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Background

Cumulative evidence in colorectal cancer (CRC) suggests that patients with human epidermal growth factor receptor 2 (HER2) overexpression or amplification can benefit from anti-HER2 therapy. The purpose of our study was to evaluate HER2 status and its correlation with clinicopathological characteristics and survival according to currently utilized HER2 diagnostic criteria in a large cohort of Chinese CRC patients.



Methods

HER2 protein expression was tested by immunohistochemistry (IHC) in formalin-fixed, paraffin-embedded (FFPE) samples from 4,836 CRC patients in our institution. Breast cancer (BC) and gastroesophageal adenocarcinoma (GEA) criteria, as well as the HERACLES criteria, were used for the determination of HER2 status. Dual-color silver-enhanced in situ hybridization (DSISH) was performed in all IHC 2+~3+ cases determined by BC/GEA criteria.



Results

The HER2 expression rate of IHC (1+~3+) was 7.01% (339/4,836) and 6.02% (291/4,836) in CRCs based on the BC/GEA criteria and the HERACLES criteria, respectively, while combined DSISH results in the HER2 amplification/overexpression ratio of 3.39% (164/4,836) in our cohort. HER2 expression detected by IHC was positively correlated with the female gender, whereas the HER2 overexpression/amplification showed no correlation with any clinicopathological parameter. In addition, no significant correlation was found between HER2 statuses and either disease-free survival or overall survival regardless of the evaluation criterion used. However, patients with HER2 1+ CRC showed a tendency of having the shortest overall survival as compared with any other group of patients according to the HERACLES criteria, and this trend has always existed in the rectal location, T3 stage, and TNM stage II, medium differentiation, and perineural invasion stratified group. Furthermore, the HER2 protein expression was significantly negatively correlated with RAS/BRAF mutations according to the HERACLES criteria.



Conclusion

To our knowledge, this is the largest study of HER2 status in Asian patients with CRC. Our findings suggest that the current most commonly used HERACLES criteria might be too strict for patients with CRC. Future studies are needed to explore the most suitable criteria for screening CRC patients who could benefit from anti-HER2 therapy as much as possible.
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Introduction

Colorectal cancer (CRC) is the third most prevalent cancer and the second most common cause of cancer-related death in the world, with an annual death rate exceeding 608,700 according to the National Cancer Institute. According to the latest data released by the International Agency for Research on Cancer (IARC) of the WHO in 2020, CRC ranks as the second most common malignancy and the fifth leading cause of cancer-related deaths in China (https://www.iarc.who.int/faq/latest-global-cancer-data-2020-qa/).

The oncogene human epidermal growth factor receptor 2 (HER2) is localized in chromosome 17q21 and coding transmembrane tyrosine kinase receptor; its amplification plays a pivotal role in oncogenesis and development of human malignancies. HER2 has been identified to be overexpressed and/or amplified in up to 30% of breast cancers (BCs) (1) and 13% of gastroesophageal adenocarcinoma (GEA) (2). HER2-targeted therapy significantly prolongs the survival of patients with HER2-positive BC or advanced gastric cancer, which has become a basic strategy for the first-line treatment of related tumors. Recently, HER2 was also reported to be overexpressed in CRC, with some reporting expression varying in the range of 2.6%–11.2% in China (3–6). In metastatic CRC (mCRC), adding trastuzumab and pertuzumab, two monoclonal antibodies targeting HER2, to the standard chemotherapy can significantly improve response rates and survival in patients with HER2-positive tumors (7, 8). However, there is a wide variation in the HER2 positivity rate, which may be due to territorial diversity, different testing methods, and, more importantly, different scoring criteria for HER2 positivity. Previously, the data regarding HER2 expression in CRC mostly refer to HER2 scoring criteria for BC (American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) 2013) (9) and GEA (GEA criteria) (10). In 2015, Valtorta et al. (11) proposed HER2 test criteria (HERACLES diagnostic criteria) for CRC, which is now used by the National Comprehensive Cancer Network (NCCN) and the Chinese Society of Clinical Oncology (CSCO) guidelines as the diagnostic criteria for HER2 interpretation in CRC. However, there is still a lack of support from large-scale research data on whether these immunohistochemistry (IHC) interpretation criteria can accurately reflect the HER2 status in CRC in China. In addition, the correlation between HER2 and the clinicopathological parameters and prognosis in CRC remains controversial (3–6). These indicate that the positivity and role of HER2 in CRC require further exploration.

