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Abstract

Colorectal cancer (CRC) is one of the most common human malignant diseases and the second leading cause of cancer-related deaths worldwide. The treatment of advanced CRC has improved significantly in recent years. With the emergence of two targeted antibodies, cetuximab (Erbitux), an anti-epidermal growth factor receptor monoclonal antibody and bevacizumab (Avastin), a vascular endothelial growth factor monoclonal antibody, the treatment of metastatic CRC has entered the era of personalized therapy. Predictive and prognostic biomarkers have, and will continue to, facilitate the selection of suitable patients and the personalization of treatment for metastatic CRC (mCRC). In this review, we will focus primarily on the important progresses made in the personalized treatment of mCRC and discuss the potentially novel predictive and prognostic biomarkers for improved selection of patients for anti-cancer treatment in the future. 
© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common human malignancies and the second leading cause of cancer-related deaths worldwide. There are 25159 new cases of CRC diagnosed each year and 12161 CRC-related deaths in China[1]. Metastasis to the liver and lung are the main cause of death, with approximately 40%-50% of all patients experiencing metastasis[2,3]. The treatment of advanced CRC has improved significantly in recent years, and the overall survival (OS) for metastatic CRC (mCRC) patients has increased from a median of 10 mo to more than 20 mo[4]. With the emergence of two targeted antibodies, cetuximab (Erbitux), an anti-epidermal growth factor receptor (EGFR) monoclonal antibody and bevacizumab (Avastin), a vascular endothelial growth factor (VEGF) monoclonal antibody, the treatment of mCRC has entered the era of personalized therapy. Treatment on a “personalized” basis now involves a simultaneous case-specific analysis of clinical and pathological characteristics and analysis of a patient’s genetic and tumor biomarker profile. Predictive and prognostic biomarkers have, and will continue to, facilitate the selection of suitable patients and the personalization of treatment for mCRC.

A prognostic factor is defined as any parameter, evaluated at diagnosis (or surgery), which is associated with treatment outcome (disease-free interval, survival, local control) and may predict patient outcome independent of treatment. Prognostic factors (biological or clinical) may be defined at any disease stage or setting (for example, performance status in the advanced disease setting). A predictive factor is any parameter which identifies patients who will benefit from a particular treatment and evaluates the response or lack of response to specific treatment. Over the last 30 years, there has been significant advancement in understanding the molecular origins of CRC and the characteristics of tumor aggressiveness[5]. However, in practice, the distinction between prognostic and predictive factors is not straightforward, and many factors are a mixture of the two. Understanding the molecular mechanisms underlying the metastatic process will help us to identify those at the highest risk of recurrence and to find new tumor targets to prevent disease progression.

This review focuses primarily on the important progresses made in the personalized treatment of mCRC and highlights the potentially novel predictive and prognostic biomarkers for improved selection of patients for the anti-cancer treatment in the future. 

EGFR

The appropriate use of targeted biologic agents can positively impact a patient’s prognosis. Extensive research has focused on tumor factors due to the central role they play in the response to targeted biologic agents. Currently, numerous potential biomarkers are under investigation, and these biomarkers may be clinically useful in the future once validated by appropriate trials (Table 1). 

An important molecular target for mCRC treatment is the epidermal growth factor receptor (EGFR). EGFR is a receptor tyrosine kinase frequently expressed in epithelial tumors. Binding of a ligand to the extracellular domain of EGFR activates intracellular signalling via several pathways, including the RAS/RAF/MAPK pathway and the PI3K/Akt axis[6]. EGFR is expressed on normal human cells, but higher levels of expression have also been correlated with malignancy in a variety of cancers, including CRC[7]. EGFR has been implicated in colorectal tumorigenesis, tumor progression, and metastasis[8,9]. EGFR is overexpressed in 30%-85% of patients with CRC and has been associated with advanced stage disease. Numerous studies have evaluated the prognostic relevance of EGFR in CRC, but the impact of its expression on survival remains controversial[10]. Two monoclonal antibodies, cetuximab (Erbitux™; Bristol Myers Squibb, Inc., Princeton, NJ, United States) and panitumumab (Vectibix™; Amgen, Inc., Thousand Oaks, CA, United States), target the human EGFR in the treatment of EGFR-overexpressing CRC[11,12]. Genetic alterations of EGFR and its downstream signaling effectors may predict response to anti-EGFR monoclonal antibodies (mAbs), therefore research efforts have been made to understand the specific resistance mechanisms.

The main research areas in this setting have focused on the role of (1) EGFR protein expression; (2) EGFR gene copy number; (3) EGFR gene mutations; (4) overexpression of EGFR ligands (such as epiregulin and amphiregulin); and (5) markers of EGFR downstream signaling[13-17].

Overexpression of EGFR protein, as determined by immunohistochemistry (IHC), was initially selected as an entry criterion for early studies evaluating EGFR inhibitors on the assumption that sensitivity to such agents was associated with EGFR expression[18]. However, a large body of evidence from mCRC patients who were treated with anti-EGFR mAbs[19-21] indicates that this biomarker is poorly associated with response. Moreover, several authors reported that cetuximab was also active in EGFR-negative tumors detected by IHC[22,23]. EGFR expression at either the protein or mRNA level is not correlated with anti-EGFR mAbs response.

In a small fraction of CRCs, EGFR overexpression is frequently associated with amplification of the gene (17% in primary and 23% in metastatic tumors)[24]. Activating mutations in the EGFR catalytic domain are seen frequently in lung cancer and play an important role in determining responsiveness to anti-EGFR therapy[25]. However, EGFR mutations are very rare in CRC and are not significantly associated with response to anti-EGFR mAbs treatment[26,27]. 

