy or radiochemotherapy: Does anybody benefit from adjuvant fluorouracil-based chemotherapy? A trial of the European organisation for research and treatment of cancer radiation oncology group. J Clin Oncol (2007) 25(28):4379–86. doi: 10.1200/JCO.2007.11.9685

7. Park, IJ, You, YN, Agarwal, A, Skibber, JM, Rodriguez-Bigas, MA, Eng, C, et al. Neoadjuvant treatment response as an early response indicator for patients with rectal cancer. J Clin Oncol (2012) 30(15):1770–6. doi: 10.1200/JCO.2011.39.7901

8. Fokas, E, Strobel, P, Fietkau, R, Ghadimi, M, Liersch, T, Grabenbauer, GG, et al. Tumor regression grading after preoperative chemoradiotherapy as a prognostic factor and individual-level surrogate for disease-free survival in rectal cancer. J Natl Cancer Inst (2017) 109(12). doi: 10.1093/jnci/djx095

9. Zhang, JW, Cai, Y, Xie, XY, Hu, HB, Ling, JY, Wu, ZH, et al. Nomogram for predicting pathological complete response and tumor downstaging in patients with locally advanced rectal cancer on the basis of a randomized clinical trial. Gastroenterol Rep (Oxf) (2020) 8(3):234–41. doi: 10.1093/gastro/goz073

10. Maas, M, Nelemans, PJ, Valentini, V, Das, P, Rodel, C, Kuo, LJ, et al. Long-term outcome in patients with a pathological complete response after chemoradiation for rectal cancer: A pooled analysis of individual patient data. Lancet Oncol (2010) 11(9):835–44. doi: 10.1016/S1470-2045(10)70172-8

11. Bosset, JF, Calais, G, Mineur, L, Maingon, P, Stojanovic-Rundic, S, Bensadoun, RJ, et al. Fluorouracil-based adjuvant chemotherapy after preoperative chemoradiotherapy in rectal cancer: Long-term results of the eortc 22921 randomised study. Lancet Oncol (2014) 15(2):184–90. doi: 10.1016/S1470-2045(13)70599-0

12. Chang, GJ. Is there validity in propensity score-matched estimates of adjuvant chemotherapy effects for patients with rectal cancer? JAMA Oncol (2018) 4(7):921–3. doi: 10.1001/jamaoncol.2018.0227

13. Fokas, E, Liersch, T, Fietkau, R, Hohenberger, W, Beissbarth, T, Hess, C, et al. Tumor regression grading after preoperative chemoradiotherapy for locally advanced rectal carcinoma revisited: Updated results of the Cao/Aro/Aio-94 trial. J Clin Oncol (2014) 32(15):1554–62. doi: 10.1200/JCO.2013.54.3769

14. Rodel, C, Martus, P, Papadoupolos, T, Fuzesi, L, Klimpfinger, M, Fietkau, R, et al. Prognostic significance of tumor regression after preoperative chemoradiotherapy for rectal cancer. J Clin Oncol (2005) 23(34):8688–96. doi: 10.1200/JCO.2005.02.1329

15. Xu, Z, Mohile, SG, Tejani, MA, Becerra, AZ, Probst, CP, Aquina, CT, et al. Poor compliance with adjuvant chemotherapy use associated with poorer survival in patients with rectal cancer: An ncdb analysis. Cancer (2017) 123(1):52–61. doi: 10.1002/cncr.30261

16. Chiang, CJ, Lo, WC, Yang, YW, You, SL, Chen, CJ, and Lai, MS. Incidence and survival of adult cancer patients in Taiwan, 2002-2012. J Formos Med Assoc (2016) 115(12):1076–88. doi: 10.1016/j.jfma.2015.10.011

17. Tian, Y, Xu, B, Yu, G, Li, Y, and Liu, H. Age-adjusted charlson comorbidity index score as predictor of prolonged postoperative ileus in patients with colorectal cancer who underwent surgical resection. Oncotarget (2017) 8(13):20794–801. doi: 10.18632/oncotarget.15285

18. Liang, YH, Shao, YY, Chen, HM, Cheng, AL, Lai, MS, and Yeh, KH. Irinotecan and oxaliplatin might provide equal benefit as adjuvant chemotherapy for patients with resectable synchronous colon cancer and liver-confined metastases: A nationwide database study. Anticancer Res (2017) 37(12):7095–104. doi: 10.21873/anticanres.12183

19. Gill, S, Loprinzi, CL, Sargent, DJ, Thome, SD, Alberts, SR, Haller, DG, et al. Pooled analysis of fluorouracil-based adjuvant therapy for stage ii and iii colon cancer: Who benefits and by how much? J Clin Oncol (2004) 22(10):1797–806. doi: 10.1200/JCO.2004.09.059

20. Quasar Collaborative, G, Gray, R, Barnwell, J, McConkey, C, Hills, RK, Williams, NS, et al. Adjuvant chemotherapy versus observation in patients with colorectal cancer: A randomised study. Lancet (2007) 370(9604):2020–9. doi: 10.1016/S0140-6736(07)61866-2

21. Breugom, AJ, Swets, M, Bosset, JF, Collette, L, Sainato, A, Cionini, L, et al. Adjuvant chemotherapy after preoperative (Chemo)Radiotherapy and surgery for patients with rectal cancer: A systematic review and meta-analysis of individual patient data. Lancet Oncol (2015) 16(2):200–7. doi: 10.1016/S1470-2045(14)71199-4

22. Glynne-Jones, R, Counsell, N, Quirke, P, Mortensen, N, Maraveyas, A, Meadows, HM, et al. Chronicle: Results of a randomised phase iii trial in locally advanced rectal cancer after neoadjuvant chemoradiation randomising postoperative adjuvant capecitabine plus oxaliplatin (Xelox) versus control. Ann Oncol (2014) 25(7):1356–62. doi: 10.1093/annonc/mdu147

23. Swets, M, Kuppen, PJK, Blok, EJ, Gelderblom, H, van de Velde, CJH, and Nagtegaal, ID. Are pathological high-risk features in locally advanced rectal cancer a useful selection tool for adjuvant chemotherapy? Eur J Cancer (2018) 89:1–8. doi: 10.1016/j.ejca.2017.11.006

24. Bosset, JF, Collette, L, Calais, G, Mineur, L, Maingon, P, Radosevic-Jelic, L, et al. Chemotherapy with preoperative radiotherapy in rectal cancer. N Engl J Med (2006) 355(11):1114–23. doi: 10.1056/NEJMoa060829

25. Sainato, A, Cernusco Luna Nunzia, V, Valentini, V, De Paoli, A, Maurizi, ER, Lupattelli, M, et al. No benefit of adjuvant fluorouracil leucovorin chemotherapy after neoadjuvant chemoradiotherapy in locally advanced cancer of the rectum (Larc): Long term results of a randomized trial (I-Cnr-Rt). Radiother Oncol (2014) 113(2):223–9. doi: 10.1016/j.radonc.2014.10.006

26. Breugom, AJ, van Gijn, W, Muller, EW, Berglund, A, van den Broek, CBM, Fokstuen, T, et al. Adjuvant chemotherapy for rectal cancer patients treated with preoperative (Chemo)Radiotherapy and total mesorectal excision: A Dutch colorectal cancer group (Dccg) randomized phase iii trial. Ann Oncol (2015) 26(4):696–701. doi: 10.1093/annonc/mdu560

27. Carvalho, C, and Glynne-Jones, R. Challenges behind proving efficacy of adjuvant chemotherapy after preoperative chemoradiation for rectal cancer. Lancet Oncol (2017) 18(6):e354–e63. doi: 10.1016/S1470-2045(17)30346-7

28. Petersen, SH, Harling, H, Kirkeby, LT, Wille-Jorgensen, P, and Mocellin, S. Postoperative adjuvant chemotherapy in rectal cancer operated for cure. Cochrane Database Syst Rev (2012) 3):CD004078. doi: 10.1002/14651858.CD004078.pub2

29. Garlipp, B, Ptok, H, Benedix, F, Otto, R, Popp, F, Ridwelski, K, et al. Adjuvant treatment for resected rectal cancer: Impact of standard and intensified postoperative chemotherapy on disease-free survival in patients undergoing preoperative chemoradiation-a propensity score-matched analysis of an observational database. Langenbecks Arch Surg (2016) 401(8):1179–90. doi: 10.1007/s00423-016-1530-0

30. Hu, X, Li, YQ, Li, QG, Ma, YL, Peng, JJ, and Cai, SJ. Adjuvant chemotherapy seemed not to have survival benefit in rectal cancer patients with yptis-2n0 after preoperative radiotherapy and surgery from a population-based propensity score analysis. Oncologist (2019) 24(6):803–11. doi: 10.1634/theoncologist.2017-0600

31. Loree, JM, Kennecke, HF, Lee-Ying, RM, Goodwin, RA, Powell, ED, Tang, PA, et al. Impact of postoperative adjuvant chemotherapy following long-course chemoradiotherapy in stage ii rectal cancer. Am J Clin Oncol (2018) 41(7):643–8. doi: 10.1097/COC.0000000000000342

32. Dossa, F, Acuna, SA, Rickles, AS, Berho, M, Wexner, SD, Quereshy, FA, et al. Association between adjuvant chemotherapy and overall survival in patients with rectal cancer and pathological complete response after neoadjuvant chemotherapy and resection. JAMA Oncol (2018) 4(7):930–7. doi: 10.1001/jamaoncol.2017.5597

33. Polanco, PM, Mokdad, AA, Zhu, H, Choti, MA, and Huerta, S. Association of adjuvant chemotherapy with overall survival in patients with rectal cancer and pathologic complete response following neoadjuvant chemotherapy and resection. JAMA Oncol (2018) 4(7):938–43. doi: 10.1001/jamaoncol.2018.0231

34. Turner, MC, Keenan, JE, Rushing, CN, Gulack, BC, Nussbaum, DP, Benrashid, E, et al. Adjuvant chemotherapy improves survival following resection of locally advanced rectal cancer with pathologic complete response. J Gastrointest Surg (2019) 23(8):1614–22. doi: 10.1007/s11605-018-04079-8

35. Gosens, MJ, Klaassen, RA, Tan-Go, I, Rutten, HJ, Martijn, H, van den Brule, AJ, et al. Circumferential margin involvement is the crucial prognostic factor after multimodality treatment in patients with locally advanced rectal carcinoma. Clin Cancer Res (2007) 13(22 Pt 1):6617–23. doi: 10.1158/1078-0432.CCR-07-1197

36. Biagi, JJ, Raphael, MJ, Mackillop, WJ, Kong, W, King, WD, and Booth, CM. Association between time to initiation of adjuvant chemotherapy and survival in colorectal cancer: A systematic review and meta-analysis. JAMA (2011) 305(22):2335–42. doi: 10.1001/jama.2011.749

37. Gresham, G, Cheung, WY, Speers, C, Woods, R, and Kennecke, H. Time to adjuvant chemotherapy and survival outcomes among patients with stage 2 to 3 rectal cancer treated with preoperative chemoradiation. Clin Colorectal Cancer (2015) 14(1):41–5. doi: 10.1016/j.clcc.2014.11.004

38. Koenig, JL, Toesca, DAS, Harris, JP, Tsai, CJ, Haraldsdottir, S, Lin, AY, et al. Microsatellite instability and adjuvant chemotherapy in stage ii colon cancer. Am J Clin Oncol (2019) 42(7):573–80. doi: 10.1097/COC.0000000000000554

39. Dworak, O, Keilholz, L, and Hoffmann, A. Pathological features of rectal cancer after preoperative radiochemotherapy. Int J Colorectal Dis (1997) 12(1):19–23. doi: 10.1007/s003840050072



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kuo, Lin, Ho, Chou, Cheng, Tsai, Hong, Chen and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 13 March 2023

doi: 10.3389/fonc.2023.1132141

[image: image2]


Research progress of traditional Chinese medicine as sensitizer in reversing chemoresistance of colorectal cancer


Xiang Lin 1,2, Xinyu Yang 1,2, Yushang Yang 1,2, Hangbin Zhang 1,2 and Xuan Huang 2*


1 The First Clinical College, Zhejiang Chinese Medical University, Hangzhou, China, 2 Department of Gastroenterology, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China




Edited by: 

Veronika Vymetalkova, Academy of Sciences of the Czech Republic (ASCR), Czechia

Reviewed by: 

Monika Sramkova, Biomedical Research Center SAS, Slovakia

Junmin Zhang, Lanzhou University, China

*Correspondence: 

Xuan Huang
 huangxuan1976@163.com

Specialty section: 
 This article was submitted to Gastrointestinal Cancers: Colorectal Cancer, a section of the journal Frontiers in Oncology


Received: 26 December 2022

Accepted: 27 January 2023

Published: 13 March 2023

Citation:
Lin X, Yang X, Yang Y, Zhang H and Huang X (2023) Research progress of traditional Chinese medicine as sensitizer in reversing chemoresistance of colorectal cancer. Front. Oncol. 13:1132141. doi: 10.3389/fonc.2023.1132141



In recent years, the incidences and mortalities from colorectal cancer (CRC) have been increasing; therefore, there is an urgent need to discover newer drugs that enhance drug sensitivity and reverse drug tolerance in CRC treatment. With this view, the current study focuses on understanding the mechanism of CRC chemoresistance to the drug as well as exploring the potential of different traditional Chinese medicine (TCM) in restoring the sensitivity of CRC to chemotherapeutic drugs. Moreover, the mechanism involved in restoring sensitivity, such as by acting on the target of traditional chemical drugs, assisting drug activation, increasing intracellular accumulation of anticancer drugs, improving tumor microenvironment, relieving immunosuppression, and erasing reversible modification like methylation, have been thoroughly discussed. Furthermore, the effect of TCM along with anticancer drugs in reducing toxicity, increasing efficiency, mediating new ways of cell death, and effectively blocking the drug resistance mechanism has been studied. We aimed to explore the potential of TCM as a sensitizer of anti-CRC drugs for the development of a new natural, less-toxic, and highly effective sensitizer to CRC chemoresistance.
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1 Introduction

As reported by Global Cancer 2020, colorectal cancer (CRC) ranks second and third in global cancer incidence and mortality (1, 2). It has become a great threat to human health. This high incidence rate can be attributed to the asymptomatic manifestations of early CRC and the lack of experience in endoscopic detection so that about 50% of all patients with CRC are at or above the local progressive stage at the time of their first diagnosis (3, 4). Reducing the incidence and mortality of digestive tract tumors and optimizing the treatment scheme of digestive tract tumors are some of the major public health issues that need to be addressed.

Presently, the treatment of CRC involves surgery, radiotherapy, immunotherapy, targeted therapy, and other comprehensive treatments (5). For patients with advanced CRC, chemotherapy is one of the most important treatments. Efforts have been made to use 5-fluorouracil (5-FU) combined with calcium folinate or oxaliplatin (OXA) as the first-line treatment for metastatic CRC, with a drug resistance rate was >40% (6). Some studies have even pointed out that 90% of patients with metastatic CRC died because of chemoresistance (7). This finding depicts that clinical drug resistance and chemoresistance are the major obstacles to the successful cure of cancer. Reducing chemoresistance, minimizing side effects, improving the patient’s prognosis, and quality of life are important factors to be taken into consideration during the development of new treatment options for advanced CRC.

Chemoresistance in CRC hampers the use of standard chemotherapy as a treatment option. Efforts have been made to develop treatment options relying on reversing chemoresistance by targeting newer cytotoxic drugs, regulating drug resistance to conventional drugs, and studying the changes of in tumor gene spectrum before and after chemotherapy. However, most of these strategies result in serious side effects, involve higher treatment costs, and face a crunch in technical expertise (8, 9). The benefits of natural products render them a promising alternative for treating cancer chemoresistance. It has been reported that 50% of the anti-cancer drugs approved by the Food Drug Administration (FDA) originate directly or indirectly from natural products or their derivatives (10). Traditional Chinese medicine (TCM) is multi-targeted and less toxic. TCM treatments are unique, safe, and effective for cancer therapy in China. It is also known to improve the quality of life, prevent metastasis and recurrence, resist chemoresistance, increase efficiency, reduce toxicity, and enhance immunity. Owing to these properties, TCM has gained tremendous research attention worldwide (11). Moreover, the synergistic effects of the TCM extracts and compounds (such as curcumin, berberine, Sophora japonica, and Andrographis paniculate) when combined with traditional chemotherapy could resist chemotherapy tolerance, which is noteworthy.

The present paper focuses on understanding the mechanism of chemoresistance of CRC and explores the potential of TCM and its active ingredients as chemosensitizers in reversing chemotherapy tolerance, reducing toxicity, and increasing the efficiency of CRC. Furthermore, the related mechanisms in vivo and in vitro have been summarized. Finally, based on the current research on the function mechanism of TCM, we believe that TCM as an anticancer treatment option seems promising in solving the difficulties of clinical anticancer treatment.



2 TCM reverses the chemoresistance of CRC and inhibits tumor growth in vivo and in vitro



2.1 Drug efflux

The chemical resistance of tumor cells is dependent on the outward transporter of the ATP-binding Cassette Family (ABC). Its increased expression often causes drug efflux, thereby leading to multiple drug resistance (MDR) (Figure 1). ABC transporter is a transmembrane protein that assists in transporting various substances across cell membranes. Upon substrate binding, ATP hydrolyzes and actively pumps drugs out of the cell, thereby preventing the accumulation of toxic substances within the cell. Similarly, in cancer cells, the efflux mechanism reduces the concentration of antitumor drugs within cancer cells, thereby protecting the cancer cells (12). It has been reported that the expression of ABC transporter is low in CRC cases, but significantly increased when drug resistance is induced in a variety of CRC cells (13–15).




Figure 1 | ABC transporters active drug efflux and chemotherapy resistance.



Anti-MDR strategies include P- glycoprotein (P-gp) inhibitors, RNA interference, nano-drugs and combination drugs, but these transporter inhibitors have not yet shown definite clinical benefits (16–19). The importance of developing new inhibitors with high efficiency and low side effects is self-evident. Several studies have reported that a variety of TCMs and their active ingredients can effectively inhibit the expression and efflux of transporters, reverse the chemoresistance of CRC, and act as chemical sensitizers while exerting cytotoxic effects. Our previous research found that Gegen Qinlian Decoction can inhibit the expression of ABC transporters in vivo and in vitro, and synergize with Oxaliplatin to treat OXA-resistant CRC, and restore the sensitivity to OXA (20).

Glycyrrhiza uralensis Fisch. inhibited the efflux function of transporter P-gp in a CRC cell model and played a therapeutic role with Aconitum carmichaelii Debeaux, enhancing its efficacy and reducing toxicity (21). The ethanol extract of Scutellaria barbata D. Don enhanced the retention of rhodamine, the substrate of ABC transporter in 5-FU-tolerant CRC cells, leading to the inhibition of cell proliferation and cell apoptosis (22). Cucurbitacin E can inhibit TFAP4/Wnt/β-Catenin signaling, down-regulate the expression of ABCC1 and MDR 1 to increase the chemosensitivity of colorectal cancer cells to 5-FU (23). Quercetin and kaempferol regulated the activity and expression of MRP2, thereby promoting the absorption of drugs in the intestinal tract and inhibiting drug efflux as well as downregulating the expression of ABCB1 (24, 25). Neferine, isolated from lotus seeds, combines with P-gp, and increases the retention of drugs in cancer cells (26). Lignans, a secondary metabolite of Arctium lappa L., regulates the efflux function of P-gp in multidrug-resistant cancer cells (27). Pien Tze Huang, a TCM preparation, decreased the proportion of stem cell-like lateral groups of CRC cells in a dose-dependent manner, affecting the morphology of cancer cells, and the mRNA levels of ABCB1 and ABCG2 (28). Evodiamine inhibits the p50/p65 NF-κB pathway and inhibits ABCG2-mediated oxaliplatin resistance (29). On the basis of homologous protein modeling and molecular docking technology, 837 TCMs were reported to have the potential to inhibit the activity of ABCG2 (30). TCM and its active ingredients have demonstrated a good ability to inhibit ABC transporters, making them favorable candidates for developing new inhibitors.



2.2 DNA damage and repair

DNA damage repair mechanisms include base excision repair (BER), mismatch repair (MMR), and homologous recombination (HR). These mechanisms identify and correct DNA damage caused by multiple factors such as reactive oxygen species (ROS), radiation, and chemicals (31, 32). DNA damage repair, not only removes the damaged cells but also assists in drug resistance (Figure 2) (33, 34).




Figure 2 | Exogenous and endogenous stresses such as radiotherapy and chemotherapy, metabolic reprogramming and ROS cause DNA damage and repair inhibition of CRC cells, which cause chemoresistance by regulating cell death, tumor microenvironment change and drug inactivation.



For example, 5-FU induces a base mismatch in DNA, which is recognized by MMR protein, leading to programmed cell death. Defective MMR prevents cancer cell death. BER recognizes and removes 5-FU in DNA causing drug resistance (7, 35, 36). In addition, nuclear DNA is the main target of platinum-cytotoxic drugs. These drugs covalently bind to DNA to form a Pt-DNA adduct, which damages the normal transcription and replication functions of DNA. This event activates a variety of signal pathways leading to cell apoptosis. Once the process of platinum damaging DNA is inhibited, the tendency of cell apoptosis will get weakened, resulting in drug resistance of the tumor (37–39). The challenges in anti-cancer platinum drugs are avoiding the precise and efficient DNA damage repair mechanisms, such as the HR repair mechanism of DNA double-strand breaks in cells. The mechanism of DNA damage combined with the inhibition of DNA repair results in sensitizing the cancer cells, thereby improving the therapeutic effect.

