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Simple Summary: Liver metastasis is the leading cause of death in colorectal cancer (CRC) patients. CRC is a 

highly heterogeneous disease, which makes the treatment of both primary foci and liver metastasis difficult, 

but this heterogeneity also reveals a series of changes in colorectal cancer liver metastasis (CRLM), which 

contain new directions for clinical treatment. Therefore herein, we summarize the heterogeneity of CRLM at 5 

levels: genetic, transcriptomic, protein, metabolic, and immune. In addition, we summarize new clinical 

treatments proposed to address this heterogeneity. 

Abstract: Colorectal cancer is a high-incidence tumor that has a high mortality rate due to its frequent 

metastasis to the liver. The difference in genes, proteins, and immune microenvironment between the primary 

and metastatic sites causes them to show different responses to treatment. Colorectal cancer liver metastasis 

patients also tend to show poorer treatment response and prognosis. Therefore, in this paper, we summarize 

the heterogeneity exhibited after colorectal cancer liver metastasis from five aspects (gene, transcriptome, 

protein, metabolism, and immunity), and we found that except for the genetic heterogeneity, the other four 

aspects exhibite significant heterogeneity, which might serve as a new therapeutic direction and a prognostic 

marker for patients with liver metastasis. Finally, the therapeutic modalities regarding tumors are rapidly 

evolving, and we have also summarize the new clinical therapeutic modalities currently proposed based on 

these heterogeneities, aiming to provide new therapeutic ideas for the clinical treatment of patients with 

colorectal cancer liver metastases. 

Keywords: colorectal cancer liver metastasis; heterogeneity; gene; transcriptome; protein; metabolism; 

immune; therapy 

 

1. Introduction 

Colorectal cancer (CRC) is a tumor with a high incidence and mortality rate. The number of new 

CRC cases worldwide reached 1.93 million in 2020, third only to breast cancer and lung cancer, and 

the number of CRC deaths reached 940,000, second only to lung cancer, making it the second most 

deadly tumor worldwide [1]. In China, according to the 2016 national cancer statistics published by 

the National Cancer Center, a total of 4.06 million tumor patients were diagnosed in 2016, and there 

were approximately 408,000 CRC patients, accounting for 10.00% of the total, second only to lung 

cancer, while the total number of cancer deaths in 2016 was approximately 2.41 million, and 

approximately 196,000 CRC patients died, accounting for 8.10% of the total. 

The high metastasis rate of CRC is one of the reasons why the mortality rate is so high. CRC 

frequently metastasizes, especially to the liver, with approximately 20% of patients having liver 

metastasis by the time CRC is diagnosed. The extremely high rate of colorectal liver metastasis 

(CRLM) reduces the effectiveness of treatment for CRC patients [2,3]. For one, these patients are often 

diagnosed with advanced tumors, and their disease is poorly controlled. For another, the current 

treatment modalities for CRLM patients are relatively limited. Surgical resection is the main 

treatment for CRLM patients, but only a small proportion of patients can be cured by resection of 

liver metastasis, and the prognosis of other patients is poor [4,5]. Immunotherapy is particularly 
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effective for dMMR and MSI-H CRC patients [6–8], but it is not as effective in CRLM patients, 

possibly due to the immunosuppressive microenvironment of the liver [9]. 

It is well known that tumor heterogeneity has a large impact on the treatment outcome of tumor 

patients [10]. Although tumor heterogeneity is very complex, the study of tumor heterogeneity 

remains a hot topic. Tumor heterogeneity can be divided into intratumor heterogeneity and 

intertumor heterogeneity, as well as temporal heterogeneity and spatial heterogeneity. Temporal 

heterogeneity means that the nature of tumors changes over time, while spatial heterogeneity can 

indicate that the nature of different cell subpopulations within a tumor at the same site are different 

and that the nature of the primary tumor lesion and its corresponding metastasis are also different. 

CRC is a highly heterogeneous disease, especially after CRLM, and the unique 

microenvironment of the liver makes CRC exhibit stronger spatial heterogeneity in all aspects, 

including gene expression, tumor microenvironment, and biological behavior [11]. 

Therefore, the strong heterogeneity in CRLM is a major reason for its poor response to treatment. 

To improve the treatment effect of CRLM patients, it is important to examine the heterogeneity 

between CRC and CRLM. In this article, we summarize the heterogeneity between CRC and CRLM 

at the genetic, transcriptional, protein, metabolic, and immune levels and discuss the prognostic 

value of this heterogeneity and its impact on clinical decision-making. 

2. Genetic heterogeneity 

The adenoma-carcinoma sequence underlies the development of CRC and involves many 

changes, including tumor suppressor gene inactivation (APC, TP53), oncogene activation (BRAF, 

PI3KA, and RAS), chromosomal instability (CIN), CpG island methylation phenotype (CIMP), and 

microsatellite instability (MSI) pathways [12,13]. These alterations result in a highly unstable genome 

in CRC. Yet when we explore the sources of genetic heterogeneity in CRLM, we are surprised to find 

little genetic heterogeneity between primary tumors and CRLM. 