In contrast, increased EGFR gene copy number (EGFR GCN) has been associated with response to anti-EGFR therapy and with prognosis of mCRC in small retrospective studies[28,29]. Recently, Yang et al[30] performed a meta-analysis to summarize the evidence for the predictive value of EGFR GCNfor clinical outcomes of mCRC patients treated with anti-EGFR mAbs. The data showed that increased EGFR GCNwas generally associated with a better objective response, especially among patients with wild-type KRAS. In another meta-analysis performed by Jiang et al[31], increased EGFR GCN was significantly associated with improved OS and progression-free survival (PFS) in the population that received second-line or higher therapy. The prognostic impact of EGFR GCN on survival does not appear to be related to KRAS status, which suggests that EGFR GCN might be an independent prognostic biomarker. EGFR GCN can be detected by fluorescence in situ hybridization (FISH), chromogenic in situ hybridization (CISH) or polymerase chain reaction (PCR)-based methods. Interestingly, the EGFR GCN evaluated by quantitative PCR does not appear to correlate with the clinical outcome of patients, whereas the results of FISH analysis appear to be associated with an increase in treatment response[32]. The comparability of these methods and their differential impact on results still needs to be defined. However, EGFR copy number is not used in clinical practice to select patients for treatment, partly due to the lack of standardization of FISH technology and the uncertainty of published clinical cutoff values. Further studies are required to assess the increase in EGFR GCN as a predictive biomarker of response to anti-EGFR therapy.

Increased expression of alternative EGFR ligands, such as amphiregulin and epiregulin, may promote tumor growth via an autocrine or paracrine loop that signals through EGFR and have been shown in retrospective studies to be predictive of response to cetuximab[33-35]. The level of sensitivity to cetuximab was shown to be proportional to the intensity of epiregulin and amphiregulin mRNA expression[35-38]. Two studies demonstrated that mCRC patients with KRAS wild-type tumors and high amphiregulin and epiregulin mRNA expression were more likely to have disease control with cetuximab treatment[35,37]. In addition to their predictive value, amphiregulin and epiregulin mRNA expression appears to be a useful prognostic marker in KRAS wild-type patients regardless of whether they were receiving anti-EGFR therapy[39]. Low expression of EGFR activating ligands, amphiregulin and epiregulin, was associated with resistance to anti-EGFR therapy and adverse clinical outcome, however, these ligands are not routinely measured in clinical practice and further evaluation of their role is required.

In brief, the predictive value of EGFR expression remains unconvincing in the use of anti-EGFR therapy. Therefore, the focus has shifted to alterations in the key signaling pathway downstream of EGFR, which may drive the growth and progression of CRC and provide an escape mechanism that allows tumors to overcome the pharmacological blockade induced by anti-EGFR mAbs. KRAS, BRAF, PTEN, and PI3KCA mutations have been highlighted as the mechanisms that activate the EGFR signaling pathway.

KRAS 

KRAS belongs to the rat sarcoma virus (ras) gene family of oncogenes which includes KRAS, HRAS, and NRAS. All of these oncogenes when mutated have the ability to transform cells, but KRAS is the most commonly mutated RAS family member in CRC[40]. KRAS mutations occur in approximately 35%-45% of mCRC patients, and lead to the constitutive activation of EGFR downstream pathways[3]. KRAS mutation is thought to be a fairly early event in colon carcinogenesis and appears to be ≥ 95% concordant between primary tumor and metastatic sites[41-43]. Point mutations in KRAS occur most frequently in codons 12, 13 (exon 2), 61 (exon 3)[44], and 146 (exon 4)[45], and up to 90% of activating KRAS gene mutations are detected in codons 12 (82%-87%) and 13 (13%-18%). These are generally observed as somatic mutations.

A number of studies have evaluated the potential prognostic role of KRAS in CRCs, but the data are conflicting largely due to the differences in methodology and datasets analyzed[46-50]. The first RASCAL meta-analysis evaluated the KRAS gene status in 2721 patients, and suggested that the presence of a mutation increased the risk of recurrence (P < 0.001) and death (P = 0.004)[46]. This finding was later restricted to the G12V mutation, which had a statistically significant impact on treatment failure-free survival (HR = 1.3, P = 0.004) and OS (HR = 1.29, P = 0.008)[47]. Furthermore, the N0147 trial which evaluated the treatment with cetuximab combined with FOLFOX in patients with resected stage Ⅲ CRC showed that the 3-year disease-free survival in patients with wild-type KRAS was significantly better than that in patients with KRAS mutations (72.3% vs 64.2%, HR = 0.7, P = 0.004). These analyses suggest that KRAS mutations are independent prognostic factors[51]. The COIN trial assessed the effects of cetuximab combined with oxaliplatin and fluoropyrimidine chemotherapy as first-line treatment in patients with advanced CRC. This trial also showed that a KRAS mutation was a strong negative prognostic factor, and the median OS was significantly shorter in patients with KRAS, NRAS, or BRAF mutations (n = 706, 13.6 mo) compared to those with wild-type KRAS, NRAS, and BRAF (n = 581, 20.1 mo), irrespective of treatment[52].

However, a recent study by Roth et al[53] suggested that the prognostic value of KRAS mutation status for PFS and OS was lacking in large adjuvant trials of patients with stage Ⅱ and Ⅲ resected colon cancer. Investigators from the PETACC-3 trial retrospectively analyzed archival tissue (n = 1564) for mutations in KRAS (exon 2, codons 12 and 13) and found no clear association with relapse-free survival (RFS) or OS in both univariate and multivariate analyses. In the CALGB 89803 study[54], stage Ⅲ CRC patients with KRAS mutated tumors did not experience any difference in DFS, RFS and OS rates compared to patients with KRAS wild-type tumors. 

In advanced CRC, a few phase 3 studies comparing cetuximab[55] or panitumumab[20,56] with best supportive care (BSC) in the third-line setting demonstrated no significant prognostic value based on KRAS mutation status. Two large studies evaluating the addition of cetuximab or panitumumab to chemotherapy and bevacizumab in the first-line setting did not find a prognostic value for KRAS mutational status[57,58].

It may be difficult to interpret the various studies published on the prognostic role of KRAS. Therefore, further prospective studies are required to confirm whether a specific KRAS mutation might lead to a clinically relevant prognostic effect in patients with CRC.