The use of TCM and prescriptions in DNA damage, the repair of cancer cells by reversing drug resistance, and alleviating the toxic side-effects of chemotherapeutic drugs are well documented (40–42). It has been reported that shikonin from the root of Lithospermum erythrorhizon enhances DNA damage caused by cisplatin by inducing intracellular oxidative stress and mitochondrial activation leading to the inhibition of HCT116 xenograft tumors in nude mice (43). Compound kushen injection led to the inhibition of cell cycle regulatory protein and DNA repair. It also promoted DNA double-strand break and induced cancer cell apoptosis through multiple pathways (44–46). Curcumin is known to regulate the expression of DNA repair-related genes, inhibit tumor growth, promote apoptosis, and enhance the chemosensitivity of MMR-deficient CRC to 5-FU (47–49). Berberine led to the downregulation of RRM1, RRM2, LIG1, and POLE2, participated in DNA repair and replication, and demonstrated the potential to inhibit DNA repair (50). Ginsenoside Rg3 responds to DNA damage by activating the VRK1/P53BP1 pathway, improving the efficiency of chemotherapy, reducing its side effects, and providing a new idea for cancer prevention and treatment (51). Cantharidin works by upregulating KDM4A and catalyzing the demethylation of histone H3K36me3 and inducing DNA damage, which in turn enhances the chemotherapy sensitivity (52). Cytotoxic drugs often result in serious neurotoxicity and other side effects while killing tumor cells, while Silibinin protects against cisplatin-induced neurotoxicity by reducing DNA damage and apoptosis (42, 53, 54).



2.3 Cell death

The programmed cell death pathway is necessary to maintain normal cellular development, which includes apoptosis, necrosis, cell scorch, iron death, and cell death modes related to autophagy and non-programmed necrosis (55, 56). Several studies have validated that apoptosis, autophagy, and other cell death modes are closely related to chemotherapy resistance (Figure 3). Multiple factors such as hunger and chemotherapy cause stress to the cancer cells. The uncontrolled growth of tumor cells leads to increased metabolic demand, which then activates autophagy, leading to the inhibition of tumors by the removal of damaged proteins/organelles (57). The rapid proliferation of cancer cells increases the nutrition and oxygen demand. Throughout treatment, cancer cells are in hypoxia and nutritionally deficient environments. For survival, the cancer cells are significantly dependent on autophagosomes for metabolism. Thus, autophagy fails to inhibit tumor growth, but instead results in chemotherapy resistance, thereby contributing to the development of MDR and protecting cancer cells from the attack of chemotherapy drugs (58–60).




Figure 3 | Tumors keep their sustained growth, metastasis and gain chemoresistance by escaping cell death such as ferroptosis, apoptosis and autophagy etc.



Orderly death is called apoptosis, which is essential in maintaining the internal cell environment. Tumor cells lack the ability of apoptosis (20, 61). Tumor cells adapt to the induction of apoptosis by drugs, which leads to the development of drug resistance. An effective way to overcome drug resistance related to apoptosis of cancer cells is through stimulating and restoring the ability of tumor cells to undergo apoptosis and promoting the death mode independent of apoptosis (62–64).

Ferroptosis is a type of event that involves the accumulation of lipid-ROS (L-ROS) in an iron-dependent manner (65, 66). Glutathione (GSH) depletion inactivates GSH-dependent peroxidase (GPX4). Transferrin containing Fe3+ enters the cell and transforms into Fe2+ to participate in the Fenton reaction. The unsaturated fatty acids, such as arachidonic acid, are metabolized into PE-AA through ACSL4 and LPCAT, which are then oxidized by LOXs, all of which can lead to the accumulation of L-ROS and further ferroptosis of cells (67, 68). The inhibition of ferroptosis can promote the development of tumors, resulting in resistance to several types of chemotherapy (69–71).

Reversing the inhibited cell death mode, developing new cell death modes, and inducing cell death are important means to overcome chemoresistance. Various compounds from TCM have been proven to target a variety of cell death modes and reverse the drug resistance induced by chemotherapy drugs. For instance, the combination of artesunate and autophagy inhibition blocked the protective effect of artesunate-induced autophagy on CRC cells and enhanced the apoptosis induced by artesunate (72). Zuojinwan induced apoptosis of HCT116 cells by the PI3K-Akt-signaling pathway (73). Curcumin upregulates CDX2, thereby inhibiting the Wnt/β-catenin signaling pathway and downregulating the anti-apoptosis signaling. This event ultimately results in reduced cell viability and apoptosis of human colon adenocarcinoma cell SW620 (74–77). Pien Tze Huang inhibits STAT3 and the Notch1 pathways and promotes apoptosis of CRC cells (78, 79). Sanguisorba officinalis L. inhibits the Wnt/β-catenin pathway, downregulates Bcl-2 protein, upregulates pro-apoptotic proteins such as Bax, and inhibits the growth and metastasis of 5-FU-resistant CRC (80). Moreover, cisplatin is a known apoptosis inducer. The combined use of the compound kushen injection and cisplatin enhances cell death of SW480 by inducing exogenous apoptosis (46, 68).

Several studies have reported that Chinese medicinal compounds and their active ingredients are involved in the induction and inhibition of autophagy of cancer cells. Autophagy works by inhibiting tumor growth through the removal of damaged organelles and the induction of autophagy under appropriate conditions. Reynoutria japonica Houtt. extracts induce autophagy and promote the apoptosis of cisplatin-resistant cancer cells (81). A. carmichaelii Debeaux induces apoptosis and autophagy, thereby reversing multidrug resistance (82). The treatment of CRC cells with T33, a compound of Chinese medicine, caused changes in autophagy markers, the activation of autophagy, inhibition of tumor proliferation, and reduction in the transplanted tumor volume (83). At the same time, autophagy is also a protective response to DNA damage after drug treatment (84, 85). The increase in the expression of the autophagy gene enhances the vitality of cancer cells and prevents cancer cells from entering apoptosis (72, 86). Moreover, it exhibits a protective effect on cells, resulting in autophagy-dependent chemotherapy resistance (60). It has been reported that resveratrol and epigallocatechin gallate (EGCG), the active ingredient of green tea, enhanced cell death by blocking the drug-induced protective autophagy flux and demonstrated synergistic anticancer effect, thereby overcoming drug resistance (87–89). Flavonoids from S. baicalensis Georgi inhibited autophagy, promoted cell apoptosis, and exerted anti-CRC activity by regulating the ATF4/sestrin2 pathway (90). Sophora flavescens Aiton extract activated the AMPK/mTOR pathway, increased the autophagy flux of colon cancer, and induced apoptosis (91).

Ferroptosis-assisted reverse chemotherapy resistance can be achieved by regulating the GPX4 pathway, iron metabolism pathway, and lipid metabolism pathway (69, 92). Genome analysis revealed that HMOX1, TP53, and ACSL5 were significantly upregulated in activated ferroptosis. This phenomenon was recorded in Andrographis paniculata-mediated CRC chemical sensitivity to 5-FU (93). Camellia nitidissima C. W. Chi decreased the expression of GPX4 and increased the expression of HMOX1 in vivo and in vitro. It also induced ferroptosis to inhibit CRC progress (94). β-elemene, a zedoary turmeric extract, induced ferroptosis through iron-dependent ROS accumulation, GSH consumption, and upregulation of transferrin. The downregulation of negative regulatory proteins of ferroptosis such as GPX4 and GLS, when combined with cetuximab, sensitized KRAS mutant CRC cells (95). Auriculasin isolated from Flemingia philippinensis promoted ROS production, accumulated intracellular Fe2+, and induced CRC ferroptosis in a concentration-dependent manner (96). MAP30 isolated from Momordica charantia seeds along with cisplatin stimulated cytoplasmic oxidative stress and ROS accumulation, induced ferroptosis, and mediated cancer cell death by increasing intracellular Ca2+, thereby exhibiting effective anticancer and chemoresistance effects (97). Glycyrrhetinic acid nanoparticles increased the ROS level in CRC cells by downregulating GPX4 and enhancing Fe-dependent cytotoxicity to kill CRC cells by Fenton reaction (98).



2.4 Drug inactivation and target changes

5-FU is the cornerstone of first-line CRC therapy. However, clinical resistance to 5-FU and its derivatives remains a challenge in CRC treatment (36) (Figure 4). In vivo, 5-FU is transformed into FU deoxynucleotide (F-duMP) via the OPRT-RR and TP-TK pathways, inhibiting thymidylate synthase (TS), preventing dUMP methylation to dTMP, inhibiting DNA synthesis, and arresting the cell cycle in the S phase (7). Several studies have reported that gene polymorphism and TS upregulation in CRC are closely related to 5-FU tolerance (7, 99, 100). Thymidine phosphorylase (TP) is upregulated in CRC, which has a poor prognosis. Capecitabine is one of the most active oral fluoropyrimidines. Capecitabine has no cytotoxicity as a precursor of 5-FU, and it is activated by TP to become cytotoxic 5-FU; hence, its adverse reactions are mild and manageable (101). Increasing TP expression is required for chemotherapy drugs such as capecitabine to exert an anti-tumor effect. However, TP has significant angiogenic activities and anti-apoptosis properties, which promote tumor growth and metastasis (102, 103). A TP inhibitor eliminates the tumorigenic effect of TP and the activation of capecitabine. The dual nature of TP also affects chemical resistance. TAS-102 is an oral FU preparation composed of trifluoropyridine (TFT) and thymidine phosphorylation inhibitor (TPI) (104). TFT can inhibit TS from hindering DNA synthesis, but it can also induce DNA damage and demonstrate a cytotoxic effect by doping its metabolites into DNA. In addition, a TP inhibitor prevents TFT degradation by TP and ensures the TFT biological activity (105). This unique action mechanism makes it suitable for patients with CRC with 5-FU and OXA resistance, hence it can be employed in the clinical treatment of metastatic CRC (106).




Figure 4 | Oral and injected chemotherapeutic drugs are transformed into cytotoxic compounds after being activated and metabolized by various enzymes in the body. Once the target is changed and the drug is inactivated, CRC cells escape and become resistant to chemotherapy drugs.



5-FU is excreted before getting metabolized to dihydrofluorouracil by dihydropyrimidine dehydrogenase (DPD). A high DPD activity makes 5-FU inactive and tolerant (107, 108). Past studies have demonstrated that using DPD inhibitors to downregulate DPD in CRC and increase 5-FU bioavailability can effectively reverse 5-FU resistance (109). However, the toxicity of 5-FU caused by low DPD activity renders chemotherapy unsustainable (110).

The CYP450 enzyme mediates the inactivation of several anticancer drugs and the activation of precursor drugs. The overexpression of CYP450 subtypes such as CYP3A4 and CYP3A5 in tumor cells renders chemotherapy drugs, such as irinotecan, ineffective, resulting in chemical resistance (111, 112). CYP1A2 and CYP2A6 were significantly upregulated in 5-FU-resistant CRC cells, while the combination of CYP450 inhibitors restored 5-FU cytotoxicity (113).

GSH-transferase (GST) catalyzes the combination of drugs with GSH and excretes it via bile/urine, causing it to detoxify and inactivate, thereby reducing the efficacy of chemotherapy drugs (7). GST overexpression and gene polymorphism are linked to cancer progression and resistance to chemotherapeutic drugs such as OXA (114, 115). Its inhibitor should therefore be administered to boost chemotherapy’s curative effect and alleviate drug resistance.

The overexpression of TS desensitizes CRC to 5-FU drugs, and the overexpression of drug metabolic enzymes such as the CYP450 enzyme inactivates chemotherapeutic drug metabolism, allowing tumor cells to escape. Inhibiting drug target upregulation and lowering drug metabolic inactivation are essential approaches to increase chemotherapeutic sensitivity. Anti-tumor active ingredients derived from traditional Chinese medicinal plants and animals are gaining popularity. By inhibiting TS, formula HQGGT enhanced the toxic effect of 5-FU on 5-FU-resistant CRC cells and decreased tumor growth in vivo (116). Venenum bufonis extract degrades TS by the proteasome to limit TS expression, induce DNA damage, and hinder tumor cell proliferation (117). The expression of drug resistance-related genes TS and DPD in CRC cells was significantly downregulated after treatment with the formula GCFF, and 5-FU cooperated with the inhibition of cancer cell proliferation (118). Coptidis rhizoma extract can be utilized as an adjuvant to assist 5-FU in significantly inhibiting TS activity overexpressed in HCT116/R cells (119). Apigenin inhibited the TS expression and activity in 5-FU-resistant HCT116 cells as well as improved the 5-FU’s therapeutic efficacy on CRC (100). Emodin exists in a variety of herbs. It has been reported that emodin may raise the expression of TP mRNA and protein in cancer cells treated with capecitabine, enhancing capecitabine activation, and downregulating Rad51 and ERCC1, as well as cooperating with capecitabine-induced cytotoxicity (120). S. baicalensis Georgi, S. flavescens, and Schisandra chinensis (Turcz.) Baill. extracts significantly inhibited cytochrome P450 subtype activity in human liver microsomes (121–124). Curcumae rhizoma and Arisaematis Rhizoma Preparatum are two Chinese medicinal plants that have considerate inhibitory effects on CYP3A4 (125).



2.5 Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) is a reversible process in which polar epithelial cells lose the adhesion polarity of the basement membrane and the ability of the tight junction and cell adhesion due to the action of some factors, transforming the cells into mesenchymal cells that are capable of infiltration and migration (126). EMT in several physiological and pathological processes including wound healing, nerve development, and cancer cell metastasis. EMT is involved in several signaling pathways, which include the Notch, Wnt, and TGF-β signaling pathways (127).The changes in epithelial gene markers like E-cadherin and ZO-1 as well as mesenchymal gene markers such as N-cadherin indicate the occurrence of EMT. In recent years, the relationship between EMT and MDR has grown stronger (Figure 5). It was found that silencing the E-cadherin expression altered the chemoresistance of various CRC cell lines to irinotecan and oxaliplatin (128). EMT induced by the hERG1 ion channel reduces cancer cell sensitivity to cisplatin (129). BMAL1 knockdown increases the expression of epithelial markers in CRC cell lines while decreasing the expression of mesenchymal markers, maintains the balance between epithelium and mesenchymal, stabilizes cancer cells in the epithelial characteristic state, inhibits EMT, and reduces the chemical resistance of colon cancer cells (130). Inhibiting the Wnt signaling pathway delays the progress of EMT and reverses CRC chemical resistance to 5-FU (41). The EMT-induced protein ZEB2 promotes oxaliplatin resistance in CRC by activating the nucleotide excision repair genes ERCC1 and ERCC4 (131).




Figure 5 | A variety of signal pathways regulate EMT-related transcription factors and downstream related pathways. EMT and crosstalk with TME, DNA damage repair and so on cause CRC resistance.



Cancer chemoresistance is frequently accompanied by EMT, which generates chemical resistance either directly or indirectly, although the mechanism by which EMT drives chemoresistance remains elusive. EMT-mediated chemoresistance is closely related to ABC transporter, tumor microenvironment, and cancer stem cells (CSC). The ABC transporter gene promoter contains the binding sites for EMT transcription factors such as Snail and ZEB. The overexpression of these sites increases the transporter promoter activity in cancer cells, resulting in transporter overexpression and drug efflux (132). EMT cells contain stem cell-like characteristics similar to CSCs in signal pathways and chemoresistance phenotype (133). The FBXW7-ZEB2 axis connects EMT with the tumor microenvironment to promote stem cells and CRC chemoresistance (134). Cancer-associated fibroblasts (CAFs) in the tumor microenvironment can activate Wnt/β-catenin and promote CRC stemness and 5-FU/L-OHP resistance by secreting exosome miR-92a-3p and transferring it into CRC cells (135). Although it is unclear how EMT contributes to chemoresistance, it is evident that inhibiting EMT is an effective measure to reverse chemoresistance and inhibit tumor growth and metastasis.

TCM and its extracts have had a robust response in this regard. Curcumin can reverse 5-FU resistance in CRC cells by regulating the TET1-NKD-Wnt signaling pathway and inhibiting EMT progression, as well as inhibiting the TGF-β/Smad2/3 signaling pathway and reversing OXA resistance in CRC (136, 137). Curcumin can also sensitize 5-FU-resistant cells by upregulating EMT inhibitory miRNA and downregulating BMI1 and other EMT genes (138). Cinnamaldehyde, derived from Cinnamomum cassia, can inhibit the Wnt/β-catenin pathway induced by hypoxia in conjunction with oxaliplatin, reverse EMT and CRC cells dryness, and improve CRC sensitivity to OXA (139). S. officinalis L. blocked the Wnt pathway, which inhibited the proliferation and metastasis of 5-FU-resistant CRC by downregulating N-cadherin, vimentin, and snail protein and upregulating E-cadherin (80). Danshensu inhibits platelet-induced EMT transformation and chemoresistance in CRC cells (140). Jiedu Sangen Decoction inhibits the AKT/GSK-3β signaling pathway, thereby reversing EMT (141, 142). Resveratrol strongly inhibited the formation of EMT and CSC induced by TNF-β, downregulated cancer-promoting factors such as vimentin and slug, upregulated E-cadherin and claudin-2, increased the tight junction and cell adhesion, inhibited NF-κB activation, and increased 5-FU sensitivity in 5-FU-resistant CRC (143, 144). Resveratrol can also inhibit the EMT progression in LoVo cells via the TGF-β1/Smads pathway (145). Quercetin inhibits TGF-β1-induced EMT by inhibiting Twist1 and regulating E-cadherin (146). β-element combined with cetuximab promoted the epithelial marker expression, decreased mesenchymal gene marker expression, inhibited EMT, re-sensitized KRAS mutant CRC cells against EGFR antibody therapy, and inhibited cancer cell migration (95). By promoting the miR-134 expression, astragaloside IV could downregulate the CREB1 signaling pathway, inhibit EMT, and increase the sensitivity of CRC to OXA (147).



2.6 Tumor microenvironment

The mechanism of the tumor microenvironment (TME) in the MDR phenotype is becoming clearer. TME is an extremely complex ecosystem composed of tumor-associated macrophages (TAM), immune cells, cancer-associated fibroblasts (CAFs), and other non-cellular components such as secretory products and extracellular matrix (148). The cells and molecules in the tumor microenvironment can be exploited to maintain tumor immunosuppression and to promote immune escape, invasion, and treatment resistance. Cell components enhance tumor drug resistance by recruiting and secreting a variety of protective cytokines; non-cellular components, such as extracellular matrix (ECM) and hypoxia, can mediate drug resistance by building physical barriers and affecting tumor cell growth and metabolism (149–151). TAM secretes IL-6 and MFG-E8, respectively, activates the IL-6R/STAT3 and Hedgehog pathways, induces CSCs, and shields CSCs from the cytotoxic effects of 5-FU and cisplatin, resulting in treatment resistance and recurrence (152–154). CAFs transfer exosomes miR-92a-3p and lncRNA H19 into CRC cells, activate Wnt/β-catenin, mediate EMT, and promote CRC stemness and 5-FU/OXA resistance (135, 155). The hypoxic HOTAIR/miR-1277-5p/ZEB1 axis mediated oxaliplatin resistance in CRC (156, 157). Hypoxia can also interact with other mechanisms, such as activating cytochrome P450 subtype CYP3A6 and accelerating drug metabolism; it can also induce ABC transporter upregulation and promote drug efflux (158). Drugs’ effects are opposed and limited due to the intricacy of the tumor microenvironment. The therapeutic scheme targeting tumor microenvironment is becoming one of the most promising anti-cancer strategies in the future as our understanding of it grows (Figure 6).




Figure 6 | Tumor microenvironment in chemoresistant CRC. Extracellular matrix acts as a physical barrier to prevent drugs from entering. The microenvironment of the formation of new blood vessels, hypoxia and acidification contributes to chemoresistance. Cancer-associated fibroblasts (CAFs) and cancer stem cells (CSCs) promote tumor by secreting tumor growth factors and exosomes. Immune cells acquire immunosuppressive phenotype to make the tumor escape.



TCM has been proven in studies to regulate TME-related molecular mechanisms and serve an anti-tumor role (157). Curcumin can enhance the FOLFOX’s cytotoxic effect on colon cancer by regulating EGFR and IGF-1R (159). Formula PHY906 can increase CPT-11’s anti-tumor activity by reducing neutrophil or macrophage infiltration, TNF-α expression, and pro-inflammatory cytokine concentrations, inhibiting NF-κB and lowering irinotecan (CPT-11)’s gastrointestinal toxicity (160). Gegen Qinlian Decoction combined with PD-1 inhibitor could significantly increase CD8+T cells in the peripheral blood and tumor tissues, reshaped the tumor microenvironment, inhibited immune checkpoint, and effectively restored the T cell functions (161). Ginsenosides can regulate the quantity and function of bone marrow immunosuppressive agents, enhance the body’s anti-cancer ability, and inhibit cancer cell growth, metastasis, and recurrence in a tumor microenvironment (162). When CRC cells are in the hypoxia microenvironment, tanshinone IIA inhibits angiogenesis by targeting TGF-β1 and inhibiting the HIF-1α/β-Catenin/VEGF pathway (163). Resveratrol inhibits tumor stem cell-like phenotype induced by TNF-β and increases chemotherapy sensitivity (144). Pien Tze Huang inhibited the Notch1 pathway in vivo to negatively regulate CSCs characteristics, prevent spheroid formation, and diminish tumorigenicity (78). The water extract of Huaier can inhibit the proliferation of CRC stem cells by downregulating the Wnt/β-catenin pathway (164). Berberine, an immunological checkpoint inhibitor, can enhance the immunity of tumor-infiltrating T cells, activate regulatory T cells, and diminish immunosuppressive myeloid-derived suppressor cells (MDSC) (165). Andrographolide, in combination with a PD-1 inhibitor, improved the function of CD4 and CD8 T cells, affected the expression of T cell-related markers, and inhibited the growth of CRC (166). Gallic acid combined with anti-PD-1 antibody can block PD-L1/PD-1 signal transduction, downregulate Foxp3 stability, inhibit regulatory T cells, promote CD8 T cells to secrete IFN-γ, and limit CRC (167). Nano-drugs containing ursolic acid and lentinan can destroy immunogenic cells, promote dendritic cell maturation, repolarize TAM into anti-tumor M1 type, reshape immunosuppressive TME, and render it sensitive to immunotherapy (168).