2.1. Key driver genes 

Five key driver genes, APC, TP53, RAS, BRAF, and PIK3CA, play a critical role in the adenoma-

carcinoma sequence of CRC, and the mutational status of these genes can influence the clinical 

outcome of CRC patients. Patients with KRAS wild-type tumors have significantly better clinical 

outcomes than patients with KRAS mutation tumors [14,15]. Patients with BRAF mutation and PI3KA 

mutation tumors also show poorer clinical outcomes [16,17]. Therefore, we summarize here the 

heterogeneity of these five genes among CRLM patients. Unexpectedly, these genes do not show 

heterogeneity between the primary tumor and corresponding liver metastasis [18–22].  Stephan et 

al. examined mutation sites in KRAS, BRAF, and PI3KA in 20 CRLM patients and found the same 

mutation status in 18 patients with primary tumor and liver metastasis [18]. Jiayun Hou et al. 

investigated the heterogeneity of the KRAS pathway in CRC and found that the frequency of KRAS 

mutations was significantly higher in the lung (62.0%) and brain (56.5%) than in the liver (32.5%), 

KRAS mutation could be an independent predictor of lung metastasis but played a less significant 

role in CRLM [23]. Another study reached a similar conclusion [24]. 

2.2. Chromosomal instability (CIN) 

CIN is a common feature of solid tumors, including CRC, and it causes genomic instability in 

approximately 70% of CRC patients [12,25]. CIN includes instability of chromosome number 

(numerical CIN) and instability of chromosome structure (structural CIN), numerical CIN refers to 

the increase or decrease of chromosome copy number, and structural CIN includes deletions, 

translocations, and derivative chromosome, among other [26].  

Previous studies have found that chromosome instability is significantly higher in metastatic 

breast cancer cells than in the primary, and it is also a driver for metastasis [27]. In CRC, some studies 

have reached the same conclusion [28–31]. Soulafa et al. found by whole-genome sequencing that the 

CNVs of the MMP9 and CDX2 genes were significantly increased in CRLM [31]. MMP9 belongs to 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0260.v1

https://doi.org/10.20944/preprints202311.0260.v1


 3 

 

the matrix metalloproteinase family, which can degrade various protein components in the 

extracellular matrix (ECM) and disrupt the histological barrier that prevents tumor cell invasion, and 

therefore plays a key role in tumor invasion and metastasis [32]. CDX2 is involved in the proliferation 

and differentiation of intestinal epithelial cells [33].  

Nonetheless, some studies have come to the opposite conclusion. Leonie used a high-resolution 

array of comparative genomic hybridization to study 62 primary colorectal cancers and 68 matched 

metastatic lesions (22 liver, 11 lung, 12 ovary, 12 omentum, and 11 distant lymph nodes). They found 

that patterns of DNA copy number aberrations were highly similar between all primary and 

metastatic lesions [34]. By allelic copy number analysis of 33 CRC samples, Shogo identified several 

chromosomal aberrations common in CRC patients, with gains on 20p13-p12.1 and 20q11.21-q13.33 

and LOH on 6q14.1-q25.1 more common in CRLM patients. By genetic analysis of metastatic lesions, 

they found that allelic imbalances in CRLM were very similar to those in CRC and that these 

aberrations on chromosomes 20p, 20q, and 6q were also present in CRLM, suggesting that they may 

promote CRLM [35]. Previous studies have also shown that only a few mutations are needed to 

transform highly aggressive tumor cells into metastatic ones [36]. These results indicate that CRC 

cells maintain relative chromosome stability during metastasis. 

2.3. Microsatellite instability (MSI) status 

Approximately 15% of CRC patients are affected by MSI pathways [37]. MSI is caused by 

functional defects in genes such as DNA mismatch repair genes (hMSH2, hMLH1, hMSH3, hMSH6, 

hPMSH1, and hPMSH2). There are two main methods currently used to detect MSI status: 1) 

immunohistochemistry (IHC), which detects the expression of four mismatch repair proteins (MLH1, 

PMS2, MSH2, and MSH6) in the nucleus to detect the presence of mismatch function defects; and 2) 

molecular testing, which detects the length of microsatellite sequences in tumor tissue to determine 

whether MSI is present at that site. Through IHC and molecular assays, the current studies found a 

very high similarity of MSI status between primary CRC and CRLM [38–41]. Among them, Wen-

Zhuo He and Jiyoon Jung's study found partial differences, but the differences were concentrated in 

peritoneal and ovarian metastasis, and no differences were found in CRLM [38,40]. 

We summarize the genetic heterogeneity of CRLM in the table below (Table 1). In summary, the 

genetic heterogeneity of CRLM was not significant in terms of the above 3 aspects, a result that 

suggests that these genes play similar roles in CRC and CRLM, whereas the heterogeneity of CRC is 

more focused on other aspects. 

Table 1. Summary of genetic heterogeneity in CRLM (↑: up-regulated, ↓: down-regulated, -: no 

change). 

levels items factors change references 

Genetic level 
APC, RAS, BRAF, PIK3CA, TP53, MSI status - [18–22,38–41] 

DNA copy numbers -/↑ [28–31,34,35] 

3. Transcriptomic heterogeneity 

3.1. MicroRNAs (miRNAs) 

MicroRNAs (miRNAs), the most studied class of noncoding RNAs, are a class of short RNA 

molecules ranging in size from 19 to 25 nucleotides that are primarily responsible for regulating 

posttranscriptional gene expression [42,43]. MiRNAs have been linked to many diseases, including 

CRC. They are involved in colorectal carcinogenesis and can be used as a marker for CRC metastasis 

[44,45]. 

After CRC metastasizes to the liver, different types of miRNAs enable cancer cells to adapt to 

the new environment of the liver by regulating the expression of their respective target genes. Using 

genome-wide expression profiling, Petra et al. identified that miR-143, miR-10b and miR-28-5p were 

downregulated， while miR-122, miR-122*, and miR-885-5p were upregulated in the liver metastasis 
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compared to their primary tumor [46]. Keun Hur and Tao Zhang reached the same conclusion [47,48]. 

