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Background: Phosphorylated Focal adhesion kinase (FAK) has been reported to be intimately involved in various malignant tumors. The effect of p-FAK on colorectal cancer (CRC) is still disputable. The purpose of this study is to investigate the role of p-FAK in the prognosis of colorectal cancer.
Methods: The clinical significance of p-FAK expression in CRC was evaluated by immunohistochemistry in a large cohort, including carcinoma and para-carcinoma tissues from 908 patients, and normal tissues, adenoma, and metastasis tissues. The correlation between p-FAK expression and CRC occurrence was investigated in tumor and other tissues. Factors contributing to prognosis were evaluated using Kaplan-Meier survival analysis and Cox regression model.
Results: p-FAK is apparently overexpressed in CRC and metastasis tissues. Compared with low p-FAK expression, patients with high p-FAK expression had shorter overall survival [hazard ratio (HR), 2.200; 95% confidence interval (CI), 1.265–3.452; p < 0.01] and disease-free survival (HR, 2.004; 95% CI 1.262–3.382; p < 0.01) in multivariate Cox analysis after adjusting other prognostic factors. High p-FAK expression was also related to a worse chemotherapeutic response in patients who achieved adjuvant chemotherapy (p < 0.01).
Conclusion: Expression level of p-FAK is an independent risk factor and can serve as a prognostic biomarker for CRC. High p-FAK expression predicts an unfavorable prognosis of CRC as well as poor chemotherapeutic response.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer, accounting for approximately 10% for of all annually cancer-related mortality worldwide (Bray et al., 2018). In China, it is estimated that CRC will become the fifth most common cause of cancer-related death both in men and women with 590,000 newly diagnosed cases and 180,000 deaths in 2022 (Xia et al., 2022). Advances in pathogenesis and pathological understanding, surgical techniques, and diversity of treatment methods have provided additional options for primary and metastatic CRC patients. Although these modified regimens lead to a two-fold increase in survival up to 3 years, the best survival occurs in those patients without recurrence or metastasis (Dekker et al., 2019). The managements have limited impact on cure-rate and the response of CRC patients to these therapeutic strategies is quite heterogenous. Nearly 25% of patients with localized lesion will develop metastases and 10%–30% of patients will develop recurrence after treatment intervention, and many of whom will die from that (Buccafusca et al., 2019; Biller and Schrag, 2021).
So far, cancer heterogeneity, prognostic prediction and selection of systemic therapies relies on histological diagnosis and the tumor-node-metastasis (TNM) staging system defined by the American Joint Committee on Cancer/Union for International Cancer Control (AJCC/UICC) (Nagtegaal et al., 2011). However, even within the same stage, the clinical outcomes and drug responsiveness of CRC patients can be significantly heterogeneous (Dekker et al., 2019). The high recurrence and metastases rate of CRC and outcome prediction after treatment are still public concern. Therefore, the detection of predictive biomarkers at an early stage for prognostic classification and risk stratification is pivotal for CRC patients to make an individualized therapeutic plan and improve treatment response.
Focal adhesion kinase (FAK), also known as protein tyrosine kinase 2, is a non-receptor protein tyrosine kinase that is encoded by the protein tyrosine kinase2 (PTK2) gene (Chuang et al., 2022). It plays an important role in the progression of cell regulation, including cell adhesion, proliferation, migration, survival, angiogenesis, as well as the establishment of tumor microenvironment (TME) (Chuang et al., 2022). The overexpression and/or activation of FAK has been detected in numerous cancers, such as breast cancers, hepatocellular carcinoma, head and neck cancer, ovarian cancer and lung cancer (Mohanty et al., 2020). Besides, it is correlated with poor prognosis for cancer patients (Chen et al., 2008; Guo et al., 2019). FAK is auto-phosphorylated at Tyr-397, and the activated FAK initiates downstream signal transduction and forms interactions with intracellular proteins to stimulate migration and invasion in tumor cells (Huang et al., 2020). It was found that EGF/EGFR can phosphorylate FAK and induce epithelial-mesenchymal transition (EMT) which is considered as an important step in tumor invasion and metastasis (ee et al., 2008). Studies have demonstrated that p-FAK is positively correlated with the TNM stage in lung squamous cell carcinoma and cell differentiation in esophageal carcinomas (Murata et al., 2008; Han et al., 2013). These findings suggested that p-FAK may play a significant role in tumor formation and metastasis. Enhanced expression of p-FAK was also detected in the cytoplasm in CRC lesions and metastases tissues, and was associated with shorter disease-specific survival (Albasri et al., 2014). However, Theocharis et al. (2003) reported that FAK could not serve as a prognostic marker in CRC. So far, few relevant reports studied the role of p-FAK in CRC and were limited by small size samples. Therefore, the prognostic value of p-FAK in CRC is urgently needed to be explored in a large cohort.