2.7 Epigenetic modifications

Despite the continuous development of treatment modalities, chemoresistance remains the most significant barrier to the curative treatment of various cancers, while epigenetics modification also plays a key role in the occurrence and development of chemotherapy resistance in tumors (Figure 7). Epigenetic modification influences cancer cell proliferation, metabolism, and metastasis, leading to anti-cancer drug resistance (169, 170). Histone alteration, such as methylation and deacetylation, interferes with the efficacy of drugs by regulating the expression of multidrug efflux transporters, drug-metabolizing enzymes, and drug targets (171–178). In addition, by regulating DNA damage repair, cancer stem cells, and tumor microenvironment, epigenetic modification protects cells against drug-mediated cell death (179–181). Currently, the emergence of several epigenetic inhibitors, such as DNA methyltransferase inhibitors and histone methyltransferase inhibitors, may make epigenetics a viable treatment strategy for reversing CRC drug resistance. When compared to traditional chemotherapy drugs, epigenetics drugs offer certain hope, although several problems still need to be addressed. DNMT inhibitors azacytidine and decitabine can cause bone marrow suppression and trigger gastrointestinal reactions (182). The performance of natural compounds in inhibiting epigenetic changes attracts people’s attention.




Figure 7 | The role of epigenetic modification in chemoresistant CRC. DNA methylation, RNA methylation, histone methylation, deacetylation, etc., lead to CRC chemoesistance by promoting drug efflux, changing drug metabolism and cell death and other ways.



Curcumin has several epigenetic inhibitory activities. In vivo and in vitro, it can suppress the activity and expression of histone deacetylases in CRC, and reactivate the tumor suppressor gene RARβ (183, 184). Curcumin can be utilized to inhibit DNA methyltransferase, demethylate DNA, reverse decitabine tolerance in CRC (185). The combination of emodin and decitabine can significantly increase DNMT1 and DNMT3a expressions, improve the demethylation of tumor suppressor genes P16, RASSF1A, and ppENK, and play an anti-cancer role (186). Cinnamic acid derivatives inhibit histone deacetylase, which causes CRC cell death (187). Berberine lowered m6A via inhibiting β-catenin and increased FTO expression, which suppressed the stemness and tumorigenicity of CSCs in CRC (188). BBR binds to CSN5, blocking its ubiquitination activity, causing PD-L1 to be ubiquitinated and degraded, and preventing cancer cells from passing through immune checkpoints (165). Aidi injection inhibits ubiquitin-proteasome system activity, diminishes cytotoxic protein degradation, and targets mitochondrial apoptosis (189). TCM can target epigenetic modification, transform CRC into a therapeutic response, and prevent or overcome chemoresistance.



2.8 Other mechanisms

Tumor metabolic abnormalities are considered the new hallmark of cancer therapy (190). Metabolic reprogramming, which involves lipid metabolism, oxidative stress, mitochondrial metabolism, and glycolysis, is significant in cancer chemoresistance (191–194). Chemoresistance mediated by tumor metabolic changes is closely related to TME and epigenetic modifications. The high expression of the methylated protein YTHDF1 promotes the high expression and activity of transglutaminase 1, resulting in CRC’s tolerance to cisplatin (177). The methylation of histone causes glutamine synthetase (GS) to be upregulated in adipocytes, and the resultant rise in the glutamine level is a potential resistance mechanism in patients with CRC to 5-FU (195). HIF-1α-induced glucose metabolism reprogramming confers 5-FU resistance to CRC cells (196). The application of drugs and small molecular compounds targeting the abnormal metabolism of tumors plays a decisive role in reversing the tolerance of traditional chemotherapy drugs and inhibiting the growth of tumors, which is the future of cancer treatment.

TCM, as an alternative and complementary medicine, has also demonstrated exceptional efficacy in regulating abnormal tumor metabolism. Moreover, natural compounds have fewer side effects while inhibiting the growth of cancer cells. By downregulating HIF-1α, Worenine and Matrine could reverse the Warburg effect and inhibit the growth of CRC cells (197, 198). Kaempferol upregulates miR-326-hnRNPA1, inhibits glycolysis mediated by PKM2, and reverses tolerance to 5-Fu in CRC (199). Jiedu Sangen decoction inhibits glycolysis in CRC by regulating the PI3K/AKT/HIF-1α signaling pathway and restoring 5-FU sensitivity (200). RA-XII is extracted from Rubia yunnanensis Diels and it inhibits CRC by inhibiting fatty acid synthesis (201).

The role of microbes in regulating drug metabolism is becoming increasingly clear with time. It is also established that microbes play an important role in cancer development and treatment resistance. UroA, a microbial metabolite, can inhibit ABC transporters by regulating the FOXO3-FOXM1 axis and sensitizing 5-FU-resistant CRC (202). Lactobacillus plantarum metabolites restored SMCT1 expression and function in 5-FU-resistant CRC cells, overcoming the double resistance of 5-FU and butyrate (203). The impairment of TGF-β signaling creates an intestinal flora imbalance and CRC resistance to 5-FU (204). Fusobacterium nucleatum promotes non-CSC lipid accumulation in CRC to achieve CSC characteristics, decreases lipid accumulation in CSC to allow it to self-renew, activates autophagy, and induces chemical resistance in CRC (205, 206). The intestinal flora can regulate the anticancer activity of oxaliplatin and cyclophosphamide and induce T-cell reaction and ROS production (207). The role of intestinal flora in chemical resistance is multifaceted, making it the guardian as well as the enemy.

Chinese herbal medicine is closely related to intestinal bacteria and plays a key role in cancer therapy. TCM influences the composition of intestinal flora, whereas intestinal microbes influence the metabolism of Chinese herbal medicines’ active compounds. This interdependent relationship offers fresh possibilities for cancer treatment. Berberine has been demonstrated to inhibit Fusobacterium nucleatum, regulate intestinal flora composition, relieve immunosuppression, and inhibit CRC (208, 209). Wu pill can help prevent colitis-related CRC by regulating the intestinal microbiota (210). However, ferulic acid needs to be metabolized by intestinal flora, and its product has stronger anti-cancer activity than its mother, which is used to treat chemical resistance CRC (211). Yi-Yi-Fu-Zi-Bai-Jiang-San has no direct inhibitory effect on CRC, but it significantly improves the intestinal bacteria composition and tumor immune infiltration of CRC tumor-bearing mice and inhibits the tumor growth after fecal bacteria transplantation treatment with the intestinal flora regulated by this compound (212).




3 Discussion

Enhancing treatment sensitivity or overcoming chemoresistance is a pressing issue in the field of cancer. Several studies have reported that TCM participates in inhibiting tumor growth and metastasis, improving tumor microenvironment, regulating cell death, inhibiting CRC progression, increasing the response of drug-resistant CRC to drug treatment, reducing toxic and side effects, improving prognosis, prolonging patient survival time (Table 1). TCM’s auxiliary sensitizing effect on chemotherapy sensitivity is becoming increasingly essential and evident. TCM used in combination with anticancer drugs can increase anticancer drug intracellular accumulation, prevent the original drug tolerance mechanism or mediate a new cell death mechanism, modify the tumor microenvironment, relieve the immunosuppression, erase methylation, and other reversible modifications. We thus believe that TCM has a promising future as an alternative and complementary therapy for clinical cancer treatment, whether used alone or as a sensitizer to other anticancer drugs.


Table 1 | The main mechanisms of TCM to increase the sensitivity of chemical drugs.



However, the components of TCM and compound prescription are complex, and it is difficult to fully clarify its mechanism. Different from TCM, modern medicine mainly starts from the occurrence and development of cancer in the treatment of cancer, and the treatment mechanism and targeted path are clear. A variety of targeted inhibitors or small molecule drugs have been developed to overcome the chemical resistance of traditional chemotherapy drugs, such as ABC transports inhibitors, iron death inducers, autophagy inhibitors, DNA methylation inhibitors, histone deacetylase inhibitors, etc., and corresponding clinical trials have been carried out. Although these targeted preparations have shown some promising clinical results, their side effects that cannot be ignored also limit their real clinical application. ABC transports has not been approved for the treatment of malignant tumors due to its non-targeted selective inhibition and individual differences (213). The stability and dosage of epigenetic drugs also make their effects in solid tumors need to be improved (214). Under the development trend of precision medicine,TCM’s effective components have become the research focus for Chinese medicine combined with chemotherapy to reverse MDR. Presently, most TCM research on active compounds for reversing CRC MDR is mostly concentrated in flavonoids and phenols, with the greatest study in CRC in combination with traditional drugs (215). In reversing CRC multidrug resistance, Chinese medicine and its active ingredients offer both considerable potential and controversy. Different from the precise targeting characteristics of modern medicine, TCM has the characteristics of multi-component, multi-target and multi-stage in nature. For example, curcumin can inhibit DNA damage repair, inhibit EMT, down-regulate the expression and activity of HDAC and cooperate with DNA demethylation of azacytidine to reverse the resistance of decitabine and 5-FU. This feature also makes it difficult for TCM to create secondary drug resistance or even multi-drug resistance. However, because of the complex components and numerous targets of TCM and compound prescription, as well as the thinking theory and compatibility of dialectical administration in TCM theory, it is difficult to specify the exact method. Presently, the research on compound prescription is limited to a single component and mechanism and is primarily concentrated in a single extract, which does not reflect the TCM’s theory of syndrome differentiation and treatment, and the principle of compatibility among the monarch, minister assistant, and guide. Some scholars studied the optimal proportion of the main active ingredients of Aidi injection, namely cantharidin, calycosin-7-O-β-D-glucoside, ginsenoside Rc, and ginsenoside Rd, and discovered that the latter three can inhibit the degradation of cytotoxic proteins by inhibiting the activity of the ubiquitin-proteasome system, which is enhanced by cantharidin. Synergistic cantharidin can activate PP2A, activate mitochondrial apoptosis, and promote CRC cell death (189). This report fully demonstrates the scientific nature of the compatibility theory of TCM. The reasonable compatibility of TCM is also the subject of TCM modernization research. TCM research as a chemical sensitizer mainly focuses on cell and animal experiments or is based on in vitro research. Although several clinical trials of TCM for CRC have been conducted, there is still a lack of evident clinical randomized controlled trials, and it has not yet become the first line of clinical medication. Weak absorption, low solubility, bioavailability, and unknown side effects have always limited the development of TCM’s global expansion. However, with the development of nanotechnologies, such as liposomes, nanoparticles, and bionic drug delivery systems, the abovementioned defects of active ingredients of TCM have gradually been addressed (216–219). It is critical to accelerate the transformation of TCM experimental research findings into clinical applications by conducting evidence-based medicine and component research to assess efficacy and safety. Currently, the establishment of the State Key Laboratory of Traditional Chinese Medicine Components and its component bank and the Food and Drug Administration’s approval of clinical TCM research have all accelerated the pace of modern TCM research and development.