In the current study, to detect HER2 overexpression and amplification in patients with CRC (HOLIC), we carried out a large-scale retrospective study in the Chinese population. We aimed to compare the prevalence of HER2 positivity underlying the three HER2 diagnostic criteria (BC, GEA, and HERACLES diagnostic criteria). In addition, we identified HER2 expression status and its correlation with clinicopathological features as well as survival data in patients with CRC.



Materials and Methods


Patient Collection and Sample Preparation

A total of 4,836 consecutive cases of CRC treated by radical surgery without any preoperative therapy during 2011–2014 were retrieved from the Department of Pathology of Fudan University Shanghai Cancer Center (FUSCC). The clinicopathological characteristics and molecular pathological detection analysis results (if any) of each patient were retrieved from the hospital information systems. Among all cases, 59 patients underwent a commercial next-generation sequencing (NGS) detection in the Department of Molecular Pathology. Genomic mutations were identified using the NGS-based YuanSu450 gene panel (OrigiMed, Shanghai, China), which covers the coding exons of 450 cancer-related genes and 64 selected introns in 39 genes that are frequently rearranged in solid tumors. The genes were captured and sequenced with a mean depth of 800× using the Illumina NextSeq 500. Genomic alterations (GAs), including single-nucleotide variants (SNVs), insertion–deletion polymorphisms (Indels), and copy number variation, were identified using MuTect (v.1.17), PINDEL (v.2.04), and Control-FREEC (v9.4), respectively. The pathologic diagnosis, including the pTNM stage, was confirmed by two experienced and independent pathologists. For each sample, 3-µm sections were cut from the selected representative paraffin-embedded tumor blocks for IHC and dual-color silver-enhanced in situ hybridization (DSISH) analyses. The study was approved by the Ethical Committee for Clinical Research at FUSCC.

IHC staining was carried out using the anti-HER2/NEU (4B5) antibody (Ventana Medical Systems, Inc., Tucson, AZ, USA) as the primary antibody against HER2 on a Ventana Benchmark XT automatic staining system according to the optimized manufacturer’s instructions. Two pathologists independently scored HER2 staining based on both the traditional HER2 IHC scoring guidelines for BC and GEA and the HERACLES criteria for CRC (11), and any discrepancy was resolved by a consensus meeting.

To screen for deficient DNA mismatch repair (dMMR), all eligible patients had their paraffin-embedded tumor tissues tested by IHC for the expression of MLH1, MSH2, MSH6, and PMS2. dMMR was considered when there was nuclear negativity in IHC staining for MLH1, MSH2, MSH6, or PMS2, with the presence of protein expression in adjacent normal colonic mucosa and/or stromal cells.



Dual-Color Silver-Enhanced In Situ Hybridization

HER2 amplification was confirmed by DSISH assays. DSISH was carried out on a Ventana Benchmark XT automatic staining system according to Chromosome 17 (CHR17) Probe (Ventana Medical Systems SA). Briefly, 20 tumor nuclei were initially counted per case. The scoring and evaluation for in situ hybridization were performed by counting ERBB2 and CEN17 signals from 100 nuclei per case. Non-tumor tissue (normal colon mucosa) was used as an internal negative control. Samples with an ERBB2/CEN17 ratio ≥2.0 were considered amplified (11). The DSISH was assessed by two independent pathologists separately who were blinded to the IHC scores.



Statistical Analysis

Data were analyzed using SPSS 23.0 software. The correlations between HER2 expression and the investigated parameters were evaluated. Survival analysis was carried out using the Kaplan–Meier method, and the multivariate survival analysis was in proportional hazards regression models described by Cox. The significance tests were two-sided, and a p-value of <0.05 was considered statistically significant.




Results


Human Epidermal Growth Factor Receptor 2 Expression Rate Determined by Immunohistochemistry and Dual-Color Silver-Enhanced In Situ Hybridization

The expression was studied using whole tissue sections. HER2 was observed by lateral or basolateral membrane staining in CRC cells (Figure 1A). According to the BC and GEA HER2 IHC diagnostic criteria, 98 (2.03%) were scored up to HER2 1+, 266 (5.50%) were scored up to but no higher than HER2 2+, and 73 cases (1.51%) were scored up to HER2 3+. Immunonegative cancer cells (HER2 0) were found in 4,399 (90.96%) cases. Thus, the HER2 expression rate of IHC (1+~3+) was 7.01% (339/4,836) in CRCs based on the BC/GEA criteria. However, there was a significant difference between the evaluation results based on the HERACLES criteria and evaluation results based on BC/GEA criteria (p < 0.001; Figure 1B and Table 1). Specifically, 47 samples scored up to but no higher than HER2 2+ according to the BC/GEA criteria was scored up to but no higher than 1+ according to the HERACLES criteria; 3 samples scored up to HER2 3+ according to the BC/GEA criteria was scored up to but not higher than 2+ according to the HERACLES criteria (Figure 1B). Therefore, there was 6.02% (291/4,836) of CRC scored up to HER2 2~3+ according to the HERACLES criteria, which is 0.96% less than that of BC/GEA criteria.