MiR-122 is a liver-specific miRNA and a recognized suppressor of liver cancer. It exerts its effects by 

regulating the expression of important miRNAs in the liver, and it has been shown to have a strong 

relationship with the prognosis of patients with liver cancer [49,50]. Another upregulated miRNA, 

miR-885-5P, promotes the proliferation and migration of CRC cells by stimulating the EMT pathway. 

Epithelial-mesenchymal transition (EMT) is a crucial first step in the process of tumor metastasis, and 

tumor cells have the opportunity to metastasize to distant organs only after losing their epithelioid 

characteristics through EMT. Therefore, CRC patients with high miR-885-5p expression tend to have 

a worse prognosis [51,52]. However, research on miR-10b is still controversial. Several studies have 

confirmed that it is an oncogenic miRNA because its high expression is associated with worse 

outcomes [46,47,53]. Interestingly, J.-J. Song et al. found that miR-10b inhibits the growth of CRC by 

regulating EMT in animal experiments [54]. There may be two reasons for the two opposing 

conclusions. First, the organ characteristics of mice may be quite different from those of humans, and 

second, the miRNA may be responsible for regulating multiple mRNAs, which may have opposite 

effects. Therefore, the true role of miR-10b in CRC has not yet been determined. 

In addition, Keun Hur et al. also found that the expression of miR-203 and miR-200c in CRLM 

was much higher than CRC [55,56]. MiR-200c promotes EMT mainly by suppressing the 

overexpression of target genes (ZEB1, ETS1, and FI1, three EMT-related genes) and therefore 

promotes the growth and metastasis of CRC. In addition to detecting miR203 expression in tissues, it 

is significantly more expressed in liver metastasis than in primary sites. Hur also found that miR203 

is a secreted miRNA and that metastatic lesions of CRC secrete miR203 into circulation resulting in 

high serum miR203, thus high serum miR203 is usually associated with distant metastasis. However, 

miR-203 is a potent tumor suppressor miRNA in many other tumors [57,58]. Sofía Torres et al. found 

significant upregulation of miR-424-3p, miR-503, and miR-1292 expression in CRLM, and all these 

miRNAs might promote CRC metastasis [59]. 

3.2. circRNAs 

Circular RNAs (circRNAs) are single-stranded, covalently closed RNA molecules [60]. Initially, 

circRNAs were considered to be "junk" with little function [61]. However, with the development of 

technologies such as immunohistochemistry (IHC) and high-throughput RNA sequencing (RNA-

seq), it has been shown that circRNAs are involved in the development of many diseases [62,63]. In 

CRC, some circRNAs have also played a great role; for example, circ001971 and circ3823 can both 

promote tumor metastasis and angiogenesis [64–66]. Similar to miRNAs, the expression of some 

circRNAs changes in CRLM to promote tumor progression. Hanchen Xu et al. analyzed three cases 

by RNA sequencing and found that 92 circRNAs were upregulated in CRLM compared to CRC, and 

21 circRNAs were downregulated in CRLM [67]. Among them, circRNA_0001178 and 

circRNA_0000826 were most significantly upregulated in CRLM and were considered promising 

markers of CRLM. In addition, Ri-Xin Chen et al. and Chenjing Zhang et al. identified circNSUN2 

and hsa_circ_0006401 were also upregulated in CRLM, and promoted tumor progression [68,69]. 

CircNSUN2 was an m6A-modified circRNA. It forms a CircNSUN2/IGF2BP2/HMGA2 complex with 

insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) and high mobility group AT-hook 2 

(HMGA2). This complex could improve the stability of HMGA2 RNA, thereby increasing the 

expression of HMGA2 protein. As reported by Yang Li et al, HMGA2 induces EMT and promotes 

CRC progression [70]. Ri-Xin Chen also analyzed the changes in EMT-related proteins after 

circNSUN2 overexpression and found that the expression of the epithelial marker E-cadherin was 

decreased and the expression of the mesenchymal marker Vimentin was increased. This further 

suggests that circNSUN2 can promote EMT in CRC cells through the HMGA2 pathway. 

3.3. LncRNAs 

Long noncoding RNAs (lncRNAs) are the third class of noncoding RNAs in addition to miRNAs 

and circRNAs. Currently, great progress has been made in the study of the role of lncRNAs in CRC. 

Nevertheless, only a few studies have examined the heterogeneity of lncRNAs in CRLM —— two 
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lncRNAs associated with glucose metabolism (lncRNA GAL and lncRNA MIR17HG) have been 

found to be upregulated in CRLM [71,72]. Interestingly, the MIR17HG/miR-138-5p/hexokinase 

(HK1/2) pathway enhances glycolysis, and the increased lactate (a metabolite of glycolysis) activates 

the p38/ELK1 pathway, which promotes the expression of MIR17HG, thus forming a positive 

feedback loop for promoting tumor invasion and metastasis. 

3.4. Transcription factors 

Transcription factors are a large class of proteins that specifically bind to target genes and are 

important parts of transcriptomic regulation [73]. Transcription factors are inextricably linked to 

tumors, and they can alter their activity in tumors and promote tumor proliferation and invasion 

through chromosomal mutations, gene amplifications or deletions, and point mutations [74]. For 

example, promyelocytic leukemia protein (PML)-retinoic acid receptor α (RARα) is a driver of 

leukemia, and overexpression of ETS translocation variant 1 (ETV1) is also associated with melanoma 

and gastrointestinal stromal tumors (GIST) [75,76]. In CRC, death domain-associated protein (DAXX) 

is a tumor suppressor that acts as a transcriptional repressor in the nucleus and affects the progression 

of CRC. Vertebrate zinc finger E-box binding homeobox (ZEB) proteins are a family of transcription 

factors. Yanliang Liu et al. found that the expression of DAXX was downregulated in CRLM 

compared with CRC [77]. As a transcriptional repressor, DAXX inhibited the expression of ZEB-

mediated E-cadherin. 