4 Conclusion and perspective

With an increasing incidence rate of CRC morbidity and mortality, the concerns related to CRC treatment include improving drug sensitivity and reversing chemoresistance. TCM can work in conjunction with anticancer medications to lessen side effects and boost effectiveness, boost intracellular anticancer drug accumulation, block initial drug tolerance, mediate cell death, enhance tumor microenvironment, relieve immunosuppression, erase methylation and other reversible modifications, and produce significant anticancer efficacy. TCM has shown great advantages in the process of increasing chemotherapy sensitivity with its multi-component, multi-target and multi-stage treatment characteristics different from modern medicine. We believe TCM has a promising future as an alternative and complementary therapy for clinical CRC treatment in developing new sensitizers to other anticancer drugs.
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Despite the high mutation frequencies of KRAS, NRAS, and BRAF in colorectal cancer (CRC), there are no effective and reliable inhibitors for these biomarkers. Protocadherin-7 (PCDH7) is regarded as a potentially targetable surface molecule in cancer cells and plays an important role in their proliferation, metastasis, and drug resistance. However, the roles and underlying mechanisms of PCDH7 in CRC remain unclear. In the current study, we found that different colorectal cancer cells expressed PCDH7 over a wide range. The levels of PCDH7 expression were positively associated with cell proliferation and drug resistance in CRC cells but negatively correlated with the potential for cell migration and invasion. Our data indicated that PCDH7 mediated the resistance of CRC cells to ABT-263 (a small-molecule Bcl-2 inhibitor that induces apoptosis) by inhibiting cell apoptosis, which was supported by the downregulation of caspase-3, caspase-9, and PARP cleavage. We found that PCDH7 effectively promoted Mcl-1 expression at both mRNA and protein levels. Furthermore, PCDH7 activated the Wnt signaling pathway, which was confirmed by the increase in β-catenin and c-Myc expression. Finally, and notably, S63845, a novel Mcl-1 inhibitor, not only effectively attenuated the inhibitory effect of PCDH7 on cell apoptosis induced by ABT-263 in vitro but also sensitized PCDH7-overexpressed CRC cell-derived xenografts to ABT-263 in vivo. Taken together, although PCDH7 inhibited the migration and invasion of CRC cells, it could facilitate the development of drug resistance in colorectal cancer cells by positively modulating Mcl-1 expression. The application of the Mcl-1 inhibitor S63845 could be a potential strategy for CRC chemotherapy, especially in CRC with high levels of PCDH7.
Keywords: protocadherin-7, Mcl-1, chemoresistance, Wnt/beta-catenin, colorectal cancer
1 INTRODUCTION
Colorectal cancer (CRC) is one of the most lethal malignancies worldwide (Bray et al., 2018). In the United States, CRC has been the second-most common cause of cancer-related death for years because of the aging population and dietary habits (Siegel et al., 2020).
Although apparent declining trends in the incidence and mortality in the older population in high-income countries seem to be from a nationwide screening program and the wide application of colonoscopy in general (Connell et al., 2017), the rapid increase in both CRC incidence and mortality is ongoing in several developing countries, particularly in Eastern Europe, Asia, and South America (Dekker et al., 2019). Thus far, surgery is still the cornerstone of colorectal cancer treatment, and the combination of chemotherapy and molecular targeted therapy gradually contributes significantly to the improvement of patients’ overall survival and quality of life (Kopetz, 2019). Numerous studies have demonstrated that overexpression of EGFR and alteration of signaling pathways could trigger and/or accelerate the progression of CRC, which assists in the treatment against EGFR using monoclonal antibodies (e.g., cetuximab and panitumumab) in CRC-targeted therapies. Although high mutation frequencies of KRAS, NRAS, and BRAF are present in CRC, there are no effective and reliable inhibitors of these biomarkers. Monotherapy with a BRAF inhibitor only yields a response in approximately 5% of CRC patients with the BRAFV600E mutation, which is one of the prominent mutations in approximately 10% of CRC patients (Venderbosch et al., 2014). RAS (including KRAS and NRAS) inhibitors have also been investigated for decades and, unfortunately, are still so elusive that RAS is charted as an undruggable target (Moore et al., 2020). Therefore, discovery of the underlying molecular mechanisms facilitating the development and metastatic progression of CRC would benefit the exploration of novel therapeutic targets.
Protocadherin-7 (PCDH7) belongs to the protocadherin family and was first found to be prominently expressed in brain tissue (Yoshida et al., 1998). Recently, it has been demonstrated that PCDH7 can regulate osteoclastogenesis by promoting cell–cell fusion and maintenance of bone homeostasis (Kim et al., 2020). Furthermore, PCDH7 has multiple biological functions in various cancers. PCDH7 was identified as one of the top-ranking genes associated with breast cancer metastasis to the brain. Reduction of PCDH7 in the metastatic breast cancer cell line MDA-MB-231 effectively inhibits cell proliferation, migration, and invasion in vitro (Li et al., 2013). In lung cancer, the enforced PCDH7 expression significantly accelerates lung tumorigenesis in mice harboring the KrasG12D mutation and potentiates MAPK pathway activation (Zhou et al., 2017; Zhou et al., 2019). In contrast to the promotive effects of PCDH7 in breast and lung cancer, downregulated PCDH7 correlates with advanced grade, larger tumor size, and poorer overall survival in bladder cancer and gastric cancer patients (Lin et al., 2016; Chen et al., 2017).
In the present study, we found that PCDH7 conferred higher cell proliferation potential and stronger chemoresistance in colorectal cancer cells both in vitro and in vivo by promoting MCL-1 expression. Our data provide novel insights into the underlying mechanism of the functions of PCDH7 in CRC progression, which might also help us in developing a new therapeutic strategy for CRC by targeting this molecule.
2 METHODS AND MATERIALS
2.1 Bioinformatics analysis of PCDH7 in colorectal cancer
Sequencing data of colorectal cancer in the TCGA database were downloaded. The correlation between PCDH7 expression and its clinical parameters in CRC patients was analyzed using two-sample t-test.
2.2 Cell lines and cell cultures
The colorectal cancer cell lines in this study, including LS411N (colorectal carcinoma), DLD1 (colon adenocarcinoma), RKO (colon carcinoma), HCT116 (colon adenocarcinoma), SW620 (Caucasian colon adenocarcinoma), HT29 (Caucasian colon adenocarcinoma), and SW480 (colon adenocarcinoma), were purchased from American Type Culture Collection (ATCC), and all cell lines are KRAS mutants. All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (FBS) (HyClone), 1% penicillin (100 units/mL), and streptomycin (100 μg/mL) (Sigma). These cells were placed in a cell culture incubator supplied with 5% CO2, maintained at 37°C, and passaged at ≥80% confluence by trypsinization (Gibco). All experiments were performed when the cells were in the logarithmic growth phase.
2.3 Western blotting and the antibodies
Cells were lysed with RIPA buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA (pH 8.0), 0.1% Triton-X 100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 1% protease inhibitor (Sigma). The lysate was incubated on ice for 10 min, the supernatant was collected after centrifugation at high speed, and the cell lysate was prepared with 2× SDS loading buffer after denaturation. Gel electrophoresis was performed on an 8%–15% gradient acrylamide gel to separate the proteins, which were then transferred onto a PVDF membrane (Millipore). After blocking with 5% fat-free milk in PBST for 2 h at room temperature, the PVDF membranes were incubated with the corresponding primary antibodies at 4°C overnight. The predicted proteins were detected using the corresponding secondary antibody-conjugated HRP. Protein bands were detected using an ECL chemiluminescence reaction kit (Thermo Fisher Scientific). ImageJ software was used for quantitative analysis.
Antibodies for immunoblotting included anti-PCDH7 (Santa Cruz, sc-517042, 1:500), anti-PARP (CST, 9532S, 1:1,000), anti-caspase 9 (CST, 9502, 1:1,000), anti-caspase 3 (CST, 9668, 1:1,000), anti-Mcl-1 (CST, 5453, 1:1,000), anti-β-catenin (CST, 8480, 1:1,000), anti-p-GSK-3β (CST, 9421, 1:1,000), anti-c-Myc (CST, 5605, 1:1,000), and mouse anti-β-actin (Sigma, A5441) diluted at 1:5,000.
2.4 Generation of PCDH7 knockdown cell lines and PCDH7 overexpression cell lines
PCDH7-siRNAs were purchased from GemmaPharma Bio. (Shanghai, China), and the human PCDH7 overexpression plasmid was purchased from Molecular Detection Bio (Hangzhou, China). The plasmid sequences were verified by sequencing. Transfection of siRNA or the PCDH7 overexpression plasmid was performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocol. Prior to transfection, the cells were seeded into 6-well plates at appropriate densities and cultured for 24 h in a complete medium. For PCDH7 cells stably overexpressing LS411N for animal experiments, G418 was used for cell selection. Cells were collected in the experiments designed to perform the corresponding experiments. The efficiency of overexpression or knockdown was evaluated by Western blotting of transfected cells after 48 h of transfection.
2.5 MTT assay
Cell proliferation was evaluated using the Cell Proliferation Kit I (MTT) (Roche) according to the manufacturer’s protocol. Briefly, different colorectal cancer cells overexpressing PCDH7 or PCDH7 knockdown were collected 24 h after transfection, seeded into 96-well plates at an appropriate density (3 × 103/well), and cultured overnight to allow cell adherence. At the indicated time points, the corresponding cells were treated with 50 μL MTT reagent (final concentration 0.5 mg/mL) and incubated at 37°C for up to 4 h, followed by the addition of 150 μL of DMSO. Cell viability was checked by measuring the absorbance at 570 nm using a microplate reader (Molecular Devices).
For cytotoxicity detection, cancer cells were seeded into 96-well plates at a suitable density and treated with the indicated concentrations of ABT-263 or cisplatin for 24 and 48 h prior to performing the MTT assay. ABT-263 was diluted in DMSO to prepare the mother solution at 100 mg/mL and then diluted into the actual working concentration with the culture medium. Cisplatin was diluted in DMSO to prepare the mother solution at 5 mg/mL and then diluted into the actual working concentration with the culture medium.
Cell proliferation rate % = (experimental group OD value−0 day OD value)/(control group OD value−0 day OD value) * 100%; cell relative survival rate % = experimental group OD value/control group OD value * 100%
2.6 Cell migration and invasion assays
Chambers (8-mm pore, BD Falcon, BD Biosciences) with or without Matrigel (BD Biosciences) were used to investigate invasion and migration, respectively. Colorectal cancer cells were suspended in a serum-free medium and seeded into the chambers. These chambers were then placed in 24-well plates filled with 600 μL of the medium containing 20% FBS as an attractant. After 24 h of incubation at 37°C with 5% CO2, the cells on the upper side were removed, and the migrated or invaded cells on the underside of the membrane were fixed and stained with 0.1% crystal violet for 30 min at 37°C. After washing twice with PBS, cells on the lower membrane were counted in three independent areas.
2.7 Apoptosis detection by flow cytometry
Apoptosis detection was performed using the FITC Annexin V Apoptosis Kit (eBioscience), according to the manufacturer’s instructions. Briefly, the treated colorectal cancer cells were collected, and 1 × 106 cells were resuspended in 500 μL 1× binding buffer containing 5 μL FITC-labeled Annexin V and 5 μL PI solution. The cells were gently vortexed and incubated for 15 min at room temperature in the dark, followed by flow cytometry (BD, Fortessa). The proportion of apoptosis refers to the sum of Annexin V-positive cells.
2.8 RNA isolation and qPCR
Total cellular RNA was extracted using TRIzol reagent (Invitrogen), according to the manufacturer’s instructions. cDNA was synthesized using total RNA as a template and Promega M-MLV reverse transcriptase. Real-time PCR was performed on an ABI 7500 Fast Real-Time PCR system (Applied Bioscience) with Power SYBR Green PCR Master Mix (Applied Biosystems), according to the manufacturer’s instructions. Primers used were as follows: Mcl-1, forward primer 5′-AAA​GCC​TGT​CTG​CCA​AAT-3′; reverse primer 5′-TTA​GAC​CAC​CTG​CCT​CCT-3′; β-actin, forward primer 5′-ACACCCCAGCCAT GTACGTT-3′; reverse primer 5′-TCACCGGA GTCCATCACGAT-3′. The specificity of these primers was determined using a melting curve. The relative expression of the genes was analyzed using the 2-△△CT method, and β-actin was used as a control.
2.9 Tumor growth inhibition in vivo
Four-week-old female athymic BALB/c mice were subcutaneously injected with 5 × 106 LS411N cells. After a solid tumor formed and grew to approximately 80–100 mm3, the tumor-bearing mice were randomized into four groups of four mice each. Control mice were intravenously administered with saline. The treatment groups were injected intravenously with S63845 (5 mg/kg body weight) alone or ABT-263 (50 mg/kg for each mouse) orally, alone or in combination once every 2 days for 12 days. All animal experiments were approved by the Animal Experimentation Ethics Committee of Zhejiang University.
2.10 Statistical analyses
All data are expressed as mean ± standard deviation (mean ± SD). Data analysis was performed using GraphPad Prism 7. All experiments were repeated thrice. Differences between groups were analyzed using the paired Student’s t-test. p < 0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 The clinical significance of PCDH7 in colorectal cancer and its basic expression in colorectal cancer cells
We first analyzed the correlation between PP4R1 expression and the clinical pathological features in 440 patients with colorectal cancer. As shown in Table 1, significant associations were obtained between PCDH7 expression and age (p = 0.007), T classification (p = 0.001), N classification (p = 0.003), and stage (p = 0.004). To investigate the potential functions of PCDH7 in colorectal cancer, we initially used Western blotting to detect the abundance of PCDH7 in different colorectal tumor cell lines, including LS411N, DLD1, RKO, HCT116, SW620, HT29, and SW480. Our data indicated that DLD1 and RKO cells expressed the highest levels of PCDH7 protein. Moderate levels of the protein were observed in SW620 and SW480 cells, whereas relatively low levels of the protein were expressed in LS411N, HCT116, and HT29 cells (Figure 1A). To characterize the potential effects of PCDH7 on colorectal cancer, we successfully induced the expression of PCDH7 in SW480, HT29, HCT116, LS411N, and SW620 cells using an overexpression plasmid, while decreasing PCDH7 expression in DLD1 and RKO cells by transfection with a siRNA against PCDH7 (Figure 1B).
TABLE 1 | Association between PCDH7 expression and clinical pathological features in colorectal cancer patients.
[image: Table 1][image: Figure 1]FIGURE 1 | Expression of PCDH7 in colorectal cancer cell lines. (A) Expressions of PCDH7 protein were examined in LS411N, DLD1, RKO, HCT116, SW620, HT29, and SW480 using Western blot assay. (B) Overexpression of PCDH7 in SW480, HT29, HCT116, LS411N, and SW620 cells transfected with the overexpression plasmid for 24 h and the silencing of PCDH7 in DLD1 and RKO cells by siRNA transfection for 24 h were verified by Western blot assays. Data are presented as mean ± SD for three separate experiments. **p < 0.01 vs. control.
3.2 The effects of PCDH7 in colon cancer cell proliferation
Cell proliferation was detected in colorectal cancer cell lines by PCDH7 overexpression or silencing using the MTT assay. Our data revealed that the expression of PCDH7 was positively associated with the proliferation potential of CRC cells. SW480 cells overexpressing PCDH7 showed more robust proliferation than control cells transfected with the corresponding empty vector. Similar results were also observed in other cell lines, including HT29, HCT116, LS411N, and SW620 cells (Figure 2A). In contrast, PCDH7 knockdown in DLD1 and RKO cells effectively decelerated their proliferation (Figure 2B). In summary, our data implied that PCDH7 could potentially play a role in colorectal cancer progression by accelerating cancer cell proliferation.
[image: Figure 2]FIGURE 2 | Effects of PCDH7 in colon cancer cell proliferation. (A) MTT assays were performed to detect the cell proliferation of SW480, HT29, HCT116, LS411N, and SW620 cells transfected with PCDH7 overexpression plasmid or empty vector pcDNA3.1 for 24 h. (B) Cell proliferation of RKO and DLD1 cells with PCDH7 silencing transfected with siRNA for 24 h was examined by MTT assays. Data are presented as mean ± SD for three separate experiments. **p < 0.01 vs. control.
3.3 The potential roles of PCDH7 in CRC cell metastasis
Given the widely known role of protocadherin in cell-in-cell structure to mediate cancer cell metastasis, we further determined whether PCDH7 could contribute to colorectal cancer metastasis by regulating cancer cell migration and invasion. Interestingly, our data from transwell experiments indicated that overexpression of PCDH7 in SW480, HT29, and HCT116 cells significantly weakened their migration and invasion (Figures 3A–C). To further verify the role of PCDH7 in CRC cell migration and invasion, the transwell assay was performed in CRC cells with PCDH7 silencing. As shown in Figure 3D, downregulation of PCDH7 expression significantly promoted the migration and invasion of DLD1 cells. Thus, these results indicated that PCDH7 negatively regulates colorectal cancer cell migration and invasion rather than cell proliferation.
[image: Figure 3]FIGURE 3 | Roles of PCDH7 in CRC cell migration and invasion. (A–C) Transwell assays were used to determine the potentials of cell migration and invasion in SW480, HT29, and HCT116 cells with PCDH7 overexpression. (D) Transwell assays were performed to detect cell migration and invasion in DLD1 cells with PCDH7 knockdown. Data are presented as mean ± SD for three separate experiments. **p < 0.01 vs. control.
3.4 PCDH7 confers drug resistance of colorectal cancer cells to ABT-263 and cisplatin
Next, we investigated whether PCDH7 contributes to the development of drug resistance in CRC cells. First, we measured the sensitivity of different colorectal cancer cell lines to ABT-263 and cisplatin. ABT-263, an orally available, selective inhibitor of the anti-apoptotic BCL-2 family proteins, including Bcl-2, Bcl-XL, and Mcl-1, has been demonstrated to possess antitumor activity against various types of cancers and is in clinical trials (Lever and Fergason-Cantrell, 2019; Ohgino et al., 2020). Cisplatin, another well-known anti-cancer drug employed in treating different solid tumors, generates DNA lesions to activate the DNA damage response and induce apoptosis (Galluzzi et al., 2012). Here, we observed that both drugs effectively inhibited the viability of SW480, HT29, HCT116, LS411N, SW620, and RKO cells in a dose- and time-dependent manner (Figure 4).
[image: Figure 4]FIGURE 4 | Sensitivity of different colorectal cancer cells to ABT-263 and cisplatin. After treating CRC cell lines with different concentrations of ABT-263 (A) or cisplatin (B) for 24 or 48 h, MTT assay was used to determine the cell viability to confirm the cytotoxicity of the two drugs. Data are presented as mean ± SD for three separate experiments. *, #p < 0.05; **, ##p < 0.01 vs. control.
To further examine the potential effect of PCDH7 on drug resistance in colorectal cancer, we performed gain- and loss-of-function experiments by overexpressing or knocking down PCDH7 in colorectal cancer cells. We found that the overexpression of PCDH7 in SW480, RKO, HCT116, LS411N, and SW620 cells significantly promoted their survival under either ABT-263 or cisplatin treatment (Figure 5). Conversely, the decrease in PCDH7 expression in RKO cells led to remarkably increased sensitivity to ABT-263 and cisplatin compared to that in control cells (Figure 5). Together, these results revealed that abundant PCDH7 enhances the resistance of colorectal cancer cells to chemotherapeutic drug treatment to facilitate cell viability, suggesting that PCDH7 is a potential regulatory target for colorectal cancer chemotherapy.
[image: Figure 5]FIGURE 5 | Effects of PCDH7 on the resistance of colorectal cancer cells. (A) MTT assays were performed to determine the cell viabilities of SW480, HT29, HCT116, LS411N, SW620, and RKO cells with the treatment of ABT-263 under PCDH7 overexpression or silencing. (B) MTT assays were performed to determine the cell viabilities of SW480, HT29, HCT116, LS411N, SW620, and RKO cells with cisplatin treatment under PCDH7 overexpression or silencing. Data are presented as mean ± SD for three separate experiments. *p < 0.05; **p < 0.01 vs. control.
3.5 PCDH7 enhanced drug resistance of CRC cells to ABT-263 by inhibiting apoptosis
Given that upregulation of PCDH7 increased CRC cell survival in response to ABT-263, an effective cell apoptosis inducer, we next determined whether the function of PCDH7 resulted from its anti-apoptotic effect. We further detected the regulation of PCDH7 on ABT-263-induced cleavage of caspase 3, caspase 9, and PARP (18). As shown in Figure 6A, ABT-263 treatment effectively induced the cleavage of caspase 3, caspase 9, and PAPR in both HCT116 and RKO cells. Surprisingly, cleaved-caspase 3, cleaved-caspase 9, and cleaved PAPR levels were significantly reduced following PCDH7 overexpression in HCT116 cells treated with ABT-263 (Figure 6A, upper panel). More interestingly, the levels of cleaved-caspase 3, cleaved-caspase 9, and cleaved PAPR obviously increased with the silencing of PCDH7 in RKO cells treated with ABT-263 (Figure 6A, down panel). These results prompted us to quantify the apoptosis of CRC cells treated with ABT-263 under overexpression or silencing of PCDH7 using Annexin V-FITC/PI staining. The percentage of ABT-263-induced apoptotic HCT116 cells increased to approximately 40% from nearly 17% after ABT263 treatment, while it was reduced to approximately 30% in PCDH7-overexpressed cells (Figure 6B, left panel). In RKO cells, the percentage of apoptotic cells increased from nearly 6% to 10% as a result of PCDH7 silencing in RKO cells under the ABT-263 treatment (Figure 6B, right panel). Hence, we proposed that higher PCDH7 levels would help colorectal cells suppress apoptosis and facilitate the survival of these cells during chemotherapeutic treatment.
[image: Figure 6]FIGURE 6 | PCDH7 promoted drug resistance to CRC cells to ABT-263 by repressing apoptosis. (A) The cleavage of caspase 3, caspase 9, and PAPR was detected by western blot experiment in HCT116 and RKO cells treated with ABT-263 under PCDH7 overexpression or not, respectively. Representative data was shown. (B) HCT116 and RKO cells were treated with ABT-263 under PCDH7 overexpression or silencing, respectively. Apoptosis was examined by using flow cytometry with Annexin V-FITC/PI staining. Data are presented as mean ± SD for three separate experiments. *p < 0.05; **p < 0.01. vs. control.
3.6 The potential targets of the PCDH7 underlying molecular mechanism of its anti-apoptosis function
Subsequently, we attempted to identify the potential targets of PCDH7 in colorectal cancer cells to further elucidate the underlying mechanism of its role in the development of drug resistance in CRC. Considering that ABT-263 is an inhibitor specific to anti-apoptotic BCL-2 family members, especially Mcl-1 (Timucin et al., 2019), we first determined whether Mcl-1 could be affected by PCDH7 using Western blotting. As anticipated, the protein expression of Mcl-1 was upregulated following PCDH7 overexpression in HCT116 cells and downregulated after PCDH7 knockdown in RKO cells, which may partially explain the anti-apoptotic effect exerted by PCDH7 on colorectal cancer cells (Figures 7A–C). Additionally, we further evaluated the Wnt/β-catenin signaling pathway considering the massive evidence showing a correlation with chemoresistance in colorectal cancer (Su et al., 2015; Bahrami et al., 2017). Interestingly, the downregulation of P-β-catenin and the upregulation of β-catenin and its downstream target cyclin D1 and c-Myc were observed in PCDH7-overexpressed HCT116 cells, while all of these were completely reversed in PCDH7-silenced RKO cells (Figures 7A–C). Finally, real-time PCR assays indicated that the levels of Mcl-1 mRNA were upregulated in HCT116 cells with PCDH7 overexpression, while it was inhibited in RKO cells with PCDH7 silencing (Figures 7D, E).
[image: Figure 7]FIGURE 7 | Role of PCDH7 in Mcl-1 expression and Wnt/β-catenin signaling pathway activation. (A–C) Western blot assays were performed to detect the protein expression of Mcl-1, p-β-catenin, β-catenin, cyclin D1, and c-Myc in HCT116 cells with PCDH7 overexpression and in RKO cells with PCDH7 knockdown, respectively. (D, E) Real-time qPCR experiments were performed to detect the mRNA expression of Mcl-1 in HCT116 cells with PCDH7 overexpression and in RKO cells with PCDH7 knockdown, respectively. Data are presented as mean ± SD for three separate experiments. **p < 0.01 vs. control.
3.7 PCDH7 mediated the drug resistance of CRC via upregulating Mcl-1
To further confirm that PCDH7 affected colorectal cancer chemoresistance mainly through Mcl-1 expression, we applied an Mcl-1 inhibitor, S63845, in HCT116 cells coupled with PCDH7 overexpression. Surprisingly, Mcl-1 expression was dramatically upregulated in response to S63845 treatment compared to that in control, which may be a normal response to stress (Figure 8A). S63845 effectively attenuated the inhibitory effect of PCDH7 on ABT-263-induced apoptosis in HCT116 cells (Figure 8B, from approximately 27%–57%). This function was further supported by the increased cleavage of PARP, caspase-3, and caspase-9 in HCT116 cells treated with S63845 in combination with PCDH7 overexpression and ABT-263 treatment (Figure 8C). Moreover, S63845 treatment alone not only suppressed the proliferation of HCT116 cells but also effectively reversed the protective role of PCDH7 on the cytotoxicity of ABT-263 (Figure 8D). Finally, we tested our hypothesis in a xenograft model in nude mice. As shown in Figure 8E, although S63845 alone only slightly inhibited tumor growth, it effectively enhanced the anti-cancerous role of ABT-263 under PCDH7 overexpression. Collectively, PCDH7 might mediate drug resistance in CRC by upregulating Mcl-1, at least partially.
[image: Figure 8]FIGURE 8 | PCDH7 mediated the drug resistance of CRC via upregulating Mcl-1. (A) HCT116 cells were transfected with the PCDH7-overexpressed plasmid or treated with 8 μM S63845 for 24 h, and Mcl-1 protein expression was examined by Western blot assay. (B) HCT116 cells were transfected with the PCDH7 overexpressed plasmid combined with 2 μM ABT-263 with or without the treatment of 8 μM S63845 for 24 h. Cell apoptosis was determined using flow cytometry with Annexin V-FITC/PI staining. (C) Cleavage of PARP, caspase-3, and caspase-9 in HCT116 cells treated similarly in (B) was examined by Western blot assay. (D) HCT116 cells were transfected with the PCDH7 overexpressed plasmid with or without S63845 treatment, followed by the incubation of the indicated concentrations of ABT-263; MTT assay was performed to determine the cell viability. (E) HCT116 cells stably expressed PCDH7, or the control cells were used to generate xenografts in nude mice. The mice were treated as indicated, and the tumors were presented. Data are presented as mean ± SD for three separate experiments. **p < 0.01 vs. control.
4 DISCUSSION
In the present study, we characterized the abundance of PCDH7 in CRC cells correlated with their metastasis and chemoresistance. Here, we observed that upregulation of PCDH7 in colorectal cancer cells strongly promoted the activation of the Wnt/β-catenin signaling pathway, including the upregulation of catenin protein expression, which finally resulted in the expression of c-Myc, a widely reported protein essential for cell proliferation. These results partially explain the effects of PCDH7 on colorectal cancer cells.
There have been many studies showing that PCDH7 is abnormally expressed in various cancers and has a carcinogenic or anti-tumor effect (Terry et al., 2006; Cao et al., 2017; Liu et al., 2019). However, few studies have focused on the expression and role of individual PCDH7s in cancer. Previous studies have found that PCDH7 expression was significantly upregulated in human non-small cell lung cancer (NSCLC) (Zhou et al., 2017). PCDH7 was significantly downregulated in non-muscle invasive bladder cancer (NMIBC), and Cox analysis revealed that PCDH7 can be used as an independent predictor of NMIBC (13). The aforementioned investigations demonstrate that PCDH7 plays a role in various cancers. Arising from the bottleneck we encountered in developing effective inhibitors specific for RAS family proteins and the high proportion of resistance in response to BRAF inhibitors in colorectal clinic chemotherapy, there is an urgent need to explore the intrinsic molecular mechanism to provide a strategy for the combination of chemotherapeutics or identify a novel target for developing new inhibitors. In addition to modulating cell proliferation, we showed that PCDH7 would facilitate colorectal cancer cell survival under treatment with ABT-263 or cisplatin, which could induce apoptosis in various cancer cells by targeting anti-apoptotic proteins, which provides a scope for its development as a potential chemotherapeutic drug. Thus, PCDH7 was presumed to play an important role in chemo-treatment-induced apoptosis and was further revealed to positively modulate Mcl-1 expression, which is an anti-apoptotic protein belonging to the BCL-2 family, that results in higher cell viability in colorectal cancer with enhanced PCDH7 expression. Additionally, the combination of the Mcl-1 inhibitor S63845 with ABT-263 can eliminate chemoresistance caused by abundant PCDH7 in colorectal cancer cells. Our study provides strong evidence of the benefits of combining S63845 and ABT-263 for CRC, which is resistant to ABT-263 alone or with high levels of PCDH7.
Although numerous previous reports have illustrated the promotion of lung and breast cancer cell migration and invasion by PCDH7 (Chen et al., 2021), the increase in this protein inhibits cell migration and invasion in gastric cancer cells. However, a recent study has shown that P7 could promote lung metastasis of colorectal cancer (Liu et al., 2022), which seems contrary to our results, but we consider that this is related to different cell lines and experimental systems. This study showed that MCL-1 expression was upregulated after P7 overexpression, and the related molecules of the Wnt/β-catenin pathway were also upregulated. We speculated that P7 regulated MCL-1 through the Wnt/β-catenin pathway, thereby inhibiting apoptosis and promoting drug resistance of tumor cells. In these previous studies, the downregulation of E-cadherin expression followed by PCDH7 depletion was believed to contribute to an increased potential in the migration and invasion of gastric cancer cells (Chen et al., 2017). The contradictory effects of PCDH7 in different cancer types suggest that PCDH7 might play different roles through different molecular mechanisms. Although PCDH7 is a member of the protocadherin family, which is a subfamily of cadherins known to regulate epithelial-to-mesenchymal transition (EMT) of tumor metastasis during cancer progression, the related study of the detailed mechanism by which PCDH7 affects colorectal cancer metastasis is too little and needs further investigation in CRC. In conclusion, colorectal cells with high PCDH7 expression showed stronger chemoresistance to apoptosis induction. Because the Mcl-1 and Wnt/β-catenin signaling pathways were molecularly identified as regulatory targets of PCDH7, we discovered a combination of the Mcl-1 inhibitor S63845 and ABT-263 as a novel chemotherapy treatment option for PCDH7-high colorectal cancer.