The predictive value of KRAS has been investigated extensively in the era of EGFR-targeted therapy in colon cancer. Evidence from several clinical trials demonstrated that KRAS mutations have emerged as a major predictor of resistance to anti-EGFR mAbs in CRC. Several retrospective analyses have been conducted to explore the role of KRAS mutations as a negative predictive biomarker of tumors in patients with mCRC treated with anti-EGFR antibody (with or without chemotherapy)[13,55,59]. The first study to evaluate the correlation between K-RAS mutational status and lack of response to treatment with cetuximab was performed by Lièvre et al[59]. They analyzed 30 patients predominantly treated with cetuximab plus irinotecan after previous exposure to chemotherapy, and KRAS mutations were observed in 13 of the 30 patients enrolled (43%). None of the mutated tumors responded to cetuximab treatment. The OS of KRAS wild-type patients was significantly higher compared to those with mutated KRAS. The negative predictive value of KRAS mutations for response to anti-EGFR therapy has been confirmed in a number of single arm retrospective studies using the EGFR inhibitors cetuximab or panitumumab alone or in combination with chemotherapy. These retrospective studies revealed that patients with KRAS mutations receiving first and subsequent lines of treatment do not benefit from anti-EGFR therapy, and that they show no survival benefit from such treatments[13,59]. 

Data from phase Ⅲ trials using anti-EGFR targeted therapy in the metastatic setting also suggested that mutated KRAS status predicts a lack of response[20,60,61]. The biomarker analysis of the pivotal phase Ⅲ trial of panitumumab monotherapy in the relapsed or refractory setting was the first large study (n = 463 patients) to confirm the negative predictive value of KRAS mutations[20]. This study found that in those treated with panitumumab, PFS was 12.3 wk in the subgroup of patients with the wild-type KRAS gene, but only 7.4 wk in the subgroup of patients with the mutant KRAS gene. This was statistically significant. The PRIME trial evaluated the addition of panitumumab to FOLFOX4 for the initial treatment of patients with KRAS wild-type mCRC[62]. The results were prospectively analyzed by tumor KRAS status, which demonstrated a significantly longer PFS when panitumumab was added to chemotherapy in patients with KRAS wild-type tumors (9.6 mo vs 8 mo, respectively; HR = 0.80, 95%CI: 0.66-0.97, P = 0.02). Furthermore, additional phase Ⅲ studies have shown that only patients with KRAS wild-type CRC will benefit from the addition of panitumumab to FOLFIRI as second-line treatment[63].

Data have recently been published from two large randomized phase Ⅱ-Ⅲ studies carried out to examine the benefits of cetuximab as first-line treatment for mCRC[60,61]. The CRYSTAL study demonstrated that only patients with wild-type KRAS tumors benefited from the addition of cetuximab to FOLFIRI, showing a higher response rate (RR) (57.3% vs 39.7%, P < 0.0001), longer PFS (median, 9.9 mo vs 8.4 mo, P = 0.012) and longer OS (median, 23.5 mo vs 20.0 mo, P = 0.0093). In patients whose tumors carried KRAS mutations, there was no evidence of benefit associated with the addition of cetuximab to FOLFIRI. The OPUS trial also showed that the addition of cetuximab to the FOLFOX-4 regimen was only beneficial in the wild-type KRAS subgroup[61]. In KRAS wild-type patients, the addition of cetuximab to FOLFOX induced a significant increase in RR (61% vs 37%; P = 0.011) and PFS (7.7 mo vs 7.2 mo, HR = 0.57, P = 0.0163) without OS benefit. In contrast, a negative impact on treatment efficacy was noted when cetuximab was added to chemotherapy in patients with KRAS mutant mCRC[64]. These results indicate that KRAS mutated patients do not benefit from the addition of cetuximab to conventional chemotherapy.

In contrast to these results, other phase Ⅲ trials found that KRAS mutation status was not predictive of benefit when cetuximab was combined with first-line chemotherapy[52,65]. In the NORDIC Ⅶ trial, cetuximab combined with the continuous or intermittent FLOX regimen [bolus 5-fluorouracil (5-FU) plus oxaliplatin] did not significantly improve efficacy compared with FLOX alone[65]. In the large COIN trial, the addition of cetuximab to oxaliplatin-based chemotherapy did not benefit OS or PFS in KRAS wild-type patients[52].

When anti-EGFR therapy was added to bevacizumab-based first-line chemotherapy in advanced CRC, no additional benefit was observed, even in patients with wild-type KRAS tumors[57,58]. In the CAIRO-2 study, the addition of cetuximab to capecitabine, oxaliplatin, and bevacizumab as first-line treatment in patients with mCRC had no effect on RR (50% vs 61.4%; P = 0.06) or PFS (median, 10.5 vs 10.6; P = 0.3) among those with tumors carrying wild-type KRAS. Similarly, in the PACCE study, the addition of panitumumab to bevacizumab and oxaliplatin-based chemotherapy was associated with shorter PFS and OS in patients with tumors carrying wild-type KRAS. These data suggest a detrimental effect following the addition of antiangiogenic agents to anti-EGFR therapies in advanced CRC.

Based on current information from these clinical trials, the guidelines of the National Comprehensive Cancer Network (NCCN), the ESMO (European Society for Medical Oncology), and the ASCO recommend the use of anti-EGFR-directed therapy only in mCRC patients with wild-type KRAS status. In addition, the NCCN guideline also recommends testing for KRAS mutations in codons 12 and 13 in certified laboratories. This is the first true use of personalized medicine in CRC. 

However, it is interesting that not all KRAS mutations are equal in their biological characteristics and their impact on mediating EGFR resistance. Anecdotal reports indicate that a very small number of patients (< 10%) with KRAS-mutated tumors respond to anti-EGFR therapy[13,66,67] and that about 15% have long-term disease stabilization[68]. Preclinical data demonstrated that cell lines with KRAS codon 13 glycine-to-aspartate (G13D) mutations exhibit weaker in vitro transforming activity than codon 12 mutations[69,70]. Moreover, a recently published retrospective pooled exploratory analysis of patients with chemotherapy-refractory CRC also suggested that patients with p.G13D-mutated tumors showed a trend toward a higher RR than other KRAS-mutated tumors. Patients with KRAS codon p.G13D mutations who received cetuximab experienced longer PFS and OS compared with BSC alone. In contrast, patients with other KRAS mutations did not appear to benefit from cetuximab. Furthermore, benefit from the addition of cetuximab to first-line chemotherapy in patients with KRAS p.G13D mutations has also been suggested in a pooled analysis of the CRYSTAL and OPUS studies[71]. Taken together, these data suggest that the use of cetuximab may affect prolonged survival in patients with KRAS p.G13D mutations receiving first-line chemotherapy and those with chemotherapy-refractory metastatic colon cancer.