Signal transducers and activators of transcription proteins (STATs) are another large class of 

transcription factors that are key regulators of cell growth and differentiation. A variety of cytokines 

(such as interferons and interleukins) are known to be involved in tumorigenesis through the Janus 

kinase (JAK)/STAT signaling pathway. Using multiplex bead-based immunoassay technologies, Fee 

Klupp et al. analyzed the expression patterns of STAT1, STAT3, STAT4, and STAT5 in 104 patients 

[78]. The results showed that STAT1 and STAT3 were significantly upregulated in CRLM compared 

with CRC, while STAT4 and STAT5 were opposite. STAT1 is currently considered to be a tumor 

suppressor, and the growth rate of tumors is significantly reduced after knocking down STAT1 [79]. 

As with STAT1, STAT4 and STAT5 can suppress tumors. STAT3, on the other hand, is a pro-

oncogenic factor that promotes EMT activity and works with NF-kappaB to regulate inflammatory 

mediators with oncogenic functions [80,81]. Finally, Fee Klupp also showed for the first time that an 

increased ratio of STAT3/STAT5 is an indicator of poor prognosis in CRC patients. MYC and hypoxia-

inducible factor-1 (HIF1α) were found increased in liver metastasis compared to their primary 

tumors [82]. Due to the long-term hypoxia of tumor cells, HIF1α is also in a state of high expression. 

The high expression of HIF1α activates downstream effector genes, and the MYC gene is essential for 

HIF1α to promote cell proliferation [83]. 

To summarize, we elaborate on the transcriptomic heterogeneity of CRLM from the above four 

aspects (miRNAs, circRNAs, LncRNAs, and Transcription factors) and summarize them in the 

following table (Table 2). We can find that transcriptomic heterogeneity is more obvious compared 

to genetic heterogeneity. The functions of these differentially expressed RNAs vary, but it can be 

found that most of them are involved in the EMT process of CRC cells and contribute to their 

progression and metastasis.  

Table 2. Summary of transcriptomic heterogeneity in CRLM (↑: up-regulated, ↓: down-regulated, -: 

no change). 

levels items factors change references 

Transcriptomic 

level 

MiRNAs 

MiR-122, MiR-122*, MiR-885-5p ,MiR-203, MiR-200c, MiR-424-

3p, MiR-503, MiR-1292 
↑ [46–48,55,56,59] 

MiR-143, MiR-10b, MiR-28-5p ↓ [46–48] 

CircRNAs Circ0001178, Circ0000826, CircNSUN2, Circ0006401 ↑ [67–69] 

LncRNAs LncRNA GAL, LncRNA MIR17HG ↑ [71,72] 

Transcription 

factors 

STAT1, STAT3, MYC, HIF1α ↑ [78,82] 

DAXX, STAT4, STAT5 ↓ [77,78] 
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4. Protein heterogeneity 

4.1. EMT-related proteins 

As discussed above, EMT is an essential process in CRLM progression. In this process, due to 

the action of the involved proteins through signaling pathways, epithelial cells lose connection and 

apical-basal polarity, which enables tumor cells to acquire greater motility, thus enabling metastasis. 

Among them, adhesion-related proteins (E-cadherin, N-cadherin, tight junction family proteins, etc.), 

α-SMA, Snail, and Twist proteins play a huge role in this process [84].  

For migration-associated proteins, Xuefei Yin et al. found that cell migration-related protein 

vitronectin (VTN) and actin-related protein (ARP3) expression was higher in CRLM than in CRC by 

large-scale quantitative proteomic analysis [85]. Using a similar approach, X. Liu et al. also identified 

311 proteins that were dysregulated in CRLM, including fibronectin 1 (FN1), tissue inhibitor of 

metalloproteinases 1 (TIMP1), Versican (VCAN), periostin (POSTN) and thrombospondin-1 (THBS1), 

which have been identified as the five most critical proteins that promote CRC metastasis [86]. For 

example, THBS1 promotes CRC metastasis by enhancing EMT; FN1, TIMP1, VCAN, and POSTN 

have also all been shown to play a role in the process of CRC metastasis [87–91]. In addition, insulin-

like growth factor binding protein 7 (IGFBP7) has also been found to be downregulated in CRLM, 

which inhibits EMT to block CRC metastasis [92].  

Decreased adhesion of cancer cells to each other and thus separation and detachment from the 

primary lesion is a key step in metastasis. Integrins are the major cell adhesion receptors and claudins 

are tight junction proteins [93,94], both of which maintain the adhesion between cells and thus 

prevent cancer cells from shedding. Xuefei Yin et al. found that integrin alpha5 (ITA5) expression is 

decreased in CRLM [85]. Kun Wang et al. and Rania Georges et al. also found that claudin-1, claudin-

4, and claudin-7 were downregulated in CRLM [95,96]. Another protein, Rho GTPase-activating 

protein 5 (ARHGAP5), was significantly upregulated in CRLM. ARHGAP5 is a GAPs regulating the 

Rho family of small GTPases, and the researchers found that knocking down this protein, Down-

regulation of E-Cadherin expression, up-regulation of N-Cadherin and Vimentin expression, and the 

metastasis of CRC were inhibited. It was demonstrated that it could affect the invasion and metastasis 

of CRC cells by regulating the activity of EMT [97]. The decreased expression of these proteins 

reduces the adhesion between cells so that cancer cells can take the first step of metastasis.  