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Colorectal cancer (CRC) is the third most common and second most lethal type of cancer worldwide, presenting major health risks as well as economic costs to both people and society. CRC survival chances are significantly higher if the cancer is diagnosed and treated early. With the development of molecular biology, numerous initiatives have been undertaken to identify novel biomarkers for the early diagnosis of CRC. Pathological disorders can be diagnosed at a lower cost with the help of biomarkers, which can be detected in stool, blood, and tissue samples. Several lines of evidence suggest that the gut microbiota could be used as a biomarker for CRC screening and treatment. CRC treatment choices include surgical resection, chemotherapy, immunotherapy, gene therapy, and combination therapies. Targeted therapies are a relatively new and promising modality of treatment that has been shown to increase patients’ overall survival (OS) rates and can inhibit cancer cell development. Several small-molecule tyrosine kinase inhibitors (TKIs) are being investigated as potential treatments due to our increasing awareness of CRC’s molecular causes and oncogenic signaling. These compounds may inhibit critical enzymes in controlling signaling pathways, which are crucial for CRC cells’ development, differentiation, proliferation, and survival. On the other hand, only one of the approximately 42 TKIs that demonstrated anti-tumor effects in pre-clinical studies has been licensed for clinical usage in CRC. A significant knowledge gap exists when bringing these tailored medicines into the clinic. As a result, the emphasis of this review is placed on recently discovered biomarkers for early diagnosis as well as tyrosine kinase inhibitors as possible therapy options for CRC.
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1 INTRODUCTION
Colorectal cancer (CRC) is a third primary global health concern and a second leading cause of cancer-related deaths worldwide, which poses financial burdens on people and society (Morgan et al., 2023). In all clinical practice and research disciplines, CRC, including rectal and colon cancer, is treated as a single tumor type (Alzahrani et al., 2021). CRC originates from the lining of the colon or rectum and follows a specific pathological progression. In most cases, it typically begins as small growths called polyps, which can be detected during a colonoscopy. Over time, these polyps can develop into cancerous tumors, invading the surrounding tissues and potentially spreading to distant organs, frequently the liver. Over 10–15 years, this process necessitates the accumulation of genetic mutations that can be somatic or germ-line in nature (Lotfollahzadeh et al., 2022). Some common risk factors for CRC include family, genetic, geriatric, nutritional, lifestyle, and environmental variables. Inflammatory bowel conditions, including Crohn’s disease and ulcerative colitis, are additional risk factors. Moreover, issues with inactivity, obesity, smoking, and alcohol usage can be resolved (Sawicki et al., 2021).
1.1 Incidence and mortality
Certain pathological features, such as adenomatous polyps or advanced stages of carcinoma, are associated with an increased disease prevalence (Akimoto et al., 2021). The incidence and mortality of CRC differ significantly by country and region worldwide. According to the data from Global Cancer Observatory (GLOBOCAN), there were around 1.9 million new cases of CRC and 930,000 fatalities in 2020 worldwide. The incidence rates were lowest in several African countries and Southern Asia, while the highest incidence rates were reported from Europe, Australia, and New Zealand regions (Morgan et al., 2023). Similar trends were observed in CRC mortality rates, with Southern Asia having the lowest rates (2.5 per 100,000 females) and Eastern Europe having the highest rates (20.2 per 100,000 males). Additionally, there was a 10-fold difference in incidence rates between males and females in all countries. Males showed higher incidence and fatality rates than females (Wong et al., 2021). By 2040, CRC is expected to cause 3.2 million new cases and 1.6 million fatalities, mostly in high-HDI (human development index) countries (Xi and Xu., 2021). The incidence and mortality of CRC have decreased, and the US now ranks among the third-highest HDI countries. In the US, stage I colon cancer has a 5-year relative survival rate of around 92%. Stage IIA and IIB exhibit rates of 87% and 65%, respectively. Surprisingly, stage IIIA and stage IIIB have slightly greater 5-year survival rates, at 90% and 72%, respectively. While stage IV, or metastatic CRC (mCRC), has a 5-year survival rate of only 12%, stage IIIC has a survival rate of 53%. With 88% for stage I, 81% for stage IIA, 50% for stage IIB, 83% for stage IIIA, 72% for stage IIIB, 58% for stage IIIC, and 13% for stage IV, the 5-year survival rates for rectal cancer seem to be slightly lower. These stages are based on the TNM system’s previous version. The unexpected increase in survival from stage II to stage III tumors can be attributed to the technique utilized to diagnose and treat different types of CRC (Rawla et al., 2019).
A higher prevalence of the disease underscores the need for effective screening programs and public awareness campaigns to promote early detection, as it significantly improves the prognosis and treatment outcomes for individuals with CRC (Stark et al., 2020). Over the past few decades, there has been remarkable progress in understanding the molecular basis of CRC, leading to the identification of novel biomarkers for early diagnosis and the development of targeted therapies, such as tyrosine kinase inhibitors (TKIs), for the treatment of CRC (Bresalier et al., 2020). Early diagnosis is critical in improving patient outcomes by enabling timely intervention and reducing mortality rates. Traditional screening methods for CRC, such as colonoscopy and fecal occult blood tests, have effectively detected early-stage tumors and precancerous lesions (Huang and Yang., 2022). However, these methods often have invasiveness, cost, and patient compliance limitations. Therefore, there is an urgent need to explore and validate novel biomarkers that can enhance the sensitivity and specificity of CRC detection while offering non-invasive and cost-effective alternatives (Shaukat and Levin., 2022).
1.2 Role of biomarkers in CRC
Biomarkers have been developed to aid in identifying patient responses to cancer diagnosis, therapy, and monitoring (Oh and Joo., 2022). Biomarkers, which include genetic alterations, epigenetic modifications, and protein expression patterns, hold immense promise as tools for CRC screening, risk assessment, and prognosis prediction. These biomarkers can be detected not only in solid tissue samples but also in blood and/or stool, allowing for non-invasive and convenient testing (Shen et al., 2022). The development of high-throughput genomic technologies has revolutionized biomarker discovery and enabled the identification of candidate markers associated with CRC initiation, progression, and response to treatment. Furthermore, integrating multiple biomarkers into diagnostic algorithms can improve the accuracy and reliability of CRC screening, facilitating the implementation of personalized medicine approaches (Islam Khan et al., 2022). Moreover, liquid biopsy approaches, which involve the analysis of circulating tumor DNA (ctDNA) and microRNAs (miRNAs), have gained significant attention as non-invasive methods for CRC screening and monitoring (Zhou et al., 2022).
1.3 Diagnosis and treatment of CRC
In addition to early diagnosis, targeted therapies have revolutionized the treatment landscape for CRC patients. Emerging evidence suggests a potential correlation between CRC and the use of TKIs. Tyrosine kinases play a crucial role in cell signaling pathways, and their dysregulation has been implicated in various types of cancers, including CRC (Thomson et al., 2022). TKIs are a class of drugs that selectively inhibit the activity of specific tyrosine kinase enzymes involved in CRC pathogenesis and progression. The aberrant activation of signaling pathways, such as the epidermal growth factor receptor (EGFR) and vascular endothelial growth factor receptor (VEGFR) pathways, has been implicated in CRC tumorigenesis and angiogenesis (Iyer et al., 2022). While TKIs have shown promising results in treating certain cancers, including gastrointestinal stromal tumors, their efficacy in CRC has been more limited. Studies have indicated that specific genetic mutations and alterations in tyrosine kinase signaling pathways may influence the response to TKIs in CRC patients (Xie et al., 2020). TKIs targeting these pathways, either as monotherapy or combined with standard chemotherapy regimens, have shown clinical efficacy in various studies (Hossain et al., 2022).
This review article will provide a comprehensive overview of the recent advancements in novel biomarkers used for early diagnosis of CRC. We will explore the potential of genetic alterations, epigenetic modifications, and other molecular markers as diagnostic tools in CRC. We will discuss the application of specific genetic markers, such as mutations in the Adenomatous polyposis coli (APC), Kirsten rat sarcoma (KRAS), and tumor protein p53 (TP53) genes, as well as epigenetic including DNA methylation patterns and histone modifications as diagnostic and prognostic indicators. We hope to contribute to the ongoing efforts to improve CRC patient outcomes and facilitate precision medicine approaches by integrating the knowledge of these emerging biomarkers and therapies. Moreover, we will also provide an in-depth analysis of the current status and future perspectives of TKIs as targeted therapies in CRC treatment.
2 NOVEL BIOMARKERS USED FOR EARLY DIAGNOSIS OF CRC
Biomarkers are commonly used in CRC diagnostics to detect the presence of biochemical compounds that circulate in the body. These compounds may include gut microorganisms, miRNA in the blood, tumor-derived cells, tumor DNA, and proteins.
2.1 The gut microbiome as biomarkers
Inflammation, immunological modulation, dietary component metabolism, and exposure to genotoxic substances are the primary ways the gut microbiota contributes to cancer. Patients with CRC have a range of unique microbiomes that can be used as biomarkers for the diagnosis, prognosis, and treatment efficacy (Wong and Yu., 2019). There has been a lot of interest lately in the possible connection between gut bacteria and CRC.
2.1.1 Gut fungi
Gut fungi, specifically the dysbiosis or imbalance in the fungal community, have been implicated in CRC development. Recent studies have identified specific fungal biomarkers, such as Candida tropicalis and Debaryomyces hansenii, whose overgrowth or altered abundance in the gut may serve as potential molecular indicators of CRC, offering insights into its pathogenesis and possible diagnostic strategies. The overgrowth of gut fungi in CRC patients can be weakened immune system function and change the microenvironment of the colon, creating an environment conducive to fungal proliferation and colonization (Plaza-Díaz et al., 2021). However, there is insufficient information on the fungus microbiome in CRC. The top 3 fungi highly enriched in CRC were Phanerochaete chrysosporium, Lachancea waltii, and Aspergillus rambellii. It has been established that fungi anomalies in feces are associated with CRC (Gao et al., 2022) and in healthy individuals compared to CRC patients. It was observed that the proportion of Basidiomycota or Ascomycota was higher in CRC patients than in healthy individuals.
Moreover, two fungi, Pneumocystis and Saccharomyces cerevisiae, which have beneficial effects on the gut and possess anti-inflammatory properties, were found to be reduced in CRC patients. Conversely, Malasseziomycetes (fungi) were more abundant in healthy individuals than in CRC patients (Liu et al., 2022). Furthermore, the researchers noted that patients exhibited notably elevated levels of Candida albicans, a type of yeast. According to Stary et al. (2020), individuals who are at risk for CRC or have early asymptomatic with CRC may find it helpful to use C. albicans yeast as a diagnostic marker (Starý et al., 2020).
2.1.2 Gut bacteria
Gut bacteria, particularly the alterations in the composition and diversity of the bacterial community, have been linked to CRC development. The molecular mechanisms underlying this association involve the production of specific metabolites, such as short-chain fatty acids and secondary bile acids, as well as the activation of pro-inflammatory pathways, which can serve as potential biomarkers for the detection and monitoring of CRC (Xie et al., 2020). In a large-scale study, researchers discovered that individuals with CRC had an increased population of certain bacteria, including Fusobacterium nucleatum, Porphyromonas asaccharolytica, Bacteroides fragilis, Parvimonas micra, Prevotella intermedia, Alistipes finegoldii, and Thermanaerovibrio acidaminovorans. These seven bacteria are potential markers for diagnosing CRC (Chang et al., 2021). Adenomas were found to have unusually elevated levels of the “m3” product, particularly those originating from Clostridium hathewayi (Ch), Fusobacterium nucleatum (Fn), and Lachnoclostridium. Only these three bacteria have been identified in feces as markers for colorectal adenomas and cancers (Chan and Liang., 2022). Actinomyces odontolyticus and Atopobium parvulum were exclusively found in polypoid adenomas and/or intramucosal carcinomas (early stage), indicating the wide availability of Fn enhanced slowly from intramucosal carcinoma to early CRC (Liu et al., 2022). This discovery raises the possibility of employing these microorganisms as stool-screening indicators.
2.1.3 Gut viruses
The role of gut viruses in CRC is still being explored. Emerging evidence suggests that certain viral infections, such as high-risk human papillomavirus (HPV) and Epstein-Barr virus (EBV), may contribute to the development and progression of CRC through various molecular mechanisms, including viral integration into the host genome, dysregulation of host cell signaling pathways, and evasion of immune surveillance, providing potential avenues for viral-based biomarker identification in CRC diagnosis and treatment (Koonin et al., 2021). Most cancer-associated bacteriophages were temperate, demonstrating a connection between bacteriophage communities and CRC and the possibility that they could influence cancer progression by altering bacterial host populations (Hannigan et al., 2018). A similar study confirmed the association between viral indicators and CRC by observing a substantial rise in the variety of gut bacteriophage populations in feces from CRC patients and controls. Numerous studies have shown how closely microbes and cancer are related and how gut bacteria have opened up new possibilities for CRC detection (Handley and Devkota., 2019). However, a common microbiome biomarker has not been used to diagnose CRC because there is not yet a universally accepted standard for discovering microbiota. In order to enhance CRC diagnosis in the future, investigators must examine multiple microbiomes in patients from various ethnic groups since a microbe might not be capable of predicting CRC with adequate precision (Ding et al., 2022).
2.2 Volatile organic compounds (VOCs) as biomarkers
The ability to distinguish between diseases based on their “smell” has gained popularity as a research topic in recent years due to the growing interest in the “smell” of diseases. A potential early CRC screening method involves the detection of VOCs, which are non-invasive biomarkers. Multiple investigations have revealed several VOCs as CRC biomarkers (Ding et al., 2022). Furthermore, changes in gut flora have a direct impact on the profile of VOC generation.
2.2.1 Fecal VOCs
Propan-2-ol, produced from ethyl 3-methyl-butanoate, hexane-2-one, and acetone, produced when ethanol and 3-methylbutaninoic react, positively correlates with the diagnosis of CRC, according to a 3-fecal volatile organic compound panel (Bond et al., 2019). One stool VOC contributing to CRC formation is hydrogen sulphide (HS). Microorganisms in the gut and internal enzymatic activities in the colon generate hydrogen sulfide. Higher levels of HS (over 2.4 mmol/kg) are hazardous, but lower levels are benign. The presence of higher-than-normal quantities of HS in both the lumen and the feces can throw off the equilibrium of the microbiota. For instance, this phenomenon affects patients with CRC (Lin et al., 2023). With the help of eNose Cyranose 320, patients with CRC could be characterized from controls with 85% sensitivity and 87% specificity (AUC 0.92). Similar results were attained with selected ion flow tube mass spectrometry (SIFT-MS), which separated CRC and advanced adenoma patients from healthy controls with 75% accuracy (72% sensitivity and 78% specificity). Recently, eNose Scent A1 was even more successful in many patients (Vernia et al., 2021).
2.2.2 Breath-exhaled VOCs
Using a pattern of 15 VOCs identified with gas-chromatography mass spectrometry (GC-MS), Altomare et al. differentiated between CRC patients and healthy controls with an accuracy of more than 80% (Altomare et al., 2015). A study isolated 4 volatile organic compounds: methyl octane, ethanol, ethyl acetate, and acetone, 4-. Acetone and ethyl acetate levels were more significant in patients with CRC (94% specificity and 85% sensitivity) and an accuracy of 91% (Zhang et al., 2021). The VOC samples from CRC patients also had considerably higher levels of 3-hydroxy-2,4,4-trimethylpentyl, trans-2-dodecen-1-ol, ethylaniline, cyclooctylmethanol, 4-ethyl-1-octyn-3-ol, 2,2-dimethyl decane, Cyclohexanone, and dodecane. But much lower levels of 2-methylpropanoate and 6-t-butyl-2,2,9,9 tetramethyl-3,5-decadien-7-yne (Amal et al., 2016).
2.2.3 Urinary VOCs
In a larger sample of 562 people, the diagnostic efficacy of urine VOCs detected by Field Asymmetric Ion Mobility Spectrometry (FAIMS) was less accurate than that of the fecal immunochemical test (FIT) (80% sensitivity and 93% specificity vs. 63% sensitivity and 63% specificity, respectively). One study found that CRC patients had significantly higher concentrations of 2-methyl-3-phenyl-2-propenal, 2,7-dimethyl-quinoline, and 1,4,5-trimethyl-naphthalene (Vernia et al., 2021).
2.3 Tissue biomarkers
2.3.1 Cadherin-17 (CDH17)
CDH17 is a glycoprotein that spans the cell membrane and requires calcium to function properly. Its primary purpose is to aid tissues in preserving their typical structure under normal conditions. The immunohistochemistry marker CDH17 helps identify primary and metastatic colorectal adenocarcinomas (Tournier et al., 2023). According to reports, 100% of metastatic and 96%–100% of primary CRC express CDH17. CDH17 and SATB2 were excellent potential biomarkers for diagnosing metastatic colorectal adenocarcinoma and pulmonary enteric malignancy (Neri et al., 2020). The expression of CDH17 in CRC tissues and plasma gradually increased as the disease progressed to more advanced stages. There is a link between liver metastasis, high CDH17 expression, and a bad prognosis for CRC patients (Tsoi et al., 2019).
2.3.2 Anti-glycoprotein 33 (GPA 33)
GPA33, a transmembrane protein overexpressed in CRC, has potential molecular mechanisms involving cell adhesion, immune evasion, and tumor growth, highlighting its significance as a biomarker and therapeutic target; however, its current clinical application as a diagnostic or prognostic tool in CRC is still under investigation and requires further validation. The tumor-associated antigen human GPA33 is expressed in approximately 95% of primary and mCRC (Markandeywar et al., 2023). It is a surface-localized, extremely persistent, and inert protein. PGA 33 has a 95.9% sensitivity and an 85.4% specificity for CRC. A33 has been the target of clinical-stage antibodies used to treat CRC (Wei et al., 2020). The new anti-A33 antibody may prevent the development of mouse CRC lung metastases, and A33-expressing murine adenocarcinoma cells may be destroyed by antibody-dependent cell-mediated cytotoxicity (ADCC) (Murer et al., 2020). The A33 had a sensitivity comparable to Caudal-type homeobox transcription factor 2 (CDX2). Still, it had a specificity that was significantly greater than that of CDX2 as an immunomarker of CRC, according to the findings of an immunohistological investigation that compared A33 with CDX2 (Davidsen, 2020).
2.3.3 Cytokeratins (CKs)
CKs are proteins found in the cytoskeleton and located in intermediate filaments. It is a member of a group of approximately 20 cytoskeletal proteins frequently used as immune-histochemical markers in diagnosing CRC in tumors that have been generated from epithelia. In most cases, neoplastic cells maintain CK expression; specialized anti-CK antibodies are frequently used in histopathology diagnoses to trace tumor origins, especially in metastases (Hrudka et al., 2021). Cytokeratins, a group of intermediate filament proteins, have potential molecular mechanisms involving epithelial cell differentiation, tumor invasion, and metastasis, making them valuable biomarkers for cancer diagnosis and prognosis; currently, cytokeratin-based assays, such as CK19 for detecting disseminated tumor cells, are utilized in clinical practice for assessing the presence of minimal residual disease and predicting treatment response in various cancer types, including CRC. Two enzymes, CK7 and CK20, are frequently involved in CRC. Different types of glandular and ductal epithelia contain CK7. Simultaneously, CK20 is abundantly expressed in mucosal cells of the gastrointestinal and urinary tracts (Hrudka et al., 2022). Tissue expression of CK15 was significantly linked with CRC subtype and stage. A higher level of CK18 expression is found in CRC tumors compared to the normal colorectal tissue surrounding them (Sun et al., 2018). It is a single predictor of long-term survival in CRC patients when CK18 expression is upregulated in tumor tissue. The viability, migration, and invasion of CRC cells were decreased by downregulating CK18 expression (Jelski and Mroczko., 2020). All three of the detected cytokeratins 8, 18, and 19 can potentially be helpful biomarkers for the early diagnosis of CRC (Luo et al., 2020).
2.3.4 Telomerase
A telomerase ribonucleoprotein increases the number of TTAGGG repeats at the ends of chromosomes to preserve telomere length. Intrinsic RNA serves as a scaffold for reverse transcription in telomerase. The telomere controls chromosomal stability and cell life span. The telomerase enzyme is present in human cancer cells (80%–90%) and differentiated cells, such as germ-line cells (Kibriya et al., 2022). Telomere length in cancer tissue was substantially shorter than in normal mucosa. Advanced CRC (stage II–IV) cancers have longer telomeres than stage I tumors (Ye et al., 2021). According to Taheri et al. (2022), CRC tissue had reduced hTERT expression levels. Since telomerase is present in healthy and malignant intestinal epithelial cells, measuring hTERT alone may underestimate its prevalence. Numerous studies have demonstrated that telomerase has a high-level telomere-specific reverse transcriptase (hTERT), which improves Nuclear factor erythroid 2-related factor 2 (NRF2) synthesis by recruiting Y-box binding protein 1 (YBX1) to trigger the NRF2 promoter, promoting CRC proliferation and migration. These findings provide a new conceptual underpinning for CRC treatment (Gong et al., 2021).
2.3.5 Special AT-Rich sequence-binding protein 2 (SATB2)
SATB2 belongs to the group of transcription factors that bind to matrix attachment regions and control the development of the skeleton. The appendix and colon epithelium both had significant levels of SATB2 expression (Huang and Yang, 2022). SATB2, a transcription factor involved in gene regulation, has potential molecular mechanisms related to cell differentiation, cell migration, and tumor metastasis, suggesting its significance as a biomarker. However, SATB2 expression has been identified as a useful marker for CRC diagnosis and distinguishing primary colorectal tumors from metastatic tumors, and further research is needed to establish its full clinical utility and potential therapeutic implications. SABT2 has recently been identified as a biomarker for CRC, and various hereditary disorders connected to SABT2 have been reported (Mezheyeuski et al., 2020). SATB2 was positive in 83.7% of stage III/IV, 91.4% of stage II, and 92.4% of phase I colorectal adenocarcinomas, according to Dabir et al. (2018). According to multiple studies, when paired with conventional panels of CDX2, CK20, CK7, and cytokeratin 20, SATB2 is a highly specialized marker for CRC (Oh and Joo, 2020).
2.3.6 Caudal type homeobox 2 (CDX2)
Intestinal epithelial cells express the homeobox protein CDX2 in their nuclei. As a trustworthy and accurate immunomarker for CRC, CDX2 is frequently used. It is believed that CDX2 is a tumor suppressor gene because it does not manifest itself in instances of CRC. By overexpressing CDX2 using an hTERT (hypoxia-inducible human telomerase reverse transcriptase) promoter-driven plasmid, colon cancer cells were prevented from progressing malignantly (Al-Duhaidahawi., 2023). The CDX2 gene promoter region’s methylation has been associated with a higher risk of CRC. The CDX2 gene promoter area was methylated in 78.5% of the CRC tissue. CDX2 downregulation was associated with high-grade, advanced cancers with liver metastases (Aasebø et al., 2020). Furthermore, disease-free and overall survival (OS) were considerably poorer in people with stage T4 CRC and low CDX2 expression (Choi et al., 2022).
2.3.7 Methylation of DNA
At every stage of carcinogenesis, from polyps to colorectal adenocarcinomas, hypermethylation drives the transcriptional silence or downregulation of suppressor genes, which renders tumor suppressor genes inactive. In CRC, numerous genes, particularly those in the promoter region, including HLTF, CDH1, SEPT, VIM, TIMP3, CDK2A, SFRP2, SFRP1, MGMT, MLH1, and APC, are methylated (Mo et al., 2023). Suppression of histone deacetylation and demethylation are used in CRC cells to increase Syndecan-2 (SDC2) expression because the SDC2 promotor region is typically hypermethylated in CRC. Methylated SDC2 for the non-invasive diagnosis of CRC has reasonable specificity (88.2%–98%) and sensitivity (77.4%–90.2%) (Siri et al., 2022). The zinc finger protein 625, LON peptidase N terminal domain and ring finger 2, WD repeat domain 17, and syndecan 2 CpG island promoters were methylation in both cancer and laterally spreading tumor non-granular (LST NG). This indicates that the LST NG phase may be the first stage of colorectal carcinogenesis (Iwaizumi et al., 2023). N-Myc downstream-regulated gene 4 (NDRG4) influences cell development and differentiation. In CRC, the NDRG4 expression is downregulated (Cao et al., 2020).
2.4 Blood biomarkers
Biomarkers can be detected using immunohistochemistry or blood-based protein quantification techniques. Blood-based markers can serve as a convenient screening tool for CRC, as blood donation or collection is a relatively simple process.
2.4.1 Circulating tumor cells (CTC)
CTCs are epithelial cancer cells in peripheral blood after they have spread from the primary tumor or metastases and entered the circulatory system. They can be utilized as biomarkers to detect CRC or as knowledge-dissemination pathways, enabling therapy decisions (Chan et al., 2023). In early-stage cancers, circulating CTCs vary from 1 to 10 cells/10 mL of blood and may be less. CTCs can be differentiated from normal blood cells by differences in size and shape. More research is needed to validate the findings. Necrosis releases circulating-free DNA (cfDNA) as significantly bigger fragments in tumor cells (Li et al., 2023). This resulted in promising findings when circulating cfDNAs were quantitatively examined using the ratio of longer to shorter DNA fragments or when the cfDNA integrity number was measured after CRC diagnosis. Although CTCs have been shown to have predictive value in CRC, their use in screening is controversial (Hendricks et al., 2021).
2.4.2 Circulating tumor DNA (ctDNA)
ctDNA (circulating tumor DNA) and cfDNA have emerged as promising biomarkers in CRC. The presence of ctDNA and cfDNA in the bloodstream allows for non-invasive detection of specific genetic alterations, such as mutations and methylation patterns, providing valuable information about tumor burden, treatment response, and disease progression, thereby enabling personalized medicine approaches in the management of CRC patients (Lyu et al., 2022). ctDNA has received extensive evaluation as a promising indicator for liquid biopsy in detecting and assessing therapeutic responses for CRC. ctDNA released from necrotic or apoptotic tumor cells. Although normal nontumor cells also shed cfDNA into the bloodstream, the cfDNA from tumor cells (i.e., ctDNA) only accounts for less than 1% of total cfDNA in the blood (Peng et al., 2021). Tests that rely on the detection of circulating tumor DNA (ctDNA), also known as liquid biopsies, are susceptible to vulnerabilities. A study conducted by Min et al. (2023) in 2023 demonstrated that quantitative analysis of ctDNA and qualitative investigation of SEPT9 methylation effectively diagnose CRC. According to a study conducted by Perdyan et al. (2020) in 2020, ctDNA demonstrated an accuracy of 87.2% and a precision of 99.2% in identifying clinically significant KRAS gene mutations in a group of 206 patients with mCRC. Several studies have reported elevated levels of cfDNA in cancer patients. According to Raunkilde et al. (2022), most cfDNA fragments of 180–200 base pairs in length originate from tumor cells that have undergone necrosis or cell death (Raunkilde et al., 2022). Tumor-specific genomic changes, including microsatellite instability, loss of heterozygosity, methylation, and mutations, are present in cfDNA.
2.4.3 Circulating MicroRNA (c-miRNA)
Small non-coding RNAs called microRNAs (miRNAs) control the expression of genes by attaching them to mRNA. C-miRNA has contributed to diagnosis. The dysregulation of miRNA activity causes a variety of diseases, including cancer. Diagnostic panels that combined single miRNAs as a CRC marker with combinations of those detected in serum or plasma miRNA indicators have been investigated recently (Abo-Elela et al., 2023). In comparison to serum, plasma has higher levels of miRNA. Hemolysis must be regulated in samples during the preanalytical stage of the experiment because it can change the amounts of circulating miRNA in samples by rupturing erythrocytes that transport miRNA. The only miRNAs that seem suitable as clinical markers are those with severe up- or downregulation (Liu et al., 2021). Nearly 2/3 of miRNAs were downregulated in CRC compared to normal mucosa. According to one study, the four-stage change from colorectal adenocarcinoma via high- and low-grade dysplasia in adenoma involved differential expression of 230 miRNAs (Sur et al., 2022).
2.4.4 Long non-coding RNA (lncRNA)
Long non-coding RNAs (lncRNAs), made up of more than 200 nucleotides and cannot be translated into proteins, are involved in several biological processes, including differentiation, immunological responses, and chromosomal dynamics. Because lncRNAs can pass across cell membranes, they can be discovered in various bodily fluids, including blood, plasma/serum, and urine (He and Wu., 2023). Numerous lncRNAs are linked to the development of CRC and carcinogenesis at all stages. The WNT/-β catenin, PI3K/Akt, EGFR, NOTCH, mTOR, and TP53 signaling pathways are only a few carcinogenic signaling cascades that their changed expression can affect (Cai et al., 2019). The extracellular phospholipid-enclosed vesicles, known as apoptotic bodies, microvesicles, and exosomes, travel with lncRNAs in the blood. Exosomes, one of the three forms of extracellular vesicles, have the largest concentrations of long micro RNAs (lmiRNAs), which aid in tumor spreading, immunomodulation, and chemoresistance (Lulli et al., 2022). The first indicators discovered to have significantly higher expression in the plasma of CRC patients compared to healthy people were HOTAIR and CCAT1. Numerous more circulating lncRNAs, including NEAT1 variants 1 and 2, MEG3, PVT-1, 91H, Nbla12061, RP11-462C24.1, and LOC285194 have been identified as possible biomarkers for the identification of CRC (Zygulska and Pierzchalski., 2022).
2.4.5 Pyruvate kinase muscle isozyme M2 (PKM2)
PKM2 is found in healthy and cancerous cells and is involved in energy metabolism. When PKM2 regulates the rate-limiting stage of glycolysis, tumor cells produce lactate rather than the normal respiratory chain for glucose metabolism (Cruz et al., 2021). There have been reports of PKM2 overexpression in colon adenomas, gastric cancer, and CRC. With its excellent sensitivity, PKM2 is adequate blood and fecal biomarker for CRC screening (Zahra et al., 2020). The study found that the fecal Tumor pyruvate kinase M2 isoform (tM2-PK) test had a 100% sensitivity and a 68% specificity in the tumor group. Specificity and sensitivity for the polyp group were 68% and 87%, respectively. The tM2-PK test is recommended as a non-invasive method to identify CRC and adenomatous polyps (Rigi et al., 2020).
2.4.6 Dickkopf-related protein 3 (DDK3) and insulin-like growth factor binding protein 2 (IGFBP2)