The association between KRAS codons 61 and 146 mutations and clinical outcomes in mCRC patients treated with cetuximab has also been investigated[72,73]. It was reported that patients with mCRC that harbors KRAS mutations in codons 61 and 146 have a shorter PFS compared to patients with wild-type KRAS and demonstrate resistance to anti-EGFR therapy[73]. In a prospective-retrospective biomarker analysis of the PRIME study, investigators found that not only KRAS mutations (mutation at codons 12 or 13) are predictive of treatment resistance to EGFR therapy, but RAS mutations (KRAS mutation at codons 61, 117 or 146, NRAS mutation at codons 12, 13, 61, 117 or 146, and BRAF mutations), appear to do the same[74]. These analyses suggest that the assessment of other RAS mutations might help optimize the selection of candidate patients for anti-EGFR mAb therapy. 

However, our understanding of the biology of KRAS wild-type/mutated genotype and response to anti-EGFR therapy is far from complete. This is underscored by the fact that approximately 40%-60% of mCRC patients with wild-type KRAS status fail to respond to anti-EGFR therapy[75]. Moreover, mCRC patients with responsive KRAS wild-type tumors inevitably acquire resistance to anti-EGFR therapy and experience tumor progression[76]. A lot of ground remains to be uncovered to clarify the molecular mechanisms that contribute to anti-EGFR therapy resistance/sensitivity, in order that patients can be identified for personalized targeted therapy based on specific genotypes.

BRAF

BRAF, a component of the RAS/RAF/MEK/ERK/MAPK pathway[66], is thought to function as a downstream effector of KRAS. The BRAF mutation has been identified in 10%-15% of CRC patients[14,77,78]. The most common BRAF mutation in tumors is the V600E mutation, which accounts for 90% of all BRAF mutations in CRC. There is an inverse relationship with KRAS mutation results, with the V600E BRAF mutation seen only in KRAS wild-type tumors[14,73,78]. There is a high concordance in BRAF wild-type status between primary and metastatic tumors, but the level of concordance is lower when the primary tumor harbors a BRAF mutation. BRAF mutation has been shown to be associated with high grade, right sided tumors, female gender, older age and microsatellite instability high (MSI-H) tumors[53,77,79]. It also has been linked to poor survival in advanced CRC independent of therapy[80]. 

Recently, a series of studies confirmed the potential adverse prognostic impact of BRAF mutations. Yokota et al[81] identified BRAF V600E mutation as an independent prognostic factor for survival in a representative cohort of 229 patients with mCRC. In this study, BRAF mutation was associated with a significantly higher risk of dying from cancer-related causes. This finding is consistent with those of other studies in patients at all disease stages[14,82,83]. In KRAS wild-type patients, BRAF-mutated individuals had a worse outcome in terms of PFS and OS. Furthermore, BRAF is a negative prognostic factor for OS, especially in patients with MSI low (MSI-L) and stable (MSI-S) tumors.

In the CRYSTAL-OPUS pooled analysis, patients whose tumors harbored BRAF mutations had worse PFS and OS compared with those who had both KRAS and BRAF wild-type tumors, independent of treatment with cetuximab[84]. These data are consistent with the biomarker analysis of the CAIRO-2 trial[57,85]. This study investigated a large series of patients with mCRC treated with chemotherapy and bevacizumab with or without cetuximab in a subgroup of 520 patients. BRAF mutations were detected in 45 (8.7%) tumors and was mutually exclusive of KRAS mutations, as reported previously. Patients with BRAF-mutated tumors had a statistically significantly worse PFS and OS compared to patients with wild-type BRAF tumors in both arms of the CAIRO2 trial, however, the RR in the two treatment groups did not differ significantly. The authors concluded that BRAF mutations are not restricted to the outcome of cetuximab treatment[85]. These findings further support the hypothesis that BRAF mutations are negative prognostic biomarkers.

Several retrospective studies have suggested that the occurrence of BRAF V600E mutations accounts for resistance to both cetuximab and panitumumab, but full validation of this association has not been achieved. Di Nicolantonio et al[14] retrospectively examined tumors from 113 patients who had received either cetuximab or panitumumab in a second or successive line chemotherapy regimen. None of the BRAF-mutated patients responded to cetuximab or panitumumab, and none of the responders carried BRAF mutations. BRAF-mutated patients had significantly shorter PFS and OS than wild-type patients. De Roock et al[72] reported 4.7% (36 of 761) of BRAF mutations in a retrospective pooled study of chemorefractory patients from the European Consortium, and patients with BRAF mutations had a significantly lower RR (8.3% vs 38% for wild-type; OR, 0.15; P = 0.0012), shorter PFS (median, 8 wk vs 26 wk for wild-type; HR = 3.74, P < 0.0001) and OS (median, 26 wk vs 54 wk for wild-type; HR = 3.03, P < 0.0001) compared with BRAF wild-type patients. Recently, in the phase Ⅲ PICCOLO trial[86], designed to evaluate the role of panitumumab combined with irinotecan as second or subsequent line therapy for prospectively tested KRAS wild-type advanced CRC, patients with tumors bearing a BRAF mutation (13.6%) had a poor prognosis and panitumumab had an adverse effect on survival in this subgroup. These results suggest that wild-type BRAF is required for response to anti-EGFR mAb in mCRC. Similarly, Souglakos et al[77] assessed the predictive value of BRAF mutations in 100 patients treated with cetuximab, including 8 in the first line, 37 in the second, and 55 in the third or higher, always in combination with chemotherapy. No patient with BRAF mutations responded to cetuximab. Patients with BRAF mutations also had a shorter PFS, regardless of whether cetuximab was administered in the second, third or higher lines.