It is clear that both the Wnt/β-catenin signaling pathway and the MAPK signaling pathway are 

the two most important pathways in CRC progression, and both of these pathways can promote EMT 

in CRC cells and thus promote CRC cells invasion and metastasis [98,99]. Bo Tang et al. found that a 

protein involved in the MAPK signaling pathway, PEA15, was significantly more highly expressed 

in CRLM than in CRC [100]. Phosphoprotein enriched in astrocytes-15 kDa (PEA15) can promote 

EMT by activating the MAPK signaling pathway. Two other proteins (ATP6L and FILIP1L) involved 

in the Wnt signaling pathway have also been found to be heterogeneous. ATP6L, the C subunit of the 

V-ATPase V0 domain, has previously been shown to enhance the invasion and metastasis of breast 

cancer cells in vitro [101]. Jingyi Wang et al. demonstrated the role of ATP6L in CRC through in vivo 

experiments in mice [102]. ATP6L is required for the activation of the Wnt/β-catenin signaling 

pathway, and it is also responsible for regulating the acidic tumor microenvironment, which could 

induce cancer cells to secrete pro-angiogenesis factors, such as interleukin-8 and vascular endothelial 

growth factor and is therefore beneficial to tumor angiogenesis and growth. Another protein, filamin 

A-interacting protein 1-like (FILIP1L), differs from ATP6L in that overexpression of FILIP1L in CRC 

cells inhibits the WNT signaling pathway, thereby inhibiting EMT. Xin Ku et al. used mass 

spectrometry to compare the proteomic profiles of CRC patients (n=9) and found that in CRLM, 

FILIP1L expression was significantly lower than that in CRC [103]. This result also suggests stronger 

EMT activity in CRLM.  

4.2. Other proteins 

In addition to FILIP1L, Xin Ku et al. also identified the remaining 46 differentially expressed 

proteins, by further ANOVA (Tukey test), they identified plasminogen (PLG), a protein that was most 
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up-regulated [103]. Plasmin is required by CRC cells to hydrolyze the extracellular matrix, and PLG 

is involved in the plasminogen activation system (PAS), meaning that the upregulation of PLG 

expression allows CRC cells to undergo distant metastasis through the extracellular matrix. Eun-

Kyung Kim et al. performed mass spectrometry on five CRLM patients and validated the results by 

western blotting (WB)  [104]. Out of 164 proteins, they observed reduced expression of 51 proteins 

and increased expression of 7 proteins. The reduced proteins were mainly in the mitochondrial 

matrix, the mitochondrial intermembrane space, the proteasome complex, and the actin cytoskeleton 

and play a role in protein and ATP synthesis and actin dynamics. Thus, actin dynamics, protein 

degradation, and ATP synthesis are reduced in CRLM compared to CRC. In contrast, the seven 

proteins with increased expression were mainly serpin family A member 1 (SERPINA1), 

apolipoprotein A1 (APOA1A), carbonic anhydrase 1 (CA1), and succinate dehydrogenase complex 

flavoprotein subunit A (SDHA). Serpin A1 is a protease inhibitor that is regulated by the Snail protein 

and can promote tumor cell invasion and metastasis. It has been found in many studies to be elevated 

in serum in patients with a variety of tumors, including ovarian, gastric, and cervical cancers [105–

107]. SDHA is considered to be a tumor suppressor, and its loss of function is associated with the 

development of kidney cancer and breast cancer [108,109], but its upregulation in CRLM is intriguing, 

and perhaps it plays an opposite role in CRC. 

Only after EMT can tumor cells undergo distant metastasis, and during the process of EMT, a 

large number of proteins change to support the transformation and metastasis of tumor cells, and 

thus these cells also show significant heterogeneity after metastasis. In the following table (Table 3), 

we summarize the protein heterogeneity of CRLM, most of which promote CRLM by affecting EMT, 

including increased expression of migration-related proteins, decreased expression of adhesion-

related proteins, or acting by affecting EMT-related pathways. 

Table 3. Summary of protein heterogeneity in CRLM (↑: up-regulated,↓: down-regulated,-: no 

change). 

levels items factors change references 

Protein level 

EMT-related 

proteins 

Migration-associated proteins: VTN, ARP3, FN1, 

TIMP1, VCAN, POSTN, THBS1, IGFBP7 
↑  [85,86,92] 

Adhesion protein: claudins, ITA5 ↓ [85,95,96] 

ARHGAP5, PEA15, ATP6L, FILIP1L ↑ [97,100,103] 

Other 

proteins 

PLG, Serpin A1, APOA1A, CA1, SDHA ↑ [103,104] 

the mitochondrial matrix, the mitochondrial 

intermembrane space, the proteasome complex, 

and the actin cytoskeleton 

↓ [104] 

5. Metabolic heterogeneity 

Metabolic reprogramming is one of the hallmarks of cancer [110]. Compared with normal 

tissues, tumor cells often require more energy to maintain their growth. Due to the different 

microenvironments of metastatic organs, tumor cells still need to undergo metabolic reprogramming 

to obtain energy for growth in different metastatic organs. 

Tumor cells are often in a state of aerobic glycolysis, the so-called "Warburg effect"——Even 

with sufficient oxygen, cells prioritize glycolysis to quickly generate energy rather than through the 

tricarboxylic acid cycle (TCA cycle). After CRLM, some specific growth factors and enzymes in the 

liver make this effect more obvious in the metastatic lesions. The expression of glucose transporter 3 

(GLUT3) and pyruvate kinase muscle isozyme 2 (PKM2) is also significantly higher in CRLM [111]. 