DDK3, a tumor suppressor gene, and IGFBP2 a growth factor regulator, have potential molecular mechanisms involving cell cycle control, growth inhibition, and modulation of the IGF signaling pathway, highlighting their potential as biomarkers. However, further studies are needed to determine their clinical utility and application in cancer diagnosis, prognosis, and targeted therapies (Zygulska and Pierzchalski, 2022). The biomarker model can identify early-stage CRC with 95% specificity, 57% sensitivity for stage I, and 76% sensitivity for stage II. As a result, this panel of biomarkers recommends being used as a non-invasive blood screening and/or diagnostic test. It is comparable to a fecal occult blood test (FOBT) and FIT in CRC detection (Zygulska and Pierzchalski., 2022).
DDK3 (DNA-damage-inducible 3) and DDK1 (Dickkopf-1) are potential biomarkers in CRC. DDK3 expression has been associated with tumor suppressive effects, and its downregulation is often observed in CRC, suggesting its potential as a diagnostic or prognostic biomarker. On the other hand, DDK, an antagonist of the Wnt signaling pathway, is frequently overexpressed in CRC, and its elevated levels may serve as a biomarker for disease progression and therapeutic response in CRC patients (Akhlaghipour et al., 2021). The human Dickkopf family includes the proteins DDK-1, DDK-2, DDK-3, and DDK-4, and the specific protein Soggy (Sgy) related to DDK-3 is all TEMs (tumor endothelium markers). The tumor endothelium of CRC tissues displays more pronounced expression levels of the TEMs, a group of 46 genes (Safari et al., 2018). Wnt blocker genes are epigenetically inhibited in CRC, among several other factors. During cancer development, the Wnt signaling pathway is triggered. These antagonistic genes include DDK genes, which are hypermethylated in the promoter of CRC cells and epigenetically silenced (Kaur et al., 2012). According to one study, CRC that was DDK-3 positive had a considerably greater mean microvessel count (9.70 vessels) than cancer that was DDK-3 negative. Therefore, it is believed that DDK-3 is a pro-angiogenic mediator in the growth of neovascularization during the progression of CRC (Soheilifar et al., 2019).
IGFBP-2 is an extracellular protein that binds insulin growth factor 2 (IGF-2), which is involved in the development and spread of cancer through the action of heat shock protein 27. In patients with colon cancer, higher serum concentrations of IGFBP-2 are associated with neoplastic changes in the higher levels of carcinoembryonic antigen (CEA) and colon. Consequently, it has been suggested that monitoring patients with CRC includes measuring IGFBP-2 levels as a diagnostic indicator (Chen et al., 2021). Thus, by preventing cell division, IGFBP-2 overproduction during colorectal carcinogenesis slows the formation of tumors. The sensitivity may be improved by combining IGFBP-2 with additional biomarkers, such as CEA (Gligorijević et al., 2022). Zhu et al. (2019) found that IGFBP2 overexpression promoted CRC cell proliferation and migration by suppressing E-cadherin expression and enhancing cell growth. Additionally, more significant tumor sizes and lower OS rates were linked to higher plasma IGFBP-2 levels, demonstrating that IGFBP-2 may function as a prognostic and diagnostic biomarker for CRC.
2.4.7 Septin 9 (SEPT9) gene methylation
The SEPT gene family in humans consists of 13 genes (SEPT1-SEPT13). SEPT9 methylation DNA is the most well-known blood biomarker. The molecular mechanism of SEPT9 gene methylation in CRC involves the aberrant addition of methyl groups to CpG islands within the gene’s promoter region. This hypermethylation leads to the silencing of the SEPT9 gene and subsequent loss of septin protein expression. The disrupted septin function contributes to defective cytokinesis, abnormal cell morphology, and increased genomic instability, promoting the development and progression of CRC (Baharudin et al., 2022). The detection rate for those with CRC stages 0-I using this method ranges from 57% to 64% (Zhao et al., 2020). According to the meta-analysis, individuals with advanced CRC cases were more likely to test positive for methylated SEPT 9 (mSEPT9) than those with early-stage CRC, and the opposite was true for people with early-stage CRC (Min et al., 2023). According to the latest meta-analysis released in 2020, the SEPT9 assay has a specificity of 92% and a sensitivity of 69% for CRC diagnoses (Hariharan and Jenkins, 2020).
2.5 Stool biomarkers
Stool samples are more suitable for the early detection of CRC than blood tests because exfoliating tumor cells appear in the large intestine or rectal lumen during colorectal carcinogenesis far earlier than the beginning of tumor cell vascular penetration.
2.5.1 Stool DNA (sDNA)
The molecular mechanism of stool DNA methylation in CRC involves detecting aberrant DNA methylation patterns in the stool samples of patients. Abnormal methylation of specific genes associated with CRC can serve as a non-invasive biomarker for the early detection and screening of the disease (Mueller and Győrffy., 2022). The human genome makes up less than 0.01% of the total DNA in stools; the other 99.99% comes from gut bacteria or food. The DNA of tumor cells expelled with feces contains abnormal genetic and epigenetic changes, which may serve as biomarkers for the detection of cancer (Gao et al., 2023). Several genes such as WIF1, VIM, TFPI2, SFRP2, RASSF2A, NDRG4, MGMT, MLH1, MINT31, MINT1, KRAS, ITGA4, IRF8, ID4, HLTF, GSTP1, GATA4, ESR1, CXCL21, CRBP1, CDH13, CDKN2A, CDH1, BMP3, ATM, and APC have all been studied for CRC diagnosis (Park et al., 2017). There is a Multitarget stool DNA (mt-sDNA) test (Cologuard, which combines hemoglobin, NDRG4, KRAS mutations, and BMP3 DNA methylation) and a plasma SEPT9 DNA methylation test (Epi proColon) that has been utilized more extensively in clinical settings. In asymptomatic people, mt-sDNA testing has a sensitivity of 90% for detecting CRC. DNA testing has a specificity range of 86.6%–98% (Ladabaum et al., 2020). A colonoscopy is a next stage in diagnosing a colorectal tumor in the event of a positive mtsDNA test. Asymptomatic participants in an intriguing study endured CT colonography and an mt-sDNA test (FDA-approved). Overall, CT colonography screening had a considerably higher detection rate for advanced neoplastic lesions (5%) than the mt-sDNA test (2.7%). There were 0.31% and 0.23% overall detection rates for CRC (Pickhardt et al., 2020).
2.5.2 Faecal immunochemical test (FIT)
The FOBT is modified into the FIT, which checks for blood that digestive proteolytic enzymes have broken down. Even though early CRC detection is crucial for reducing CRC mortality, there is limited data to support the stage-specific sensitivity of the FIT in CRC detection. The FIT detected stage I cancers with a sensitivity of 68% (95% CI, 57%–78%), stage II cancers with a sensitivity of 92% (95% CI, 87%–96%), stage III cancers with a sensitivity of 82% (95% CI, 73%–89%), and stage IV cancers with a sensitivity of 89% (95% CI, 80%–95%) (Niedermaier et al., 2020). FIT offers an extensive spectrum of susceptibility for all stages of CRC, ranging from 25% to 79% (Van Doorn et al., 2015). T3 sensitivity was 83%, and T1 sensitivity was 40% in those with greater severity of CRC (Hijos-Mallada et al., 2021).
2.5.3 FIT and stool DNA test
The diagnostic tools, such as RNA- or DNA-based testing, studied in a community-based population were found to increase the efficacy of the FIT procedure. Another study found that mt-sDNA testing was more effective than FIT at identifying advanced adenomas and sessile serrated polyps (Tanriver and Kocagoncu., 2023). However, mt-sDNA had a lower overall specificity for detecting all lesions than FIT. According to reports, a DNA-FIT test boosted detection sensitivity for CRC to 97.5% and advanced adenomas to 53.1% (Xu et al., 2022).
2.5.4 Stool miRNA
In CRC, ncRNAs are abnormally produced, and based on the genes or pathways they control downstream, they may act as oncogenes (oncomiRs) or tumor suppressors (tsmiRs). A novel therapeutic approach and testing biomarkers have been developed due to the possible discrepancy among miRNA profiles of CRC and the normal intestinal mucosa (Fonseca et al., 2021). The study of stool miRNA has some drawbacks. First, it can be challenging to standardize procedures due to daily changes in fecal characteristics (density, volume). Second, it is essential to distinguish between the three types of feces miRNAs: fecal colonocyte miRNAs, exosomal miRNAs from fecal exosomes, and cell-free miRNAs from fecal homogenates (Ahmed et al., 2019). In the feces of CRC patients, the miR-145 and miR-143 were downregulated, while miR135, the miR17-92 cluster, miR-106a, miR-92a, miR144, and miR-21 were upregulated (Sattar et al., 2022).
2.6 Urine-based biomarkers
Urine biomarkers can be obtained non-invasively without forcing the patients to attend the clinic. Urine containing various components is considered the most effective and ideal sample for medical examination. Additionally, because the urinary tract is highly clean physiologically, substances found in urine may be less contaminated by germs than those in feces. Metabolomics has been routinely employed to identify metabolic abnormalities in CRC patients’ tissue, serum, and urine materials. A recent metabolomic study discovered that CRC patients have a unique metabolic phenotype characterized by dysregulated expression of metabolites in glycolysis, the tricarboxylic acid (TCA) cycle, the urea cycle, tryptophan, arginine, proline, pyrimidine, polyamine, lactate, fatty acid, and amino acid metabolism, as well as gut microbial metabolism (Zhu et al., 2022; Qiu et al., 2023). Therefore, identifying urine biomarkers is desirable for diagnosing various cancers, including CRC (Iwasaki et al., 2019). ProstaglandinE2 and MicroRNA have demonstrated value in CRC detection. According to the available data, VOCs may be a possible biomarker for identifying CRC (Chandrapalan and Arasaradnam, 2020). Recently, researchers identified urinary metabolite biomarkers N1, N12-diacetyl spermine, hippurate, p-hydroxy hippurate, and glutamate as the best metabolites to discriminate CRC patients via low-cost point-of-care (POC) screening test (Zhou et al., 2022).
3 TARGETED THERAPIES IN CRC
Early detection of colorectal tumors allows for successful management with first-line therapies such as surgery, radiation, or traditional chemotherapy. The 5-year OS rate for patients is 88%–92%, while it drops to 58%–72% for patients with stage IIIC. Even though traditional chemotherapy has a remarkable influence on cancer treatment, it is nevertheless significantly hindered by its nonspecific toxicity toward rapidly dividing cells (Mou et al., 2021). By interacting with particular genes or proteins involved in cell growth or apoptosis resistance, highly targeted medications that aim to eradicate cancer cells have been made possible thanks to the amazing advancements in molecular oncology in this field. Highly effective cancer medicines are helpful for cancer treatment since they have improved tumor selectivity and have fewer adverse effects than traditional cancer treatments (Xie et al., 2020). As a result of a better understanding of the mechanisms involved in the evolution and proliferation of cancer cells, targeted therapies and medications with action focused on these pathways/features have been developed.
An earlier meta-analysis examined chemotherapy’s effectiveness and safety outcomes with bevacizumab, panitumumab, or cetuximab in mCRC. It demonstrated that bevacizumab was more effective in treating right-sided mCRC. In contrast, cetuximab was more successful in treating left-sided RAS wild-type (WT) mCRC (Cai et al., 2022). Both cetuximab and panitumumab, two different monoclonal antibodies (mAbs) that target the epidermal growth factor receptor (EGFR), are frequently used either alone or in conjunction with chemotherapy to treat people with mCRC that has the RAS wild-type. Despite being often regarded as interchangeable, the two antibodies possess distinctive molecular compositions and can function therapeutically significant in various ways (Shim, 2011). While there is less research on cetuximab or panitumumab as first-line therapies for older patients with mCRC, these drugs may still be an option for those with the wild-type KRAS mutation. Cetuximab, either alone or in combination with irinotecan, had a benign toxicity profile in elderly patients with severely pretreated mCRC, and the efficacy was comparable to that reported in younger patients, according to two retrospective studies (Bouchahda et al., 2008; Fornaro et al., 2011). Another study suggests combining bevacizumab and capecitabine is a safe and effective treatment for elderly individuals with mCRC (Sastre et al., 2012). The preliminary results that are currently available show that patients with mCRC who receive cetuximab or panitumumab treatment had higher response rates and longer PFS when KRAS mutations are absent (Kim, 2015).
4 NOVEL TYROSINE KINASE INHIBITORS (TKI)
Small-molecule, oral drugs that target particular tumor-causing proteins have been available to treat colorectal malignancies since the turn of the millennium. These proteins that cause tumors are known as tyrosine kinases, and over 90 are in the human genome. Based on their structure, activity, and localization, these 58 can be further separated into the two significant classes of receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs) (Natoli et al., 2010). RTKs and NRTKs have both been linked to the emergence of CRC. Drugs that target these proteins have several distinct benefits over conventional chemotherapy. Blocking these enzymes can help prevent cancer cell development because they may be overactive or abundant in cancer cells (Piawah and Venook., 2019).
4.1 Receptor tyrosine kinases (RTKs)
The structural characteristics of the RTK superfamily of cell membrane proteins include an extracellular ligand-binding domain, a transmembrane region, and a cytoplasmic region, including ATP-binding and catalytic kinase domains. Based on similar receptor characteristics and/or shared ligands, at least 20 subfamilies of the approximately 60 RTKs have been discovered (Schlessinger, 2014). When peptide-based ligands transmit extracellular signals, these proteins are crucial for recognizing and transforming those signals. Their signals regulate cellular functions such as cell division, proliferation, and life span (Figure 1). RTKs function as monomeric transmembrane proteins when they are dormant. These proteins dimerize and create oligomeric pairs after becoming active. The receptors’ enzymatic domains must be activated to produce receptor oligomers, and their intracellular region’s tyrosine residues must be autophosphorylated (Figures 1A, B) (Diwanji et al., 2019). When ATP attaches to a specific receptor region, tyrosine residues on the receptor and effector proteins are phosphorylated. Many effector proteins involved in multiple signal transduction cascades associated with these receptors have been suggested to dock to the receptor’s phosphorylated tyrosines (Trenker and Jura., 2020). After docking, the receptor can activate these effector proteins via various phosphorylation processes. RTK activation requires the binding of ATP. If the ability of these receptors to bind and use ATP is impaired, their function will be significantly reduced. This is crucial for targeted therapeutic interventions (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Inactive tyrosine kinase receptor. (B) Activation of receptors, dimerization, and ATP binding. (C) The receptor’s phosphorylated tyrosines serve as a docking site for effector proteins.
RTKs are crucial for controlling numerous cellular activities in a normal state. Still, when they express themselves abnormally, they can lead to uncontrollable cell division, contributing to cancer’s pathobiology (Wheeler and Yarden., 2014). Activating a particular subclass of RTKs subclass 1, or ERBB, is aberrant in epithelial cancers. Additional RTKs, including the tumor metastasis-promoting Platelet-derived growth factor (PDGF), VEGFR, and VEGFR2 receptors, appear essential for tumor growth (García-Aranda and Redondo, 2019).
4.2 Non-receptor tyrosine kinases (NRKTs)
The nucleus, the inner surface of the plasma membrane, and other cell components all include NRTKs, a sizable class of cytosolic proteins. By participating in cellular signaling cascades, these proteins play an essential role in controlling survival, migration, differentiation, cellular proliferation, and metabolism. Given the role of NRTKs in cells, it is unsurprising that the cell tightly regulates their activity (Siveen et al., 2018). When these proteins, like their receptor counterparts, fail to function correctly due to genetic mutation, resulting in overexpression, loss of autoregulatory processes, or abnormal signaling, they can lead to the pathophysiology of various cancer types. Therefore, it is unsurprising that this protein family has become a crucial therapeutic focus in the fight against cancer (Fox et al., 2019).
4.3 TKIs targeted in CRC
After the Food and Drug Administration (FDA) gave its approval for the TKI imatinib in 2001, there was a rise in people’s interest in protein kinase inhibitors (Huang et al., 2020). Imatinib’s anticancer activities have been confirmed by numerous in vitro studies against CRC, and in vivo experiments may validate these findings. Imatinib’s anticancer effects in CRC were synergistic and pleiotropic (Dhiman et al., 2020). The development of small kinase inhibitors is based on the structure and sequence of the kinase catalytic core, which is defined by the presence of a smaller N-terminal subdomain (N-lobe) made up of a long α-helix and a β-sheet. A big C-terminal subdomain (C-lobe) with a primarily α-helical structure and an ATP binding site that serves as a hinge during structural adjustments (Adnan et al., 2022). A highly conserved Asp-Phe-Gly (DFG) motif, a component of the ATP-binding site that regulates magnesium binding, follows the activation loop (A-loop), which controls kinase activity (Bhullar et al., 2018).
Kinase inhibitors are divided into two major categories based on how they work: In addition to competing for the primary ATP-binding domain of the kinase catalytic core in the active form, type-I and type-II small kinase inhibitors are designed to bind to an additional allosteric pocket close to the ATP-binding site in the inactive state. Even so, type-II inhibitors are more focused than type-I inhibitors (Zhao et al., 2021). Type-I and type-II inhibitors prevent the specific protein kinase from phosphorylating a substrate molecule and deactivating downstream signaling. Kinase inhibitors may inhibit unregulated cell growth or apoptosis inhibition because dysregulated kinases can lead to defective signaling that can cause uncontrolled cell growth and proliferation (Roskoski, 2015).
Tyrosine kinases influence cell growth, migration, differentiation, apoptosis, and death by phosphorylating certain amino acids on substrate enzymes. This alters the downstream signal transduction triggered by TKs Du and Lovly. (2018). Dysregulated signal pathways can result from mutations or other constitutive activation or inhibition processes, which can cause cancer. Therefore, blocking these early signals with TKIs can avoid abnormal behavior of mutant or dysfunctional TKs. In tandem with the development of targeted monoclonal antibodies, a greater understanding of the molecular underpinnings and oncogenic signaling of CRC growth has led to testing TKIs (Yang et al., 2022). These substances can inhibit key enzymes that regulate signaling pathways crucial for cell survival, proliferation, differentiation, and development. Several RTKs, or the pathways through which these kinases function, have prospective therapeutic targets that have been enhanced or altered in CRC. Numerous small molecule TKIs have been discovered and examined for their potential to treat CRC cancer (Jiao et al., 2018).
The US FDA has authorized more than 50 TKIs, though most of these TKIs exhibit encouraging results in CRC pre-clinical testing. In the clinic, most patients fail (Tauriello and Batlle., 2016). Various causes include the absence of complicated predictive pre-clinical models, a lack of understanding of the pharmacodynamics and pharmacokinetics of TKIs, and a lack of information on the tumor mutational background and heterogeneity, which can cause clinical failure. Despite being a primary contributing factor in CRC metastasis and a therapeutic target, the TME remains unclear, contributing to the discrepancy between pre-clinical and clinical results (Tolba, 2020).
4.4 TKIs as monotherapy
The 14 TKIs that had passed pre-clinical monotherapy testing were also investigated in a clinical trial for mCRC. Four TKIs (Lenvatinib, cediranib, cabozantinib, and apatinib) were identified as promising in non-randomized phase I/II studies, and two (fruquintinib and regorafenib) indicated therapeutic value in a randomized phase III study. 13 of them shown noticeable anti-cancer benefits in a pre-clinical setting (Han et al., 2020). Regorafenib is an oral multikinase inhibitor, that is, now approved for use in third-line mCRC therapy. It prevents tumor angiogenesis, oncogenesis, metastasis, and immunology by inhibiting tyrosine kinase receptors (Calvo-Garcia et al., 2022). Apatinib, an s-SRC, c-Kit, and VEGFR2, a relatively specific inhibitor, had a robust pro-apoptotic effect in vitro in animal CRC cell lines and humans. Patients with refractory CRC who did not have liver metastases responded well to apatinib alone, with a PFS of 3.9 months (Srivastava et al., 2022). A selective VEGFR1,-2,-3 inhibitors called fruquintinib has received approval in China to treat people with mCRC who have already failed at least two courses of systemic anti-neoplastic therapy. It is expected to be the 2nd TKI authorized for mCRC after receiving FDA fast-track approval for mCRC patients (Zhang et al., 2019).
Cediranib and cabozantinib, two TKIs that inhibit several kinases, produced apoptosis and antiproliferative activity in culture and slowed the growth of tumors in vivo. For CRC patients, it was not given any empirical investigation (Qin et al., 2019). Bosutinib is successful in vitro and in vivo in one analysis; however, its efficacy was only moderate in a following phase I clinical experiment (Isakoff et al., 2014). Numerous other TKIs also demonstrated encouraging anti-tumor pre-clinical effects, such as vandetanib (patient-derived cells), gefitinib (CRC cell lines), dasatinib (CRC cell lines and xenograft models), erlotinib (patient-derived xenografts), and linifanib (CRC cell lines, 3D micro tumor). However, none of these treatments worked effectively in the clinic as monotherapy (Table 1) (Lyer et al., 2022).
TABLE 1 | The clinical results and pre-clinical efficacy of specific TKIs in monotherapy. The TKIs shown in bold have either demonstrated promising outcomes or have been effectively adapted for use in the clinic.
[image: Table 1]4.5 Utilization of TKIs in combination therapies
TKIs have been explored in CRC treatment combinations, and pre-clinical studies with 17 TKIs have been successful. Compared to the related pre-clinical investigations, several clinical trials employed various chemotherapy agents or antibodies with similar sites (Chen H. et al., 2022a; Chen R. et al., 2022b).
4.5.1 TKIs combination with antibodies target
Targeting the EGFR/mitogen-activated protein kinase (MAPK) pathway, TKIs are combined with antibodies. In a previous study, cabozantinib was combined with the anti-EGFR antibody cetuximab to treat CRC cell lines, and it was found that this combination helped overcome cetuximab tolerance (Strickler et al., 2021). Furthermore, when TKIs are combined with an anti-VEGF antibody, such as bevacizumab or imatinib, a greater degree of vascular normalization has been observed without activation of extracellular matrix (ECM) deposition (Schiffmann et al., 2017).
4.5.2 TKIs combination with immunotherapy
When CT-26 isografts were treated with lenvatinib, pembrolizumab, and an anti-PD-1 antibody, tumor growth in vivo was significantly inhibited. Regorafenib and nivolumab had a synergistic immune-modulatory effect on CRC cells in another instance (Kato et al., 2019). Anti-PD-1 antibody nivolumab was combined with regorafenib to promote anti-tumor activity (Doleschel et al., 2021). Combinations of regorafenib and ICI were the focus of subsequent research. However, the findings revealed no therapeutic value. It evaluated the potential effectiveness of the combination of pembrolizumab and lenvatinib in patients with advanced non-MSI-H mCRC (Wang et al., 2020).
4.5.3 TKIs combination with radiotherapy
Encouraging results have been reported for the pre-clinical trials of cediranib in combination with radiation in CRC. In addition, vandetanib, irinotecan, and radiation significantly diminished tumor size in human colorectal xenograft models (Meyerhardt et al., 2012). However, the combination of vandetanib with cetuximab and irinotecan did not demonstrate any improvement in effectiveness compared to earlier results in patients with mCRC who had undergone therapy (Table 2) (Wachsberger et al., 2009).
TABLE 2 | Clinical results of additional TKI selected from combination therapies in pre-clinical studies.
[image: Table 2]4.5.4 TKIs combination with chemotherapy
5-fluorouracil (5-FU) treatment has enhanced survival in several cancers. The drug’s most significant effect has been documented in CRC. Active metabolites of 5-FU interfere with DNA and RNA synthesis via the folate metabolic pathway (Pardini et al., 2011). Patients with mCRC treated with oxaliplatin as a single drug showed limited efficacy, with response rates (RR) ranging from 10% to 24%. In contrast, the combination of oxaliplatin with 5FU has demonstrated RRs that vary from 20% to more than 50% due to a synergistic effect with 5FU (Comella et al., 2009). A camptothecin derivative known as irinotecan hydrochloride has anticancer efficacy against several tumor types. Irinotecan’s active metabolite is SN-38, which is synthesized by the enzyme carboxylesterase in the body. Survival has significantly increased since introducing irinotecan for treating CRC around the beginning of the 20th century. The overall survival time has been extended to more than 30 months due to the combination of irinotecan with 5-fluorouracil, oxaliplatin, and numerous molecularly targeted anticancer medications (Fujita et al., 2015).
The synthetic drug semaxanib, which inhibits VEGFR-1 and -2 tyrosine kinases, is a small and lipophilic molecule. For 28 patients with mCRC, semaxanib at two different dose levels in combination with fluorouracil and leucovorin showed a promising response of 31.6% as the first-line therapy (Rosen et al., 1999). A multicenter MABEL (Minimum anticipated biological effect level) trial studied the combination of cetuximab and CPT-11 at a dose and schedule as a pre-study in 1123 patients with mCRC exhibiting detectable EGFR. 9.2 months was the anticipated median survival, although at the expense of a tolerable toxicity profile. The efficacy and safety of C225 with CPT-11 observed in earlier studies were validated by MABEL in a larger context (Wilke et al., 2006). Gefitinib (ZD 1839) inhibits the EGFR tyrosine kinase selectively and has a 100-fold more effective potency against EGFR than other tyrosine or serine/threonine kinases. Gefitinib, unlike cetuximab, does not cause EGFR internalization or destruction in CRC cells, nor does it decrease EGF binding sites or EGFR protein levels (MacKenzie et al., 2005). Gefitinib monotherapy has shown anticancer activity in various CRC cell lines in both in vitro and in vivo investigations. Gefitinib, on the other hand, showed little activity in phase I/II clinical trials in individuals with mCRC (Rothenberg et al., 2004).
The most developed monoclonal antibody against EGFR currently under clinical development is cetuximab. A phase II trial of cetuximab with irinotecan was conducted in patients with EGFR-positive colorectal cancer who were refractory to both 5-fluorouracil (5-FU) and Irinotecan because preclinical and early clinical research indicate that cetuximab might reverse irinotecan resistance in CRC both in vitro and in vivo. The overall response rate for the 120 patients who received this regimen was 22.5% (Saltz et al., 2001). Kuo et al. reported results from a phase II research that included one cycle of FOLFOX-4, followed by further cycles of FOLFOX-4 with 500 mg/d gefitinib in 27 patients with proven progressing CRC following at least one chemotherapy regimen (generally irinotecan-based). 33% of patients experienced objective responses, whereas 48% maintained stable conditions over a prolonged period. The number of prior regimens exhibited no effect on response rates. The median event-free survival period was 5.4 months, and the total survival period was 12 months (Kuo et al., 2005).
5 CONCLUSION AND FUTURE PERSPECTIVES
CRC is a common cancer that substantially increases cancer mortality rates. Due to the complexity of colorectal carcinogenesis, the CRC survival rates of individual patients vary. It is thus beneficial to determine accurate and useful molecular biomarkers that contribute to CRC detection and management. Current studies have focused on finding precise, specialized biomarkers for CRC diagnosis and treatment success. This review article offered an overview of the latest CRC diagnostic biomarkers. Multiple signalling pathways are activated in CRC, making it impossible to address the disease with a single therapy. Combining conventional treatments with novel inhibitors that target multiple pathways is essential. Small-molecule TKIs are among the most recent additions to the vast range of cancer-treating drugs. TKI is a useful pharmacological strategy for treating a variety of malignancies, but it is not a solution. Protein tyrosine kinases appear to accelerate the growth and onset of CRC. The development of more effective biomarkers and the success of tailored medicines offer hope for the future management of CRC, but first, we need to learn more about the disease. Standardizing protocols, including extraction and quantification procedures and normalizing approaches, will be complicated in the future. Biomarker translation into the therapeutic context is also critical. Lastly, complicated laboratory equipment should be avoided for simple, inexpensive, quick solutions. We believed that developing additional novel targeted medicines could reduce the burden of CRC cancer.
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vandetanib | VEGFR and EGER families, TIE2, | CRC Cell lines open-label, randomized No OR observed Kim et al. (2018)
BRK, RET, and EPH receptor and Src PDCs phase I trials
kinase members
sunitinib, RET, CSF-IR, FLT3, KIT, Cells with CRC | A two-stage, multicentre, No OR observed Lu et al,, 2021
VEGFR12, 3, and PDGFRa and | Mouse Xenograft | open-label study (Phase I1)
Model
regorafenib  Abl, PTKS, SAPK2, BRAFV60OE, CRC PDTOs Randomized, placebo- The median OS for placebo vs. regorafenib | Vlachogiannis
BRAF, RAF-1, Eph2A, Trk2A, controlled, phase Il analysis was 6.4 vs. 5.0 months etal. (2018)
DDR2, TIE2, FGFR2, FGFRI,
PDGERa and f, KIT, VEGERI, 2,
3, RET
nintedanib | FLT-3, CSFIR, VEGFR 123, FGFR | cell lines of CRC Randomized, double- Both of the study’s co-primary outcomes Cheng et al.
1-3, PDGER a and p blinded, placebo-controlled  were not met. OS has not improved. PFS has (2021)
phase 111 experiment significantly but modestly improved
linifanib VEGF, PDGF, FLT3 CRC cell lines 3D An open-label, non- No tumor responses were seen, and the Chan et al.
micro- Tumors | randomized study (Phase II) ORR’s primary goal was not fulfilled (2017)
lenvatinib RET, KIT, FGFR, PDGFRa, PDX cell lines single-centre, single-arm,  +PFS -3.6 months and +0OS—7.4 months, Iwasa et al.
VEGERL, 2, and 3 of CRC phase II open-label trial DCR (70.0%) (2020)
gefitinib  IGF and PDGF-mediated signaling, =~ CRC cell lines | Phase II Randomized Trial Median PES is 1.9 months, with PR Georgious et al.
EGER exon 21 point mutation occurring in 1 of 110 patients (maximum (2020)
L858R, and exon 19 deletion 2.3 months)
fruquintinib VEGFR12,3 Mouse model a multicentre clinical trial, | Fruquintinib versus placebo: median OS, Wang et al.
placebo-controlled, double- 9.3 vs. 6.6 months Fruquintinib versus (2020)
blind, Phase I1I randomized | placebo: Median PES, 3.7 vs. 1.8 months
cohort
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(2021)
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BCR-ABL, PDGFR@, EPHA2, ¢-KIT | Mice model CRC (2017)
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cediranib FGFRs, PDGERs, VEGFRI, 2, 3 CRC cell lines | Phase I, multicentre, open- DCR (81%)—26/32 patients Melsens et al.
Mouse model label (2017)
cabozantinib | TIE-2, FLT-3, TRKB, KIT, MER, Models using | Single-arm, two-stage Phase | 12-week PES (34% of patients) 1 PR patient  Yang et al.
TYRO3, ROSI, RET, AXL, VEGFRI, | Xenograft mice 11 trial (Best response) SD with a DCR (72.7%) at (2022)
2 and 3, MET and CRC cel lines week 6
bosutinib Hek, Lyn, Src, BCR-ABL Models using | Phase I, prospective clinical CR—0 PR—1 ORR (6%) Daud et al.
Xenograft mice trial (2012)
and CRC cell lines
apatinib s-SRC, c-Kit, VEGFR2 CRC cell lines | open-label, single-arm Phase Average 0S—7.9 months Cai et al. (2020)