However, unlike KRAS mutations, the negative predictive value of BRAF mutations to anti-EGFR therapies in the first-line treatment has not been demonstrated[57,64,84,87]. In the pooled analysis of OPUS and CRYSTAL, patients with BRAF mutations seemed to benefit from the addition of cetuximab to first-line chemotherapy with an increase in OS and a doubling of PFS, although these findings did not reach statistical significance, most likely due to the low BRAF mutation frequency[84]. This result raises the possibility that the addition of a biological agent might be effective for disease control, at least as first-line chemotherapy, in patients with wild-type KRAS and mutant BRAF. These differences were not statistically significant due to the limited number of patients in this group.

The association between BRAF mutations and the efficacy of anti-EGFR therapy remains controversial, but its significant negative prognostic value has been established. Even if the BRAF mutation has been shown to be predictive, its low prevalence suggests that it may have limited utility in selecting patients for anti-EGFR therapy in clinical practice. The novel strategy of targeting BRAF kinase is warranted for further treatment of patients with BRAF mutations to improve their poor survival.

PIK3CA STATUS

In addition to KRAS and BRAF, activation of the PI3K signaling pathway can also be oncogenically deregulated either by activating mutations in the PIK3CA p110 subunit or by inactivation of the PTEN phosphatase. Constitutive activation of the PI3K/AKT pathway has been hypothesized to play an important role in the development of a number of human cancers, including colon cancer. Activating mutations in the PIK3CA are described in approximately 10%-20% of unselected CRC patients[48,88-90], mainly in exon 9 or 20. Exons 9 and 20 hotspots exert different biochemical and oncogenic properties. Unlike BRAF mutations, PIK3CA mutations can co-occur with KRAS and BRAF mutations[72,91]. 

Several studies have suggested that PIK3CA mutations may be associated with resistance to EGFR mAb therapy[52,92-94]. Preclinical data shows that colon cancer cell lines with activating PIK3CA mutations were more resistant to cetuximab than PIK3CA wild-type cell lines. Based on these preclinical data, several retrospective studies have evaluated the predictive value of PIK3CA mutations in the clinic. Initial reports show that PIK3CA mutations are able to predict resistance to anti-EGFR mAbs in unselected mCRC patients, and more importantly in wild-type KRAS patients whose nonresponse to treatment cannot be predicted by KRAS mutations[90,95]. Sartore-Bianchi et al[95] found activating PIK3CA mutations in 15 (13.6%) of 110 patients treated with cetuximab or panitumumab-based regimens, but none of the PIK3CA mutated patients achieved a response to anti-EGFR mAbs, compared with a RR of 23% in 95 patients with wild-type PIK3CA (P = 0.0337). Wu et al[92] conducted a systematic review and included eight studies which reported survival outcome in 839 mCRC patients. They found that PIK3CA mutations were significantly associated with poorer PFS in unselected patients, and observed a worse OS in KRAS wild-type patients with PIK3CA mutations. However, the clinical data regarding PIK3CA mutations and response to EGFR mAbs are conflicting. A study by De Roock et al[72] found that PIK3CA mutations in exon 9 were more common (10% of all samples), but only mutations in exon 20 of PIK3CA (3% of all samples) were statistically associated with resistance to cetuximab-based therapy. Importantly, these mutations were also associated with a negative effect on PFS and OS. A meta-analysis by Mao et al[93] recently showed that PIK3CA mutations, in particular in exon 20, were likely to be related to the prognosis of KRAS wild-type mCRC patients treated with anti-EGFR mAbs. The predictive power of exon 20 mutations was also greater than that of any exon mutations and exon 9 mutations. These findings suggest that exon 20 and exon 9 mutations may differ in their power of predicting the prognosis of mCRC patients. If KRAS is unmutated, assessing the PIK3CA exon 20 mutations provides additional information on patient outcome.

The predictive value of PIK3CA mutation status has been demonstrated, however, the prognostic significance of PIK3CA mutations in CRC remains unclear. A number of previous studies have examined the prognostic role of PIK3CA mutations in CRC. Recent data suggest that the presence of PIK3CA mutations predicts poor prognosis for early stage CRC patients and mCRC patients[95,96]. Patients with PIK3CA mutations were more likely to experience local recurrences than patients without mutations[96]. In a study of 586 patients by Barault et al[48], it was found that mutations of at least one gene among KRAS, BRAF and PIK3CA were associated with a lower 3-year survival rate. Kato and coworkers carried out an analysis of 158 CRC tissue samples and identified PIK3CA mutations as the only independent and significant prognostic factor for worse RFS in stage Ⅱ/Ⅲ CRC patients[97]. These results are in contrast with those observed in the metastatic setting. Cappuzzo et al[98] described a PIK3CA mutation in 17.7% (14/85) of cetuximab-treated mCRC patients, but found no difference in overall response rate (ORR), time to progression (TTP) and OS compared to the wild-type population. Liao et al[99] analyzed PIK3CA pyrosequencing in 1267 CRC patients, and PIK3CA mutations were detected in 189 (16%) of 1170 cases. The results showed that concomitant PIK3CA mutations of both exons 9 and 20 were associated with a poorer prognosis. In contrast, neither PIK3CA exon 9 mutation nor exon 20 mutation alone appeared to have substantial prognostic influence.

Taken together, these findings are not uniform and there are contradictory reports, thus it is not anticipated that in the short-term future PIK3CA mutation testing will be performed in routine clinical practice to determine eligibility for anti-EGFR antibody therapy. It is also estimated that only 3%-10% of patients who are in the KRAS wild-type group will have a PIK3CA mutation, therefore the potential contribution of this mutation for individualized treatment of CRC will be limited. Thus, further evidence from large randomized clinical trials and standardization of analysis will be required to establish a role for these genetic markers in mCRC treatment. 

PTEN STATUS

PTEN is the only tumor suppressor gene involved in the PI3K-AKT-mTOR pathway. It has been shown that inactivation of PTEN phosphatase deregulates the PI3K pathway. PTEN loss is observed in 20%-40% of CRC tumors[94,100], and it has been found to co-occur with KRAS, BRAF and PIK3CA mutations[91,101]. PTEN expression shows only approximately 60% concordance between primary tumor and distant metastases[40,94]. Loss of PTEN expression is associated with aggressive CRC and lack of benefit with cetuximab in patients with chemotherapy-refractory mCRC. It may provide valuable prognostic and predictive information to aid treatment strategies for patients[94]. 