Increased glucose uptake mediated by GLUT3 can promote the occurrence of various tumors, 

including liver cancer, breast cancer, and lung cancer [112–114]. The overexpression of GLUT3 

activates Yes-associated protein (YAP), which in turn promotes the expression of GLUT3 and 

glycolytic genes; conversely, the expression of GLUT3 and glycolytic genes is decreased after YAP is 

knocked down. Meanwhile, YAP also interacts with PKM2 through the WW domain and together 

enhance the expression of GLUT3. GLUT3 and YAP/PKM2 constitute a positive feedback pathway 
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that enhances glycolysis in CRLM [111]. Some studies have also reported the mechanism of GLUT3 

upregulation in CRLM. High mobility group proteins (HMGs) are a class of structural transcription 

factors that do not have transcriptional activity, but they can regulate the transcription of target genes 

by binding with their structures. Meijing Yang et al. found that HMGA1 can promote the expression 

of GLUT3 in CRLM, thereby enhancing the GLUT3-YAP signaling pathway [115]. 

Next, the expression of phosphorylated PKM2 is higher in CRLM than in CRC, and it can act as 

a transcriptional cofactor for hypoxia-inducing factor 1 (HIF-1), thus promoting the expression of 

glycolytic genes, including LDHA, PDK1, and SLC2A1 (GLUT1) [116]. In addition to the two proteins 

PKM2 and GLUT3, Fengliu Deng et al. also identified another differentially expressed protein, 

dickkopf-associated protein 2 (DKK2), which promotes aerobic glycolysis in CRC cells [117]. By 

comparing the proteomes of CRC and CRLM from seven patients, Fahrner et al. also found that most 

of the proteins upregulated in CRLM were involved in glucose metabolism, including pyruvate 

carboxylase, fructose-bisphosphate aldolase B, and fructose-1,6-bisphosphatase 1 [118]. Finally, 

according to Bu et al., the expression of aldolase B (ALDOB), an enzyme involved in fructose 

metabolism, is increased in CRLM, and overexpressed ALDOB enhances fructose metabolism, 

thereby generating more propanose phosphate [119]. The production of large amounts of propyl 

phosphate also promotes glycolysis in CRC cells. 

In addition, enhanced cholesterol synthesis and upregulated expression of some fatty acids, 

acylcarnitines, and polyamines have also been found in CRLM. As described above, SREBP2 is a key 

transcription factor for lipid synthesis. Kai-Li Zhang et al. found that the expression of SREBP2 and 

its downstream target genes LDLR and SRB1 were significantly upregulated in CRLM [120]. These 

authors subsequently knocked down SREBP2 and found that total cholesterol levels in tumor cells 

were significantly reduced and tumor cell growth was restricted. After screening several liver-rich 

growth factors, they finally found that hepatocyte growth factor (HGF) in the liver promotes the 

PI3K/AKT/mTOR pathway, which stimulates SREBP2 and thus stimulates cholesterol synthesis in 

CRLM [120]. Finally, Williams et al. also found that several phosphatidylcholines, carnitine, bile 

acids, nucleotides, oxidative compounds (glutathione), and polyamines (putrescine) were 

significantly more highly expressed in CRLM than in CRC [121]. Glutathione (GSH) protects cells 

against oxidative stress and polyamines are important growth factors required for cell growth. 

Taken together, we summarize in the following table (Table 4) the changes in metabolic 

reprogramming of CRLM that allow CRC cells to adapt more quickly to the metabolic state of the 

liver, thereby promoting their growth in the liver. From the table, we can find that glycolysis-related 

heterogeneity is the most obvious, probably because glycolysis can generate a large amount of 

energy, and it provides energy in the process of CRC cell metastasis and colonization in the liver. Of 

course, the rest of the metabolites also upregulate and promote the growth of CRC cells. From our 

conclusion, we can see that CRLM possesses a more active metabolic state to maintain cell growth 

compared to CRC. 

Table 4. Summary of metabolic heterogeneity in CRLM (↑: up-regulated,↓: down-regulated,-: no 

change). 

levels items factors change references 

Metabolic 

level 

Aerobic 

glycolysis 

GLUT3, HMGA1, PKM2, DKK2, Pyruvate carboxylase, 

Fructose-bisphosphate aldolase B, Fructose-1,6-

bisphosphatase 1 

↑ [111,115–118] 

Fructose 

metabolism 
ALDOB ↑ [119] 

Cholesterol 

metabolism 
SREBP2, LDLR, SRB1 ↑ [120] 

Fatty acids, 

acylcarnitines, 

oxidative 

compounds, 

polyamines 

GSH, putrescine ↑ [121] 
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6. Immune heterogeneity 

The immune microenvironment of tumors is a complex system, and immune cells in the 

microenvironment have been shown to influence tumor progression and response to immunotherapy 

[122,123]. Current research on the heterogeneity of the immune microenvironment is still mainly 

focused on immune cells. During tumor metastasis, immune cells are dynamically heterogeneous, 

which means that cell types, numbers, and sizes change [124]. It is thought that CRLM contains more 

immunosuppressive cells than CRC.  