In the present study, we investigated the expression of the phosphorylated FAK (p-FAK) on tumor tissues from CRC patients and adjacent normal tissues using an immunohistochemical examination on tissue microarrays (TMAs). We also evaluated the association between p-FAK expression and clinical characteristics among CRC patients, in the aim to delineate the clinical significance of p-FAK as a potential predictive biomarker for CRC progression and prognosis stratification.
MATERIALS AND METHODS
Genomic data mining
Data was obtained from the Cancer Genome Atlas (TCGA) data portal (https://www.cancer.gov/about-nci/organization/ccg/research/structural-enomics/tcga), including mRNA expression profiles and corresponding clinical information for CRC patients. PTK2 mRNA expression in normal and tumor tissues were screened out under R 4.1.0 statistic environment (http://www.r-project.org/).
Patients and specimen sources
This research was approved by the Ethic Committee of Changhai Hospital, Naval Medical University (Shanghai, China). A written informed consent was provided for all patients, according to the Declaration of Helsinki. During the period from January 2002 to December 2021, a total of 908 CRC patients who underwent primary resection were included in this study. 908 tumor specimens and 37 para-carcinoma tissues were collected from the surgery and tumor specimens were all pathologically diagnosed as CRC. In addition, 37 normal tissues, 33 adenoma specimens and 17 CRC liver metastasis specimens were also collected in the present study. The specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Patient demographic parameters, clinical and histological characteristics were shown in Table 1, including age, sex, disease location, TNM stage based on AJCC 6th and 7th edition, tumor differentiation grade, number of resected lymph nodes, adjuvant chemotherapy, serum CEA, and serum CA 199 level. All the missing values were excluded for this study.
TABLE 1 | Characteristics of patients with CRC.
[image: Table 1]Immunohistochemistry
Tissue microarrays (TMAs) containing the formalin-fixed paraffin-embedded specimens were constructed by Outdo Biotech (Shanghai, China). The TMA samples were cut into sections with 3 μm thickness and then subjected to deparaffinization. Antigen retrieval was performed in boiled 10 mM citrate buffer (pH 6.0) for 10 min. The sections were incubated with primary Phospho-FAK (Tyr397) antibody (Cell Signaling Technology, United States) at 4°C overnight and then incubated with EnVisionþDual Link System-HRP (Dako, United States). Staining was visualized using 3,3′-diaminobenzidine (Sigma, Saint Louis, MO, FAST 3,3′-diaminobenzidine).
Quantitative evaluation of immunostaining
Stained TMA slides were observed under bright-field microscopy at a resolution of ×40 and scanned by Aperio AT2 (Leica Biosystems). The expression level of p-FAK was quantitated using an H-score as previously described (Detre et al., 1995). In brief, p-FAK staining in each fixed field was assessed by two independent observers and was scored by multiplying the staining intensity (0, negative; 1+, weak; 2+, moderate; and 3+, strong). Interobserver differences were calculated and averaged, and a third observer resolved the difference when the discrepancy exceeded 20%.
Follow-up and survival analysis
Follow-up information for all the patients was collected, following a standard procedure as previously described (Chang et al., 2014). The primary outcomes were overall survival (OS) and disease-free survival (DFS) measured in months. DFS was defined from the date of undergoing initial surgery to the date of the first disease relapse or death. An optimal cutoff value of p-FAK IHC scores was used to divide the patients into high and low expression groups.
Statistical analysis
All statistical analyses and charting were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, United States) and GraphPad Prism 8.0 software (San Diego, United States). Two-tailed unpaired Student’s test and chi-squared tests were used for comparisons of clinical characteristics between two groups. OS and DFS were estimated with Kaplan-Meier method. Differences between subgroups were calculated and presented as hazard ratios (HR) with normal estimated 95% confidence intervals (CIs) using log-rank test. The effect of individual prognostic factors in the univariate and multivariate analyses was assessed with the Cox proportional hazards model. For these results, continuous values are presented as mean ± SD. All statistical tests were performed two-sided, and a value of p < 0.05 were considered as statistically significant.