The prognostic role of PTEN in CRC is still under investigation, and inconclusive results have been reported. In a retrospective analysis of archival tumor tissue from 173 patients with mCRC, loss of PTEN expression (19.9% cases) detected by IHC was associated with inferior OS in a multivariate analysis (HR = 1.9, 95%CI: 1.1-3.2, P = 0.026)[100]. 

PTEN also shows promise as a predictive marker for wild-type KRAS patients treated with an anti-EGFR-based regimen[102,103]. Wang et al[102] analyzed PTEN expression in 852 mCRC patients treated with anti-EGFR mAbs, and loss of PTEN expression was detected in 242 (28.4%) patients. Anti-EGFR mAb therapy resulted in improved PFS and OS in patients unselected by KRAS mutation with normal PTEN expression over loss of PTEN expression. Better PFS and OS were observed in wild-type KRAS patients with normal PTEN expression vs loss of expression. Razis et al[103] reported that normal PTEN protein expression was associated with a higher RR and longer TTP in patients treated with cetuximab-based therapy, despite a 50% RR observed in patients who had lost PTEN protein expression. These data showed that loss of PTEN expression is a potential biomarker for resistance to anti-EGFR mAb therapy, particularly in mCRC patients with KRAS wild-type tumors. Interestingly, preserved PTEN expression in metastatic samples was predictive of response to cetuximab, while this was not observed in primary tumor tissue with preserved PTEN expression. Therefore, these data are limited and should be considered exploratory. The value of PTEN as a predictive or prognostic marker in mCRC cannot be established yet. 

OTHER POTENTIAL BIOMARKERS

HER2 gene status

In contrast to gastric and breast cancer, human epidermal growth factor receptor 2 (HER2) protein overexpression and HER2 gene amplification are relatively rare in CRC. Some studies have shown that HER2 gene amplification was significantly related to resistance to cetuximab or panitumumab and was associated with a significantly worse PFS and a trend towards a worse OS[104-106]. However, other studies have not found a predictive or prognostic role for HER2[85,107]. Recently, data from a retrospective study have suggested that HER2 status detected by FISH might represent an additional useful marker for the identification of advanced CRC patients who may benefit from anti-EGFR targeted therapies[105,106]. A total of 407 chemorefractory mCRC patients treated with cetuximab alone or in combination with irinotecan were evaluated and KRAS and BRAF mutations were assessed. The status of the HER2 gene was evaluated in 288 cases. Interestingly, HER2 gene-positive patients had a significantly higher RR, longer PFS and OS compared with HER2 gene-negative patients, but when cases were stratified according to KRAS and BRAF mutations, no significant differences in RR, PFS and OS were observed between HER2-positive and negative cases. In conclusion, the interplay between EGFR and HER2 requires further investigation for future best-tailored treatments.

c-Met and insulin-like growth factor receptor 1 pathways

MET, the hepatocyte growth factor receptor, is a receptor tyrosine kinase (RTK) involved in cellular proliferation and apoptosis. The activation of MET may lead to the activation of pathways downstream of RAS, such as Raf/MEK/MAPK and the PI3K/protein kinase B pathway (PKB). In addition, MET is able to directly activate the PI3K/PKB pathway in a RAS-independent manner[108]. Several preclinical findings suggest that MET can interfere with anti-EGFR strategies. Inno et al[109] recently reported that compared with low/normal expression, c-Met overexpression significantly correlated with shorter median PFS and median OS in 73 patients with mCRC treated with cetuximab-containing regimens. Cappuzzo et al[29] also assessed MET at the genomic level using FISH in 85 EGFR FISH-positive mCRC patients treated with cetuximab. Both patients with MET amplification responded to cetuximab therapy, although the number of patients was too low to draw any conclusion.

insulin-like growth factor receptor 1 (IGF1R) is also a transmembrane RTK implicated in promoting oncogenic transformation, growth and survival of cancer cells. IGF1R is overexpressed in 50%-90% of CRCs[110], and preclinical studies suggest that this target results in upregulation in the majority of CRC patients, poor prognosis and resistance to anti-EGFR strategies[111].

P53 mutations

TP53 is a tumor-suppressor gene located on chromosome 17p, and mutations in this gene occur in about half of CRCs. A large number of studies have described the effects of genetic TP53 alterations on progression and outcome of CRC, and the results are heterogeneous and conflicting. Most studies which showed an association between TP53 alterations and worse outcome employed IHC and the remainder employed DNA analysis. Therefore, it is likely that activation of the EGFR pathway will contribute to cancer and anti-EGFR antibodies will be efficient in tumors only if TP53 is inactivated. Based on these observations, Oden-Gangloff et al[112] evaluated the combined impact of KRAS and TP53 status on clinical outcome in 64 mCRC patients treated with cetuximab-based chemotherapy, and suggested that TP53 mutations are predictive of cetuximab sensitivity.

In conclusion, these data suggest that TP53 genotyping could have an additional value in mCRC patients without KRAS mutations to optimize the selection of patients who could benefit from anti-EGFR therapies. The clinical relevance of these results should be confirmed in larger mCRC series.
Angiogenesis

Angiogenesis has become a major target in CRC therapy. A variety of anti-angiogenesis approaches have been evaluated for the treatment of mCRC. Bevacizumab, a humanized monoclonal antibody against vascular endothelial growth factor A (VEGF-A), is approved for first-line treatment of mCRC. Novel antiangiogenic drugs, such as regorafenib (a novel tyrosine kinase inhibitor targeting VEGFR, PDGFR, FGFR, RET, KIT and TIE2) and aflibercept (a VEGF trap), have also been licensed by the United States Food and Drug Administration based on trials showing modest improvements in OS[113,114]. However, despite the increasing use of various antiangiogenic drugs and intense research efforts, there is a lack of evidence for validated biomarkers in terms of response to antiangiogenic therapy. Several markers that have appeared promising in preclinical models have failed as predictors of response in human trials (Table 2)[115-117]. To date, no biomarkers have emerged that are capable of predicting the efficacy of these agents.