Murine CRC cell
lines

11 experiment

Average PFS—3.9 months

“PDX, patient-derived xenograft; PFS, progression-free survival; OS, overall survival; PDCs, patient-derived cells; PDTOs, patient-derived tumor organoids; DCR, disease control rate; ORR,
objective response rate; OR, overall response; CR, complete response; SD, stable disease; PR, partial response; mCRC, metastatic colorectal cancer; CRC, colorectal cancer.
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Clinical findings Model of the Clinical Clinical trial

trail combination study
vatalanib | ORR, OS, and PFS were not enhanced | CRC cell lines | VEGFRL2, PDGER, - Kit,  vatalanib + FOLFOX4 Phase 11T Toetal.
C-Fms randomized, (2015)

placebo-controlled

vandetanib PD (34%), SD (59%), PR (7%) Xenograft Model Families VEGFR and EGFR, vandetanib + irinotecan  Trial I comprisinga Eng et al.
TIE2, BRK, RET, and Src kinase + cetuximab larger MTD (2019)
PFS average—3.6 months family members and EPH population
receptor

Average 0S—10.5 months

PR—8/17 patients Mouse model | RET, CSF-IR, FLT3, KIT, B, sunitinib + FOLFIRI Phase II Di
and CRC cell VEGFR1,2,3, and PDGFRa Multicenter, open- | Desidero
lines label etal. (2019)

sorafenib  No OR detected, 1.84 months for the | CRC cell lines ~ PDGFR-8, VEGFR1,2,3, RET, | sorafenib + cetuximab  open-label, single- = Rizzo et al.
median PFS RET/PTC, FLT- 3, c-CRAF, arm Phase I trial (2021)
KIT, mBRAF, BRAF

semaxinib | PR confirmed PR (27%) and PR murine model VEGER2, c-kit bolus 5-FU, leucovorin, | Phase /Il trial  Woo and
unconfirmed PR (18%) using xenografts and irinotecan (IFL) + Jung.
and CRC cell semaxinib 017)
lines
pazopanib | FOLFOX6RR (38%) pazopanib + PDX Mouse  c-Fms, Lek, Itk, interleukin-2, | FOLFOX6 or CapeOx + | 2-part, Open-label, | Zhu et al.
CapeOx + RR (40%) pazopanib Model FGER 1 and 3, pazopanib dose-finding (2019)
VEGERI,2,3and KIT Phase
nintedanib | Primary endpoint criteria were | CRC Cell lines &  FLT-3, CSFIR, VEGFR 1,23, nintedanib + Phase It Boland
not met ‘mouse model FGFR 1-3, PDGER a and mFOLFOX6 randomized,  etal. (2018)
placebo-controlled
gefitinib | OS, PFS, and OR did not improve | CRC cell lines IGF and PDGF-mediated gefitinib + FOLFIRI A multicenter Palumbo
than the FOLFIR arm signaling are mediated by EGFR randomized trial | etal. (2014)
exon 19 deletion or exon (Phase 1)

21 point mutation L858R

erlotinib Patients with BRAF and KRAS CRC cell lines EGFR erlotinib + cetuximab Phase I1 trial Xuetal.
‘mutations did not respond. In KRAS/ (2020)
BRAF wt tumors, the RR was 52%,
while in KRAS wt tumors, it was 41%

dasatinib  Patients with high srcact expression | CRC cell lines  PDGER, EPHA2, ¢-KIT, BCR- | dasatinib, capecitabine, | dosage escalation | Mettu et al.

had an ORR of 75%, while those with ABL, SRC family (FYN, YES, oxaliplatin, and in Phase T and (2019)
low sreact expression had a 0% rate LCK, SRC) bevacizumab cohort
cediranib CR (41%), ECPR (53%) Xenograft mouse  FGERs, PDGERs, VEGFRI, 2, 3 cediranib + Phase I, alternating | Melsons
model chemoradiotherapy cohort design  etal. (2017)
bosutinib | SD or PR > 24 weeks (13% PR or SD) | cell lines for CRC ~ Hck, Lyn, Src, BCR-ABL capecitabine + bosutinib | open-label, dose- | Wenzel
(all tumor types) mouse xenograft escalation, etal. (2020)
models multicenter Stage 1
trial
apatinib DCR (22.2%), ORR (0%) CRC cell lines s-SRC, c-Kit, VEGFR2 apatinib + anti-PD-1  open-label, single- | Cai et al.
Murine CRC cell antibody SHR-1210 arm, Phase I (2020)
+0S—is 7.80 months lines prospective trial

+PFS—is 1.83 months

“TFTD/TAS102, trifluridine/tipiracil; CapeOX/XELOX, capecitabine, oxaliplatin; 5-FU, 5-Fluorouracil; SN-38, the active metabolite of irinotecan; FOLFOX4/6/mFOLFOX6, leucovorin
calcium (folinic acid), fluorouracil, and oxaliplatin; ECPR, excellent clinical or pathological response; PR, partial response/partial remission; MTD, maximum tolerated dose.
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ypT cT/cN i j With adjuvant chemotherapy P-value?
classification  classification N = 368

5- year OS 5- year DFS N 5- year OS 5- year DFS 5- year 5- year

(%) (%) (%) (%) 0s DFS
ypTONO T3-4N1-2 84 79 (94.05) 77 (91.67) 74 71 (95.95) 68 (91.89) 0.648 0.966
T3-4, NO 37 34 (91.89) 32 (86.49) 28 23 (82.14) 23 (82.14) 0.356 0.766
T1-2,N1-2 17 17 (100.00) 17 (100.00) 10 10 (100.00) 9 (90.00) - =
T1-2,NO 17 14 (82.35) 14 (82.35) 3 3(100.00) 3 (100.00) 0477 0477
YpT1-2N0 T3-4, N1-1 95 81 (85.26) 75 (78.95) 138 123 (89.13) 115 (83.33) 0.484 0.509
T3-4, NO 58 46 (79.31) 45 (77.59) 66 59 (89.39) 55 (83.33) 0.123 0411
T1-2,N1-2 16 13 (81.25) 13 (81.25) 24 22 (91.67) 21 (87.50) 0.266 0.595
T1-2,NO 28 26 (92.86) 22 (78.57) 25 17 (68.00) 16 (64.00) 0.030 0317
d. P-value was derived from the Log rank test.
08, overall survival; DES, disease free survival; cT, clinical tumor; cN, clinical nodal; ypT, pathological tumor.
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umber of patientN (%) OS N (%) 5- year DFS N (%)
5-FU 210 (57.07) 188 (89.52) 173 (82.38)
Capecitabine 53 (14.40) 42 (79.25) 32 (60.38)
Oxaliplatin 64 (17.39) 52 (81.25) 43 (67.19)
Leucovorin 297 (80.71) 266 (89.56) 250 (84.18)
UFUR 161 (43.75) 137 (85.09) 125 (77.64)
Combined
L+F 210 (57.07) 188 (89.52) 173 (82.38)
FOLFOX 58 (15.76) 46 (79.31) 37 (63.79)
CAPEOX 20 (5.43) 15 (75.00) 9 (45.00)
F+O 58 (15.76) 46 (79.31) 37 (63.79)
Monotherapy,
No 326 (88.59) 289 (88.65) 273 (83.74)
Yes 42 (11.41) 39 (92.86) 37 (88.10)

OS, overall survival; DFS, disease free survival; L+F, Leucovorin+5-FU; FOLFOX, Oxaliplatin+ Leucovorin+5-FU; CAPEOX, Oxaliplatin + Capecitabine; F+O, Oxaliplatin+ 5-FU.
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Exclusion criteria
1.