RESULTS
Phosphorylated focal adhesion kinase expression level was elevated in colorectal cancer
We initially assessed the mRNA expression of PTK2 in normal tissue and CRC tissue using publicly available microarray datasets. It was observed that the mRNA expression level of PTK2 in CRC is significantly higher than in normal tissues (p < 0.001; Figure 1A). Then we investigated the expression pattern of p-FAK by IHC examination in normal tissue, adenoma, para-carcinoma, carcinoma, and metastasis specimens obtained from surgery. p-FAK staining was mainly distributed in the cytoplasm of epithelial cells (Figure 1B). Quantitative examination of IHC revealed that p-FAK expression level is significantly higher in carcinoma and metastasis specimens than in normal and adenoma tissues (p < 0.001; Figure 1C). Furthermore, we found that p-FAK IHC scores in patients with poor differentiation was significantly higher than in patients with well and moderate differentiation (p < 0.001; Figure 1D). There was no significant difference between stage I and II and stage III CRC patients (p > 0.05; Figure 1E). The results indicated an important role of p-FAK in CRC progression.
[image: Figure 1]FIGURE 1 | p-FAK expression in CRC. (A) Bioinformatics analyses of PTK2 mRNA expression in normal tissue and CRC. (B) Representative images of IHC. Scalebar, 50 μm. (C) Comparison of IHC H-score among different colorectal pathological tissues. (D) Comparison of IHC H-score between different differentiation grades. (E) Comparison of IHC H-score between different TNM stages. The error bar represents the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
Associations between phosphorylated focal adhesion kinase expression and clinical characteristics in colorectal cancer patients
A total of 908 patients clinically and pathologically diagnosed as CRC were divided into two group with the optimal cutoff value (IHC score = 110) using the maxstat R package: low expression group (IHC score <110, n = 463) and high expression group (IHC score ≥110, n = 445). Median follow-up for all patients was 47.9 months (5–117). Baseline characteristics of CRC patients and the comparisons between groups were shown in Table 1. There was no significant difference found in age, location, TNM stage (AJCC 6th and 7th), postoperative adjuvant chemotherapy, number of resected lymph nodes, serum CEA level and serum CA199 level between the groups (p > 0.05). The expression level of p-FAK was associated with differentiation grade (p < 0.01) and sex (p < 0.01). These results indicated that p-FAK may contributed to the aggressiveness of CRC.
Phosphorylated focal adhesion kinase expression predicted the prognosis of colorectal cancer as an independent factor
We constructed Kaplan-Meier survival curves and determined the hazard ratios (HRs) using the Cox proportional hazards model. Differences of OS and DFS between low and high groups were compared using the log-rank test. 25 deaths occurred overall in 463 patients in the low group and 44 occurred in 445 patients in the high group (unadjusted HR 2.200, 95% CI 2.340–3.611, p < 0.01; Figure 2A). 20 deaths attributed to recurrence occurred in the low group compared with 38 in the high group (unadjusted HR 2.066, 95% CI 1.262–3.382, p < 0.01; Figure 2B). It revealed that high expression level of p-FAK was associated with shorter OS and DFS in CRC patients. Having adjusted for other prognostic factors, including age, sex, location, TNM stage, differentiation grade, adjuvant chemotherapy, resected lymph nodes, serum CEA level and serum CA199 level, the expression level of p-FAK remained an independent risk factor for OS with a HR of 2.090 (95% CI, 1.265–3.452; p < 0.01) and for DFS with a HR of 2.004 (95% CI, 1.214–3.308; p < 0.01) in a multivariable analysis (Table 2).
[image: Figure 2]FIGURE 2 | Overall survival (A) and disease-free survival (B) in CRC patients. HR, hazard ratio.
TABLE 2 | Multivariable analysis of prognostic factors in overall survival and disease-specific survival.