6.1. Macrophages 

Tumor-associated macrophages (TAMs) are closely associated with tumor progression and 

angiogenesis [125]. SPP1+ TAMs are immunosuppressive cells that have been previously reported to 

be highly expressed in CRC compared to normal tissues, which can promote CRC progression and 

metastasis and are associated with the prognosis and response to immunotherapy in CRC patients 

[126,127]. Yedan Liu et al. found that SPP1+ TAMs are malignancy-associated and are linked to CRLM 

[128]. They also compared the angiogenesis and phagocytosis properties of three types of TAMs, 

MKI67+ TAMs, SPP1+ TAMs, and C1QC+ TAMs in the context of CRC. The results revealed that SPP1+ 

TAMs possessed the strongest angiogenic function, which confirmed their immunosuppressive and 

protumorigenic functions. Yingcheng Wu et al. used single-cell RNA sequencing and spatial 

transcriptomics to determine 97 CRC paired samples and derived a single-cell spatial map of CRLM 

[3]. The results demonstrated that MRC1+ CCL18+ TAMs, SPP1+ TAMs, and neutrophils were 

significantly increased in CRLM compared to matched CRC. Neutrophils have been reported to be 

potential tumor-promoting cells [129]. Yingcheng Wu et al. focused their research on MRC1+ CCL18+ 

TAMs. They suggested that MRC1+ CCL18+ TAMs might originate from Kupffer cells in the liver and 

found that M2 polarization-related genes (APOE, MARCO) were significantly upregulated in MRC1+ 

CCL18+ TAMs of CRLM, while MRC1+ CCL18+ TAMs of CRC showed higher expression of 

inflammatory cytokines (TNF, IL1B, CCL3, and CCL4). In addition, they found that the MRC1+ 

CCL18+ TAMs of CRLM possessed strong metabolic activity, mainly in terms of phenylalanine 

metabolism, whereas the MRC1+ CCL18+ TAMs of CRC were dominated by oxidative 

phosphorylation. Moreover, both SPP1+ TAMs and MRC1+ CCL18+ TAMs showed enhanced antigen 

processing and presentation and complex activity. Wei Tu et al. also found more TAM enrichment in 

CRLM and dominance of M2 TAMs [130]. They found that this phenomenon was associated with 

elevated expression of TCF4 in CRLM. TCF4, a transcription factor involved in the WNT/TCF 

signaling pathway, recruits TAMs and promotes TAMs M2 polarization mainly by promoting the 

expression of two monocyte chemokines, CCL2 and CCR2. 

In addition, earlier studies have shown that macrophages are morphologically heterogeneous. 

For example, M1-like macrophages are often round or flat, whereas M2-like macrophages are 

elongated [131,132], and macrophages acquire different geometries in different tissues [133,134], so it 

is conceivable that during CRC metastasis to the liver, macrophages change not only in type and gene 

expression but also in morphology. Matteo Donadon et al. investigated this phenomenon and found 

a significant increase in the area and circumference of macrophages in CRLM, which they termed 

large (L-TAMs) macrophages [135]. These L-TAMs have a strong lipid metabolizing capacity, while 

inflammation-related pathways (leukocyte extravasation, acute phase response, and NF-κB 

signaling) are downregulated. Finally, both complement-related pathways and their genes were 

highly expressed in these L-TAMs, a result that is consistent with the findings of Wu [3]. 

6.2. T cells 

T cells play an important role in tumor progression and metastasis. Cytotoxic T cells can secrete 

granzyme and perforin to kill tumor cells, while regulatory T cells (Tregs) can suppress the immune 

response and promote tumor cell development [136]. During tumor progression, large numbers of 

CD4+ T cells and CD8+ T cells are usually depleted, and studies have demonstrated that during the 

course of CRLM the number of these two cells is significantly reduced, and more CD4+FOXP3+ Tregs 
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are found instead in liver metastasis [137,138]. In addition, two other Tregs (Treg-IL10 and Treg-

CTLA4) are also enriched in CRLM. Treg-IL10 show high expression of IL10, IL23, and IL1R1. The 

role of IL10 in tumors is controversial, as on the one hand, it can inhibit the function of antigen-

presenting cells and block T-cell killing function against tumors, while on the other hand, it can 

inhibit angiogenic factors and activate CD8+ T cells [139,140]. The chronic inflammation-associated 

cytokine IL23 can promote tumor progression [141]. Treg-CTLA4 is highly expressed in Treg 

activation-related factors, including LAYN, CCR8, and TIGIT. 

6.3. Dendritic cells 

Dendritic cells (DCs) can be divided into plasmacytoid DCS (pDCs) and conventional DCS 

(cDCs) in both human and mouse [142]. cDCs can be further divided into two phenotypically and 

functionally distinct subsets. cDC1 expresses Toll-like receptors (TLR) and secretes pro-inflammatory 

cytokines, including IL-12p70 and IFN-α, to induce Th1 responses. cDC2 mainly acts as an antigen 

presenting cell and activates effector T cells, including Th2 and Th17 [142,143]. At present, there are 

few studies on the heterogeneity of dendritic cells in CRLM. Yedan Liu et al. identified 10 DC subsets 

in CRLM patients, and they found great heterogeneity in two types of cDC2 (cDC2-C1QC and cDC2-

TIMP1)  [128]. Because cDC2-C1QC was highly expressed in C1QA, CD68, CD163, and CD14, 

similar to the recently identified DC3 population [144,145], it was identified as DC3s. cDC2-C1QC 

showed a higher proinflammatory profile. cDC2-TIMP1 revealed a high expression of maturation 

markers (such as CCR7) and angiogenesis-related genes (EREG, CREM, and VEGFA).  cDC2-TIMP1 

expressed more anti-inflammatory genes compared to DC3s. The results revealed that cDC2-C1QC 

was enriched in CRC, in contrast to cDC2-TIMP1, which was more abundant in CRLM. 

Immune cells play a huge role in the immune response to tumors, and different types of immune 

cells either kill tumor cells or promote their immune escape. In the following table (Table 5), we 

summarize the types of cells with the most pronounced heterogeneity in CRLM, in which we can find 

immunosuppressive cells occupying the majority. Compared to colorectal, the accumulation of these 

immunosuppressive cells in the liver makes the probability of immune escape from the tumor greater 

and reduces the response of CRLM to immunotherapy. 