Rectal cancer patient with
treatment information in
TCR database during 2007
to 2017.

N=7,936

Candidates in rectal cancer
study.
N=5,692

Incorrect records of the Patient received
adjuvant treatment after neoadjuvant therapy before
surgery. (N=768) surgery.

Patient without ypT0-2 N=3,074

and NO. (N=1,510)
Follow-up period less
than 3 months after
surgery. (N=5)
Recurrence before
treatment date. (N=27)
Rectosigmoid site. - - -
(N=31) Patient with pathological
Patients received short stage ypT0-2 and NO.
course RT. (N=13) N=720

Exclusion criteria
1. No clinical T stage
recorded or stage 0.
(N=448)
. No nodes recorded.
(N=318)
. No grade recorded.
(N=1,478)

Patient with adjuvant Patient without adjuvant

chemotherapy after surgery. chemotherapy after surgery.

N= 368

N=352
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Variable Adjuvant chemotherapy

Without

Overall N=352 N=368

Age group
<65 200 (56.82) 246 (66.85) 0.006
>65 152 (43.18) 122 (33.15)

Gender
Male 258 (73.30) 240 (65.22) 0.019
Female 94 (26.70) 128 (34.78)

Morphology
Adenocarcinoma 349 (99.15) 364 (98.91) 1.000
Mucinous/signet 3(0.85) 4 (1.09)

Grade
Well 319 (90.63) 336 (91.30) 0.751
Others 33 (9.38) 32 (8.70)

cT classification
1-2 78 (22.16) 62 (16.85) 0.072
34 274 (77.84) 306 (83.15)

cN classification
0 140 (39.77) 122 (33.15) 0.065
12 212 (60.23) 246 (66.85)

ypT classification

0 155 (44.03) 115 (31.25) 0.002
1 34 (9.66) 46 (12.50)
2 163 (46.31) 207 (56.25)

LN yield
<12 172 (48.86) 167 (45.38) 0.349
212 180 (51.14) 201 (54.62)

Surgery type
LAR 246 (69.89) 255 (69.29) 0.966
APR 53 (15.06) 58 (15.76)
Others 53 (15.06) 55 (14.95)

CCl score
0 216 (61.36) 231 (62.77) 0.739
1 83 (23.58) 89 (24.18)
22 53 (15.06) 48 (13.04)

Follow-up period®, year
Median (Q1-Q3) 4.22 (2.48-5.00) 4.24 (2.24-5.00) 0.956

a. The end of study was 2018.12.31 and the study period was defined as the patients were examined 5 years after 3 months of surgery.

b. P-value was derived from Pearson’s Chi-square test for categorical variable and the Wilcoxon rank sum test for the difference in the median of follow-up period between two groups.
nCRT, neoadjuvant chemoradiotherapy; cT, clinical tumor; cN, clinical nodal; yp'T, pathological tumor; LN, lymph node; LAR, low anterior resection; APR, abdominoperineal resection;
CClI, Charlson Comorbidity Index.
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With adjuvant che- 5-year OS 5-year DFS
[l GEETA

without Crude hazard B Adjusted Bs Crude hazard P= Adjusted
ratio (95% value hazard ratio® value ratio (95% value hazard ratio®
Cl) (95% C.) Cl) (95% C.l.)
Overall 1.00 (0.86-1.17) 0.988 1.03 (0.88-1.21) 0711 1.01 (0.87-1.19) 0.862 1.05 (0.89-1.24) 0556
Age group
<65 0.98 (0.81-1.19) 0.820 1.01 (0.83-1.24) 0.909 1.00 (0.82-1.21) 0.959 1.03 (0.84-1.27) 0.760
>65 1.03 (0.79-1.35) 0.806 1.09 (0.83-1.44) 0529 1.05 (0.80-1.37) 0.750 111 (0.84-1.48) 0463

cT classification
12 1.04 (0.72-1.48) 0.846 0.99 (0.66-1.47) 0.944 1.07 (0.74-1.55) 0.730 1.06 (0.70-1.59) 0798
3-4 0.99 (0.83-1.18) 0.914 1.04 (0.87-1.24) 0.693 1.00 (0.84-1.20) 0.973 1.05 (0.88-1.26) 0.592
cN classification
0 0.84 (0.65-1.10) 0.199 0.83 (0.63-1.10) 0.195 0.83 (0.63-1.09) 0.183 0.82 (0.62-1.10) 0.184
1-2 1.08 (0.89-1.30) 0.464 1.15 (0.94-1.40) 0.184 1.11 (0.91-1.35) 0.299 1.18 (0.96-1.45) 0.116
ypT classification
0 1.00 (0.78-1.29) 0.987 1.02 (0.79-1.33) 0.870 1.03 (0.80-1.33) 0.796 1.06 (0.81-1.38) 0.666
12 1.03 (0.85-1.27) 0.745 1.04 (0.84-1.27) 0.738 1.04 (0.85-1.28) 0.698 1.04 (0.84-1.29) 0.722
c. The relative risk between patient with or without adjuvant chemotherapy was calculated from Cox proportional hazard ratio model and adjusted for age, gender, cT/cN/ypT

classification, surgery type, and CCL
08, overall survival; DES, disease free survivak; T, clinical tumor; €N, clinical nodal; ypT, pathological tumor; CCI, Charlson Comorbidity Index.
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Characteristic

Age (years)
Median age (range)
<65 years
=65 years
Gender
Male
Female
Baseline ECOG PS
0
1
2
Site of primary tumor
Left-side
Right-side
Site of metastases
Liver
Lung
Lymph node
Peritoneum
Other
Number of organs with metastases
<2
22
Previous therapies
Fluoropyrimidines
Platinum agents
Irinotecan
Antiangiogenic therapy
Immunotherapy
Antiangiogenic plus immunotherapy
Surgery
Radiotherapy
Prior treatment lines
<3
>3
Gene mutation status
RAS/BRAF wild
RAS mutant
BRAF mutant
Unknown
ALP
> 160U/L
< 160U/L
GGT
> 50U/L
< 50U/L
LDH
> 245U/L
< 245U/L
D-Dimer
> 0.3mg/L
<03 mg/L
FIB
> 4g/L
<4g/L
TMB
TMB-H
TMB-L

Unknow

Patients (n=110)

53.0 (22-81)
91 (82.7%)
19 (17.3%)

63 (57.3%)
47 (42.7%)

31 (28.2%)
67 (60.9%)
2 (10.9%)

6 (78.2%)
24 (21.8%)

60 (54.5%)
64 (58.2%)
79 (71.8%)
25 (22.7%)

7 (42.7%)

1(19.1%)
89 (80.9%)

109 (99.1%)
107 (97.3%)
91 (82.7%)
98 (89.1%)
1 (10.0%)
9 (8.2%)
5 (77.3%)
10 (9.1%)

32 (29.1%)
78 (70.9%)

28 (25.5%)
54 (49.1%)
6 (5.4%)
22 (20.0%)

2 (10.9%)
98 (89.1%)

43 (39.1%)
67 (60.9%)

5 (50.0%)
5 (50.0%)

55 (50.0%)
55 (50.0%)

31 (28.2%)
79 (71.8%)

8 (7.3%)
5 (22.7%)
77 (70.0%)
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Drug n (%)

Programmed death-1 inhibitors

Sintilimab 51 (46.4%)
Camrelizumab 39 (35.5%)
Toripalimab 15 (13.6%)
Tislelizumab 4 (3.6%)
Pembrolizumab 1 (0.9%)
Fruquintinib

Fruquintinib 3mg 7 (6.4%)
Fruquintinib 4mg 1 (0.9%)

Fruquintinib 5mg 102 (92.7%)
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Partial response
Stable disease
Progressive disease
Objective response

Disease control

CI, confidence interval.

n=110 (%)

13 (11.8%)

64 (58.29%)

33 (30.0%)
13 (11.8%) [95%CI:6.4~18.2]
82 (70.0%) [95%CL:60.9~78.2]
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Age (<65/=65years)

Gender (Male/Female)

Baseline ECOG PS (0/1/2)

Site of primary tumor (Left side/Right side)
Liver metastases (yes/no)

Lung metastases (yes/no)

Peritoneum metastases (yes/no)

Pelvic metastases (yes/no)

Bone metastases (yes/no)

Number of organs with metastases (>2/<2)
Treatment lines (3/>3)

RAS status (wild/mutant)

BRAF status (wild/mutant)

Prior antiangiogenic therapy (yes/no)
Prior immunotherapy (yes/no)

Prior antiangiogenic plus immunotherapy (yes/no)
ALP (>160U/L/<160U/L)

GGT (>50U/L/<50U/L)

LDH (>245U/L/<245U/L)

D-Dimer (>0.3mg/L/<0.3mg/L)

FIB (>4g/L/<4g/L)

TMB (TMB-H/TMB-L)

Changes in ALP levels (decreased/did not decreased)

Changes FIB levels (decreased/did not decreased)

Univariate analysis
HR (95% CI)

1.662 (0.904-3.054)
1131 (0.722-1.772)
1.324 (0.903-1.941)
1.262 (0.733-2.171)
0.531 (0.337-0.838)
0999 (0.639-1.561)
0992 (0.589-1.672)
1.601 (0.908-2.826)
0.817 (0.403-1.653)
1.012 (0.582-1.761)
2280 (0.706-7.366)
1.281 (0.764 -2.148)
0372 (0.113-1.222)
0.422 (0.170-1.046)
0945 (0.452-1.978)
0.724 (0.346-1.511)
0.390 (0.200-0.757)
0.788 (0.329-1.888)
1.534 (0.643-3.675)
0.584 (0.371-0.918)
0.503 (0.314-0.807)
0.988 (0.391-2.493)
1.743 (1.091-2.785)
1.138 (0.723-1.790)

P value

0.096
0.587
0.342
0.396
0.005
0.995
0.976
0.098
0.569
0.966
0.154
0.343
0.090
0.052
0.880
0.382
0.004
0475
0213
0.020
0.004
0.979
0.019
0.578

Multivariate analysis

HR (95% CI) P value
0.594 (0.363-0.973) 0.038
0.478 (0.241-0.948) 0.035
0.783 (0.491-1.247) 0.302
0.517 (0.313-0.855) 0.010
1.673 (1.040-2.690) 0.034

ECOG PS, Eastern Cooperative Oncology Group Performance Status; ALP, alkaline phosphatase; GGT, glutamyl transpeptidase; LDH, lactate dehydrogenase; FIB, fibrinogen; TMB, tumor

mutational burden; TMB-H, high tumor mutational burden (210 mut/Mb); TMB-L, low tumor mutational burden (<10 mut/Mb).

Site of primary tumor, Left-side: distal 1/3 of transverse colon, descending colon, sigmoid colon and rectum, Right-side: proximal 2/3 transverse colon, cecum, ascending colon,
The bold values represent P<0.05, and the difference is statistically significant.
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From August 2019 to November 2021, 141 MSS/pMMR CRC patients received furquitinib
combined with PD-1 inhibitors in the First Affiliated Hospital of Zhengzhou University

19 patients had no available follow-up data
‘ 8 patients had severe complications
4 patients combined with chemotherapy

110 patients were enrolled in the final analysis

74 patients discontinued treatment
3 patients had non-treatment-related deaths

January 20, 2022, 33 patients ongoing

—
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Age of diagnosis

Smoker, N

TNM stage, N

Metastasis
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Adverse events
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Constipation

Hypertension

Leukopenia

Neutropenia
Thrombocytopenia

Anemia

Proteinuria

alanine aminotransferase elevated
aminotransferase elevated
Bilirubin elevated
Hyperlipidemia

Fatigue

Oral mucositis

Creatinine elevated
Arrhythmia

Lactate dehydrogenase elevated
Hypothyroidism
thyroid-stimulating hormone elevated
Hyperthyroidism

Adrenal cortex hypofunction
Immune-associated pneumonia
Joint pain

Bleeding

Hyperuricemia

Any grade

16 (14.5%)
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3(2.7%)
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27 (24.5%)

31(28.1%)

12 (10.9%)
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Grade 1
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1.Patients with biopsy-proven LARC from February 2017 to August 2021
2.DCE-MRI examination within two weeks before biopsy or surgery
3.Absence of antitumor treatment before DCE-MRI

Exclusion
1. poor image quality (with severe artifacts) or failure to

obtain measurements

2.Severe systemic disease and absolute contraindications
3.Lack of pre-surgical carcinoembryonic antigen(CEA) and
carbohydrate antigen(CA)199 data

4. Metastatic disease

5. A maximum tumor diameter of <1 cm

Patients include n=100
1.Random grouping at 7:3
2.Evaluation of LRP-1 and survivin

Training cohorts(n=70) Validation cohorts(n=30)

Performance evaluation
of radiomics models
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Gene name Primer sequence (Forward) Primer sequence (Reverse) Cycle #
ATF1 5'-GCTCAACAGGTATCATCTTTATCAG-3' 5'-accacagtttgtggcagaga-3' 30
ATF3 5'-GAGGATTTTGCTAACCTGAC-3’ 5'-TAGCTCTGCAATGTTCCTTC-3’ 28
ATF4 5'-TTCCAGCAAAGCACCGCAAC-3’ 5'-AGGGCATCCAAGTCGAACTCCT-3' 30
ATF5 5'-AAGTCGGCGGCTCTGAGGTA-3’ 5'-GGACTCTGCCCGTTCCTTCA-3' 30
ATF6 5'-ATGAAGTTGTGTCAGAGAAC-3’ 5'-GGGTGCTATTGTAATGACTCA-3’ 30
CHOP 5'-CATTGCCTTTCTCCTTCGGG-3' 5'-GCCGTTCATTCTCTTCAGCT-3' 30
elF2a 5'-ACCTCAGAATGCCGGGTCTA-3' 5'-GTGGGGTCAAGCGCCTATTA-3 28
XBP1 5'-CCTTGTAGTTGAGAACCAGG-3' 5'-GGGGCTTGGTATATATGTGG-3' 30
TOM20 5'-GTGTATGCGGGGCCCTTTTC-3 5'-ACATCATCTTCAGCCAAGCTCT-3' 28
mtTFA 5'-GCGTTTCTCCGAAGCATGTG-3' 5'-TTGTGCGACGTAGAAGATCC-3' 30
PGC-10. 5'-GTGTCACCACCCAAATCCTTA-3' 5'-ATTCTTCCCTCTTCAGCCTCT-3' 35
Parkin 5'-AAGGAGGTGGTTGCTAAGCGAC-3 5'-CTGGGTCAAGGTGAGCGTTGC-3 35
TFEB 5'-GGTGTTGAAGGTGCAGTCC-3' 5'-GGGTAGCGTGTTGGGCATCTG-3' 30
AMPK 5'-CGGCAAAGTGAAGGTTGGC-3' 5'-TCCTTCGTGGAGCCTGTTTT-3' 30
p70S6K 5'-GGAGCCTGGGAGCCCTGATGTA-3' 5'-GAAGCCCTCTTTGATGCTGTCC-3' 30
188 5 -CAGCCACCCGAGATTGAGCA-3’ 5 -TAGTAGCGACGGGCGGTGTG-3' 39
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Sensitive groups(n=10) Resistant groups(n=5) F value P value

Rad-scorel -0.210 + 0.648 4.829 + 3.459 2.891 0.043
Rad-score2 1.771 + 0.415 -0.083 + 0.947 -0.547 0.594
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Characteristic

Sex
Male
Female
Age(years)
mean + SD
BMI(kg/m?)
Location
Above
Straddling
Below
mrT stage
T2
T3
T4
mrN stage
NO
N1
N2
CEA level
Normal
Abnormal
CA199 level
Normal

Abnormal

Training cohorts(n = 70)

High

26(65.00%)
14(35.00%)

68.75 £ 11.29
23.45 +3.58

8(26.67%)
15(37.50%)
15(37.50%)

3(7.50%)
35(87.50%)
2(5.00%)

3(7.50%)
10(25.00%)
27(67.50%)

23(57.50%)
17(42.50%)

32(80.00%)
8(20.00%)

Low

18(60.00%)
12(40.00%)

67.83 £9.13
2290 +3.13

10(25.00%)
6(20.00%)
16(53.33%)

1(3.33%)
26(86.67%)
3(10.00%)

1(3.33%)
7(23.33%)
22(73.33%)

15(50.00%)
15(50.00%)

27(90.00%)
3(10.00%)

0.668

0717

0.154
0.254

0.571

0.843

0.533

0.255

Validation cohorts(n = 30)

High

10(58.82%)
7(41.18%)

6547 + 11.21
23.54 + 3.47

5(29.41%)
5(29.41%)
7(41.18%)

1(7.69%)
15(88.24%)
2(11.77%)

0(0.00%)
2(11.77%)
15(88.24%)

10(58.82%)
7(41.18%)

15(88.24%)
3(11.77%)

Low

10(76.92%)
3(23.08%)

71.92 + 7.89
22.77 + 4.06

4(30.77%)
8(61.54%)
1(7.69%)

0(0.00%)
11(86.62%)
1(7.69%)

1(7.69%)
1(7.69%)
11(84.62%)

4(30.77%)
9(69.23%)

10(76.92%)
2(23.08%)

0.297

0.088

0.088
0.237

0.785

0.758

0217

0.410





OPS/images/fonc.2022.881341/table2.jpg
Characteristic

Sex

Male

Female
Age(years)
mean + SD
BMI
Location

Above

Straddling

Below
mrT stage

T2

T3

T4

mrN stage

N1
N2
CEA level
Normal
Abnormal
CA199 level
Normal

Abnormal

Training cohorts(n = 70)

High

27(67.50%)
13(32.50%)

66.43 + 10.71
23.55 + 3.55

11(27.50%)
13(32.50%)
16(40.00%)

0(0.00%)
37(92.50%)
3(7.50%)

No
8(20.00%)
32(80.00%)

24(60.00%)
16(40.00%)

33(82.50%)
7(17.50%)

Low

17(56.67%)
13(43.33%)

70.93 + 9.43
22.76 + 3.14

7(23.33%)
8(26.67%)
15(50.00%)

4(13.33%)
24(80.00%)
2(6.67%)

0(0.00%)
9(30.00%)
17(56.67%)

14(46.67%)
16(53.33%)

26(86.67%)
4(13.33%)

0.353

0.382

0.339
0.706

0.046

0.019
4(13.33%)

0.268

0.635

Validation cohorts(n = 30)

High

13(76.47%)
4(23.53%)

66.41 +9.34
23.61 +3.57

3(17.65%)
6(35.29%)
8(47.06%)

0(0.00%)
16(94.12%)
1(5.88%)

3(17.65%)
14(82.35%)

7(69.23%)
10(58.82%)

15(88.24%)
2(11.77%)

Low

7(53.85%)
6(46.15%)

22,67 +3.92
23.00 + 3.09

6(46.15%)
2(15.38%)
5(38.46%)

1(7.69%)
10(76.92%)
2(15.39%)

0(0.00%)
0(0.00%)
12(92.31%)

9(41.18%)
4(30.77%)

10(76.92%)
3(23.08%)

0.193

0.265

0513
0.200

0.371

0.151
1(7.69%)

0.127

0.410
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Cohort
LRP-1 Training
Validation
Survivin Training
Validation

AUC, area under the receiver operating characteristic curve; ACC, accuracy; SEN, sensit

Cut-oft

0.400
0.445
0.557
0.511

AUC

0.853
0.747
0.780
0.800

ACC

0.829
0.767
0.757
0.800

SEN

0.900
0.882
0.700
0.824

SPE

0.733
0.615
0.833
0.769

PPV

0.818
0.750
0.848
0.824

ity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value.

NPV

0.846
0.800
0.676
0.769
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