[image: Table 2]Low phosphorylated focal adhesion kinase expression predicted a better prognosis in early-stage colorectal cancer patients
Then we estimated interactions between p-FAK expression and age, sex, location, TNM stage, differentiation grade, adjuvant chemotherapy, resected lymph nodes, serum CEA level and serum CA199 level in a post-hoc subgroup analysis. As shown in Figure 3, subgroups of age ≥60 years, rectal, colon, TNM stage I and II, well and moderate differentiation grade, with adjuvant chemotherapy, resected lymph nodes <12, serum CEA <5 ng/ml and serum CA199 < 37 U/ml were significant for either OS and DFS (p < 0.05), and the subgroup of female was only significant for OS (p < 0.05). Low p-FAK expression was associated with a good prognosis in early-stage CRC patients and patients with low-risk factors compared with high p-FAK expression group.
[image: Figure 3]FIGURE 3 | Univariable subgroup analyses of overall survival (A) and disease-free survival (B) in CRC patients. The dotted line shows the hazard ratio for all patients.
Phosphorylated focal adhesion kinase expression predicted response to adjuvant chemotherapy in colorectal cancer patients
In our cohort, all stage III patients and stage II patients who diagnosed with high-risk factors received adjuvant chemotherapy, according to the current guidelines of CRC. We attempted to identify the relationship between p-FAK expression and survival outcomes among the patients with adjuvant chemotherapy. As shown in Table 2 and Figure 4A, high p-FAK expression was related to a shorter OS (p < 0.01) and DFS (p < 0.01) in CRC patients who achieved adjuvant chemotherapy. No significance was observed in those patients without chemotherapy (p > 0.05). In those patients who achieved adjuvant chemotherapy, high expression level of p-FAK indicated both shorter OS (p < 0.01) and DFS (p < 0.01) for patients with stage II CRC (Figure 4B), and only shorter OS (p < 0.05) for stage III CRC patients (Figure 4C). There was no significant difference in stage II patients without adjuvant chemotherapy (p > 0.05, Figure 4B). Then we performed the interaction analysis of p-FAK expression in patients with or without chemotherapy. It was found that there was no interaction between p-FAK expression and adjuvant chemotherapy on the outcomes of CRC patients (p > 0.05, Table 3). It demonstrated that p-FAK expression may predict the chemotherapeutic response of CRC patients, especially for early-stage patients.
[image: Figure 4]FIGURE 4 | (A) Overall survival and disease-free survival in patients with and without adjuvant chemotherapy. (B) Overall survival and disease-free survival in stage II CRC patients with and without adjuvant chemotherapy. (C) Overall survival and disease-free survival in stage III CRC patients with adjuvant chemotherapy. HR, hazard ratio.
TABLE 3 | Effect of p-FAK expression on the prediction of chemotherapy response in CRC patients.
[image: Table 3]DISCUSSION
Previous studies have identified the relationship between FAK activation and accelerated cancer growth and invasion in various human cancers (Mohanty et al., 2020). Overexpression of p-FAK was intimately associated with TNM classification, lymph node metastasis and distant metastasis in some malignancies. In few research performed in small cohorts, enhanced expression of FAK and p-FAK was noted in CRC (Yu et al., 2006; Garouniatis et al., 2013; Albasri et al., 2014), but the correlations between raised FAK expression and tumor stage, Ki-67 positivity or survival in CRC have been inconsistent in Theocharis’s study (Theocharis et al., 2003). Therefore, we conduct the current study with the aim of identifying the role of p-FAK in CRC. We confirmed that PTK2 mRNA was high expressed in CRC tissues using publicly available expression profiling data. We further investigate p-FAK expression pattern by IHC examination and the result was consistent with that from PTK2 mRNA. Strong straining was also observed in metastasis tissues. Besides, high expression of p-FAK was associated with poor differentiation. From these data, it can be inferred that p-FAK may contribute to CRC progression. Recent studies in vitro have revealed the FAK involvement in the process of epithelial-to-mesenchymal transition (EMT) which capacitates epithelial tumor cells to acquire invasive properties and metastatic growth characteristics (Yoon et al., 2015). Activated FAK was important in regulating a decrease of epithelial markers like E-cadherin and an increase of mesenchymal markers required for EMT (Chuang et al., 2022). p-FAK was associated with Src-regulated E-cadherin expression in colon cancer cells and its overexpression promoted cell invasion and metastasis (Hauck et al., 2002).