Several recent studies on the identification of predictive biomarkers for bevacizumab have been performed. In the pivotal AVF2107 study of bevacizumab added to chemotherapy in the first-line setting of advanced CRC, plasma VEGF levels, primary tumor tissue VEGF expression, microvessel density and genotypic characteristics of the malignant cells such as KRAS, BRAF, TP53 mutations, and TP53 overexpression were evaluated, but none had predictive value for bevacizumab activity. These findings were recently confirmed in the MAX trial, in which the KRAS and BRAF mutation status failed to predict benefit with bevacizumab[118-120]. In this study, the expression levels of VEGF family members A through D and VEGF receptors, VEGFR-1 and VEGFR-2, were also analyzed using IHC, and the results showed that VEGF-D expression was a predictor of response to bevacizumab treatment. For patients treated with bevacizumab, low VEGF-D expression was predictive of a significantly longer PFS and OS interval than those in patients with high levels of VEGF-D expression. In the NO16966 trial[119], exploratory analyses found that high CD31, high VEGF-A, and low EGFR-2 expression levels were correlated with a longer duration of response, and high levels of neuropilin and placental growth factor were associated with less benefit from bevacizumab. However, these results are considered exploratory and need to be confirmed in additional clinical trials.

Blood-based biomarkers have, until now, produced mixed results. Several studies have demonstrated that plasma VEGF-A is a prognostic biomarker in CRC, but it is unable to predict response to antiangiogenic treatment in mCRC[121,122]. A retrospective analysis of 1816 patients with colon, renal cell, and lung cancer found that plasma VEGF levels were not predictive of benefit from bevacizumab[123]. However, an association between plasma VEGF and benefit from bevacizumab treatment was observed in a breast cancer trial[124]. Further prospective studies are underway to validate the value of plasma VEGF-A in clinical practice. VEGF polymorphisms are also potentially promising biomarkers, however, it is not currently possible to personalize treatment with antiangiogenic therapies[125]. 

More recently, preclinical data supporting the role of fibroblast growth factor receptor (FGFR) and platelet-derived growth factor receptor (PDGFR) signaling in angiogenesis have been reported. Inhibition of these pathways holds potential therapeutic benefit for cancer patients[126]. In addition, one or both of these pathways have been associated with resistance to agents targeting the EGFR and VEGF[127]. Some studies have elucidated the role of FGFR and PDGFR in colon cancer angiogenesis. However, only a few studies have analyzed the clinical implications of FGFR/PDGFR expression in CRC. Wehler et al[128] in a series of 99 human colorectal carcinomas, reported that coexpression of PDGFR/ observed in 57% of tumor samples, was significantly associated with lymphatic metastasis (P = 0.007) and advanced tumor stage (P = 0.03). Schimanski et al[129] reported that specific receptor tyrosine kinases (TK) were overexpressed in KRAS-mutated CRC. In a study by Nakamura et al[130], patients with high PDGF-BB expression had a significantly poorer survival rate than those with low PDGF-BB expression. A multivariate analysis also demonstrated that PDGFR expression was an independent prognostic factor. Sato et al[131] reported that overexpression of the FGFR1 gene leads to liver metastasis in CRC. Matsuda et al[132] also found overexpression of the FGFR2, both FGFR2IIIc and FGFR2IIIb, in colorectal carcinomas which tended to correlate with distant metastasis. On the other hand, FGFR2IIIb expression in colorectal carcinomas did not correlate with survival or metastasis[133]. It was also found[134] that in colorectal carcinoma cases, expression levels of FGFR2IIIc in tumor cells were correlated with advanced carcinogenesis stages. Furthermore, FGFR2IIIc expression correlated with metastasis and poor prognosis of colorectal carcinomas, which suggested that FGFR2IIIc may have a potential use in colorectal carcinoma therapy. A number of agents that target FGF and/or PDGF signaling are now in development for the treatment of mCRC. Potential predictive biomarkers for these pathways are being investigated, but none have been validated for clinical use. Whether this could translate into a higher likelihood of responding to PDGFR/FGFR targeted agents is a matter of speculation. 

Hypertension is a common adverse effect of anti-VEGF therapy. The development of hypertension due to anti-VEGF treatment has also been evaluated as a predictive biomarker. An increase in blood pressure may reflect successful inhibition of the VEGF pathway. However, the role of hypertension in predicting responsiveness to antiangiogenic drugs is controversial. In the AVF2107 study, the development of hypertension predicted better PFS (HR = 0.55, P = 0.0008) and better OS (HR = 0.43, P = 0.0001), but this was not confirmed by other studies[135]. The role of hypertension as a predictive biomarker requires further evaluation, particularly as it is standard practice to treat hypertension as soon as it develops[136]. 

Epigenetics in CRC

Epigenetics describe the changes in phenotype or gene expression that do not involve DNA sequence changes. CRC is considered a genetic disease with the histologic progression of carcinogenesis characterized by sequential genetic and epigenetic alterations[137]. Epigenetic instability in CRC is manifested in a variety of ways including hypermethylation of gene promoters that contain CpG islands and global DNA hypomethylation. The role of epigenetics in CRC development and pathogenesis is beginning to be defined. Retrospective studies have proposed candidate markers, such as CpG island methylation (CIMP), which may predict poor outcome for CRC patients after fluorouracil treatment[138]. However, there are conflicting results and studies are required to determine the reproducibility of the data[139]. Promoter CpG island methylation of the Werner syndrome gene[140] and the UDP-glucuronosyl-transferase gene, UGT1A1[141], have been reported to influence the effects of and response to the topoisomerase inhibitor, irinotecan, with these studies being directly related to silencing of genes involved in the mechanism of action of this drug. However, the data are not currently robust enough to recommend its clinical use[142,143].

Epigenetic changes in CRC are also potential markers for the early detection of CRC and prediction of prognosis. Several publications report a prognostic role for promoter CIMP markers, such as p16INK4A, p14ARF, MGMT, HPP1, HLTF, and ID4, but their effects seem to be dependent on the presence of other methylated markers or adjuvant treatment[139]. A prognostic role was also suggested for CIMP, and a worse prognosis for patients with CIMP CRCs was observed in most studies, although conflicting results have also been reported[140]. These examples of the potential prognostic use of alterations in DNA methylation highlight the need for validation of their clinical utility in observational, population-based studies to assess the natural course of the disease.