Table 5. Summary of immune heterogeneity in CRLM (↑: up-regulated,↓: down-regulated,-: no 

change). 

levels items factors change references 

Immune 

cells level 

TAMs MRC1+ CCL18+ TAMs, SPP1+ TAMs ↑ [3,128,130] 

T cells 

Treg-IL10, Treg-CTLA4, CD4+FOXP3+ 

Tregs 
↑ [137,138] 

CD4+ T cells, CD8+ T cells ↓ [137,138] 

DCs 
cDC2-TIMP1 ↑ [128] 

cDC2-C1QC(DC3s) ↓ [128] 

Neutrophils  ↑ [3] 

7. Discussion 

Due to the complex chain reaction in vivo, tumor progression and metastasis must involve 

changes in many biological processes and their corresponding factors. CRC has a high incidence rate 

and often metastasizes to the liver, so it is particularly important to clarify the heterogeneity between 

primary tumors and tumor metastasis. In this review, we summarize the heterogeneity between CRC 

and CRLM at the genetic, transcriptomic, protein, metabolic, and immune levels. 

As shown in Tables 1–5, heterogeneity is evident at all 4 levels except for genetic heterogeneity. 

Although the differentially expressed noncoding RNAs, transcription factors, and proteins are 

diverse and each performs different functions, the vast majority of them promote CRC progression 

and metastasis by promoting EMT and angiogenesis（Figure 1）. Enhanced glycolysis, fatty acid 

synthesis, and other processes also provide liver metastatic cells with more energy to sustain growth. 
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In addition, a decrease in the number of cytotoxic cells, such as CD4+ T cells and CD8+ T cells, can also 

be found in the liver, which is replaced by more immunosuppressive cells, such as Tregs and TAMs

（Figure 2）. 

 

Figure 1. Different noncoding RNAs, transcription factors, and proteins affect EMT processes in 

colorectal cancer cells through different mechanisms.(↑ ： up-regulate ；  ↓ ： down-regulate; 

←:promote; ⊢:inhibit.). 

 

Figure 2. The enhanced metabolic and immunosuppressive microenvironment in the liver provides 

better survival conditions for CRLM. (↑：up-regulate； ↓：down-regulate; ←:promote; ⊢:inhibit.). 
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It is now certain that intratumor heterogeneity is a major challenge in the clinical treatment of 

oncology patients. Thus, as shown in Tables 1–5, the heterogeneity reflected in these five levels may 

serve as new molecular biological markers and new targets for the treatment of CRC patients, 

providing new therapeutic directions for the clinical treatment of CRLM patients. 

First, targeting the EMT process in CRC is also a hot topic in current clinical research, and 

targeting EMT-related genes, RNAs and proteins can be a way to inhibit EMT. Nan Zhang et al. have 

detailed a summary of current drugs that target EMT, such as fresolimumab, a monoclonal antibody 

targeting TGF-β, and regorafenib, which targets factors such as BRAF and VEGF [146]. These drugs 

can improve the prognosis of CRLM patients when used as adjuvant therapy or chemopreventive 

agents. 

Targeted metabolic approaches have also been shown to be highly effective in cancer treatment, 

including targeting aerobic glycolysis to inhibit glucose uptake by tumor cells and targeting fatty acid 

synthesis and amino acid metabolism [147]. Bu et al. also provided a new direction for targeting 

metabolism by targeting fructose metabolism [119]. Similarly, it is clear that increased GSH in CRLM 

is associated with tumor progression and drug resistance. Increased GSH can lead to drug resistance 

in CRC cells by binding to drugs, interacting with reactive oxygen species, preventing protein or 

DNA damage, or participating in DNA repair processes [148,149]. Therefore, GSH is a potential 

therapeutic target for CRC patients. Studies have demonstrated that GSH depletion therapy 

combined with reactive oxygen species-based therapy (photodynamic therapy (PDT), sonodynamic 

therapy (SDT), and chemodynamic therapy (CDT)) may improve the therapeutic effect for CRLM 

patients [150]. 

Finally, the liver has a unique immunosuppressive environment [151]. Table 5 shows that CRLM 

contains more immunosuppressive macrophages, and the infiltration of CD8+ T cells and CD4+ T cells 

is also significantly reduced, which indicates that liver metastasis aggravate the immunosuppressive 

microenvironment of the liver and reduce the antitumor immune response. Thus, the application 

effect of immune checkpoint inhibitors (such as PD-1/PD-L1 inhibitors) in patients with CRLM is 

weakened. A recent study also found that this immunosuppressive effect of the liver is achieved by 

Tregs, and CTLA-4 inhibitors can inhibit the effect of Tregs, so the combination of CTLA-4 inhibitors 

and PD-1 inhibitors has a significantly better antitumor effect than PD-1 inhibitors alone [152]. This 

conclusion is supported by the increase in Treg-CTLA4 shown in Table 5. Therefore, the addition of 

CTLA-4 inhibitors is a good choice for the treatment of CRLM patients. In addition, Wu et al. found 

that neoadjuvant chemotherapy (NAC) can inhibit the activity of MRC1+ CCL18+ TAMs and SPP1+ 

TAMs, thereby enhancing the response of CRLM to immunotherapy [3]. These authors also proposed 

new clinical combination regimens, such as combining NAC, metabolism checkpoint inhibitors, and 

immunotherapy. Targeting these immunosuppressive cells in combination with immunotherapy 

may become the primary treatment modality for patients with CRLM in the future. 

In conclusion, in this review we have summarized the intratumor heterogeneity between CRC 

and CRLM. The clinical effects of these heterogeneities need further investigation and may hold 

promise as new targets for the treatment of CRLM patients. 
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