In univariate Cox analysis, we found that high expression of p-FAK is correlated with worse prognosis in CRC patients. Traditionally, clinicopathological features are considered having influence on the survival of CRC patients, including TNM stage, histological type, number of resected lymph nodes, and tumor markers of CEA and CA199. These factors are used as predictors of recurrence in CRC clinically, but relying solely on them are insufficient for accurate prediction of early recurrence. We performed a multivariate Cox proportional hazards model to balance the effect of other factors, and the results revealed that the outcomes of patients with high FAK expression were poor, which indicated that p-FAK is an independent prognostic factor in the general population with CRC. These results are consistent with precious studies performed by Liu et al. (2013), Albasri et al. (2014). The promising prognostic role of p-FAK in CRC is consistent with lung squamous cell carcinoma and hepatocellular carcinoma (Han et al., 2013; Guo et al., 2019).
Moreover, we assessed whether other predictors versus p-FAK expression were related to the treatment outcomes using a post-hoc subgroup analysis. Expression level of p-FAK is significantly associated with OS and DFS in TNM stage I and II, well and moderate differentiation grade, resected lymph nodes <12, serum CEA <5 ng/ml, and serum CA199 < 37 U/ml subgroups, of which were predictors of a beneficial outcome for CRC. It suggested that p-FAK expression might be a supplementary IHC biomarker for CRC prognosis, especially useful in early-stage patients with traditionally favorable predictors. Though our study performed in a large cohort, some information and factors including MSI, extramural venous invasion, and KRAS or BRAF mutation were not available, which need a larger prospective cohort in future studies.
At present, surgical resection is the only potentially curative treatment for CRC. Adjuvant chemotherapy is used to eradicate micro-metastatic disease for those high-risk stage II and stage III patients with the aim of improving survival. However, a proportion of these patients received limited benefits from chemotherapy and the outcomes are often unpredictable. Thus, our study further focused on the potential role of p-FAK expression status in predicting adjuvant chemotherapy response. We found that high p-FAK expression was related to a poor outcome in CRC patients with chemotherapy and no difference was noted in patients without chemotherapy. The difference was significantly observed in stage II CRC patients that was consistent with the results above. Our findings suggested that p-FAK could be a valuable biomarker in evaluating patients’ response to chemotherapy.
FAK signaling pathway is a key role in driving cell functions regulated by integrins and growth receptor factors (Mohanty et al., 2020; Chuang et al., 2022). Overexpression of FAK and p-FAK in numerous cancers indicates that targeting FAK might be effective in suppressing biological capacities required for tumorigenesis which makes it an attractive drug target for anti-cancer therapy (Sharma et al., 2017; Pomella et al., 2022). The inhibitors blunt FAK Try-397 auto-phosphorylation and affects downstream signaling pathways including PI3K/AKT, STAT3 and JNK in some cancer cells, and further influence cell viability, proliferation, migration, and immunosuppressive TME (Zhang et al., 2014; Hirt et al., 2018). Experiments in vivo indicated that tumor growth and metastasis were reduced by FAK inhibitor in breast cancer mouse model, human glioblastoma xenografted model and adenocarcinoma xenograft model (Brown et al., 2018; Hirt et al., 2018; Tiede et al., 2018). In addition, FAK is known to mediate resistance to chemotherapeutics. It is reported that activated FAK regulated Y-box binding protein 1 to induce paclitaxel resistance in ovarian cancer while FAK inhibitor could reduce the resistance (Kang et al., 2013). Currently, a big effort in several Phase I and II clinical trials have been activated to evaluate the efficacy of FAK inhibitors in cancer treatment as single agents or in combination with chemotherapy (Pomella et al., 2022). FAK inhibitors may become effective in reversing insensitive chemotherapy response for early-stage CRC patients with high p-FAK expression that remains future studies.
In conclusion, the current study identified the important role of p-FAK as a potential predictive biomarker for prognosis and chemotherapy response in CRC patients, especially in early-stage patients. It suggested that high p-FAK expression is associated with unfavorable outcome and poor chemotherapeutic response in CRC. We hope our study can help carry out the early diagnosis in order to reduce disease-free progression and risk of recurrence. Furthermore, the precise biological functions and possible molecular mechanisms of p-FAK in CRC tumorigenesis and progression remain unknown. The potential of p-FAK as a therapeutic target in the antineoplastic therapy is required to be further elucidated.
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