Despite these examples and other studies of predictive and prognostic epigenetic markers in CRC, none have yet been developed to the point of clinical utility. Continued efforts to investigate these molecular mechanisms will allow for a better understanding of the role of epigenetic alterations in CRC and will lead to the translation of these insights into the clinical arena.

CONCLUSION

Currently, the treatment of advanced CRC varies and oncologists face complicated decisions in the selection of the most appropriate treatment options for their patients. Predictive and prognostic biomarkers can facilitate clinical decision-making and are becoming increasingly important with the development of targeted therapies for advanced CRC. The identification of molecular biomarkers that have predictive and/or prognostic significance in CRC is essential to improve anti-cancer treatments and patient outcome[144]. Several molecular biomarkers have been studied over the past two decades and encouraging improvements have been achieved. However, the results of published studies have often been conflicting and several drawbacks affect the reliability of conclusions[145]. First, most published studies were retrospective analyses of a single marker or included a small sample size. These study designs are unlikely to accurately predict disease progression with sufficient resolution and reproducibility. Second, data analysis and interpretation still remain challenging, although many advances have been made in technologies for profiling and in decreasing the requirements of the input material. The data from current studies usually lack definition, adequate validation, and cannot be used in clinical practice for decision-making. Furthermore, the lack of methodology standardization involved in the detection of biomarkers, the lack of comprehensive analysis of a particular molecular pathway, and incomplete analysis of biomarkers have all contributed to the frustration associated with biomarker validation. Therefore, to date, only KRAS gene has entered routine clinical practice as a predictive marker of response to EGFR-targeted therapies in advanced CRC. 

A number of comprehensive biomarker-driven studies are currently underway. BRAF V600E mutation is prognostic of patient outcome with respect to survival, but not clearly predictive of treatment effects with anti-EGFR agents in patients with mCRC. The low prevalence of such mutations makes it difficult to evaluate these mutations as predictive biomarkers in clinical practice. The predictive and prognostic value of PIK3CA mutation, PTEN deletion and TP53 mutation is presently under evaluation, but clinicians are currently unable to use these data in clinical practice for decision-making. In the future, NRAS, PIK3CA and PTEN status may be useful when combined with KRAS and BRAF mutation analysis to predict which mCRC patients will benefit from anti-EGFR therapy (Figure 1). The identification of a biomarker to predict response to anti-VEGF agents is lacking, and further data are required from large well designed prospective studies to understand the biological processes underlying response and/or resistance. Novel prospective randomized controlled trials are needed to determine the role of various putative molecular markers, and hopefully this will facilitate the development of personalized therapy based on the molecular profile of CRC.

In addition to these molecular markers, many patient-related factors may also influence response to targeted therapy, including age, sex, tumor subtype, disease stage, comorbid diseases, overall PS, pharmacokinetic, pharmacodynamic and pharmacogenetic factors. These factors should be considered as important predictive and prognostic biomarkers in CRC.

In the future, it is anticipated that new biomarkers will be developed that can further personalize the treatment of this important human cancer. In the era of targeted therapies, it is further anticipated that new small molecule drugs that target specific gene mutations (for example, BRAF inhibitors) and genetic translocations will be developed in association with specific biomarker tests that are linked to drug response and patient eligibility for treatment. 
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FIGURE LEGENDS

Figure 1  Prevalence of epidermal growth factor receptor pathway deregulations and response to monoclonal antibodies targeting epidermal growth factor receptor in chemotherapy-refractory advanced colorectal cancer. 
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Table 1  Predictive and prognostic biomarkers for biological therapy in metastatic colorectal cancer


Biomarker �
Prevalence�
Evidence available �
Predictive and prognostic value�
�
KRAS mutations �
40%�
Conclusive�
Negative predictive biomarker for anti-EGFR mAbs�
�
�
�
 Insufficient �
Predicts poor prognosis, but not an independent prognostic factor �
�
BRAF mutations �
10%�
Substantial �
Prognostic marker for poor outcome�
�
�
�
Insufficient �
Potential predictive marker for resistance to anti-EGFR mAbs�
�
NRAS mutations �
3%-5%�
Insufficient1 �
Potential predictive marker for resistance to anti-EGFR mAbs�
�
PIK3CA mutations �
15%-20% �
Insufficient1 �
Potential predictive marker for resistance to cetuximab (exon 20, not exon 9 mutations)�
�
�
�
�
Potential prognostic marker for poor outcome �
�
PTEN (loss of expression) �
20%-40%�
Insufficient1 �
Potential predictive marker for resistance to cetuximab�
�
�
�
�
Associated with activation of the PIK3CA pathway and adverse disease outcome�
�
P53 mutations�
1%-5%�
Insufficient1�
An independent predictive factor for cetuximab benefit�
�
�
�
�
Not prognostic�
�
Epiregulin, amphiregulin (high expression)�
50%-60%�
Insufficient1 �
Associated with resistance to anti-EGFR antibody therapy and adverse clinical outcome�
�
VEGF-D�
40%-75%�
Insufficient1 �
Potential predictive marker for response to bevacizumab�
�
VEGF-A �
�
Insufficient1�
Not predictive of response to bevacizumab�
�
1Insufficient: The current clinical evidence cannot definitively demonstrate that the biomarker has predictive or prognostic value in metastatic colorectal cancer. EGFR: epidermal growth factor receptor; VEGF: vascular endothelial growth factor. 





Table 2  Summary of key biomarkers investigated in clinical trials of bevacizumab


Key biomarkers evaluated�
�
KRAS mutational status�
�
BRAF mutational status�
�
p53 mutational status�
�
VEGF and VEGFR-2 (KDR) gene expression�
�
VEGF A- to VEGF-D, VEGFR-1, and VEGFR-2 protein expression�
�
CD31 expression�
�
Neuropilin expression�
�
Stromal thrombospondin-2 expression�
�
Microvessel density�
�
Plasma VEGF levels�
�
VEGF: vascular endothelial growth factor.
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