Figure 1 | IHC and DSISH staining of HER2. (A) Representative IHC intensity (0, 1+, 2+, and 3+) of tumor cells (original magnification, ×200) and representative negative (DSISH−) and positive (DSISH+) amplification of HER2 gene (original magnification, ×400). (B) Alluvial diagram shows the distribution of each case in different diagnostic criteria. IHC, immunohistochemistry; DSISH, dual-color silver-enhanced in situ hybridization; HER2, human epidermal growth factor receptor 2.




Table 1 | HER2 expression in different criteria and determination methods.



All the 339 cases that showed membranous staining of HER2 2~3+ according to BC/GEA criteria were then subjected to HER2 DSISH analysis. In addition, 50 cases displaying no/weak membranous IHC staining according to BC/GEA criteria were randomly selected for DSISH analysis, and none of these cases showed HER2 gene amplification (Figure 1A). As a result, 181 cases were reported as negative (not amplified), and 158 cases were reported as positive (amplified) by DSISH. Very high consistency in the results between IHC 3+ and DSISH was obtained; 67 (91.78%) of 73 HER2 IHC 3+ cases showed HER2 gene amplification. However, only 91 (34.21%) of 266 HER2 IHC 2+ cases showed HER2 gene amplification (Figure 1B and Table 1). Thus, the HER2 amplification/overexpression ratio was 3.39% (164/4,836) in our cohort. Among these HER2 gene amplification cases reported by DSISH, 19 cases were scored up to HER2 IHC 1+, and 75 cases were scored up to HER2 IHC 2+ according to the HERACLES criteria (Table 1).



Association of Human Epidermal Growth Factor Receptor 2 Expression With Clinicopathological Characteristics and Survival of Patients

To determine the association of HER2 expression with clinicopathological characteristics, all 339 cases enrolled in DSISH analysis were firstly analyzed. Interestingly, in these 339 HER2 IHC 2+~3+ cases, the 158 HER2 DSISH amplified cases were more likely to be distributed in the left colon (p = 0.014), with more regional lymph nodes (p = 0.003) and vascular invasion (p = 0.013) and higher TNM stage (p = 0.029), and were mutually exclusive with dMMR (p = 0.030, Table 2).


Table 2 | Correlation between HER2 expression and clinical parameters in the IHC HER2 2~3+ group (n = 339).



For survival analysis, the follow-up information of all 164 HER2 amplification/overexpression patients and finally tumor-specific survival data in a total of 122 patients was obtained. Subsequently, 135 patients from the total 4,399 HER2-negative cases were matched using the propensity score matching (PSM) method. The correlation of HER2 expression with clinicopathological characteristics in these 257 patients was also analyzed. The result showed that regardless of the evaluation criterion used, HER2 expression was positively correlated with the female gender (all p < 0.05). However, after categorizing HER2 expression status as negative or positive, there were no statistically significant associations with any clinicopathological data (Table 3).


Table 3 | Correlation between HER2 expression and clinical parameters in the matched group (n = 257).



The median follow-up time was 75.17 months (range: 0.23–119.27 months), and 113 patients (44%) died of cancer, while the remaining 144 patients (56%) were still alive at the end of the study period. A total of 123 patients (47.1%) patients relapsed; 52.1% of patients survived without a tumor. There was no significant correlation between HER2-positive and HER2-negative patients on either overall survival (OS; Figures 2A–C) or disease-free survival (DFS; Figures 2D–F).




Figure 2 | Kaplan–Meier survival analyses of HER2 expression in CRC patients according to different criteria. (A–C) Kaplan–Meier OS analysis of HER2 expression in CRC patients according to BC/GEA criteria (A), HERACLES criteria (B), and HER2 expression status (C). (D–F) Kaplan–Meier DFS analysis of HER2 expression in CRC patients according to BC/GEA criteria (D), HERACLES criteria (E), and HER2 expression status (F). HER2, human epidermal growth factor receptor 2; CRC, colorectal cancer; OS, overall survival; BC, breast cancer; GEA, gastroesophageal adenocarcinoma; DFS, disease-free survival.



Interestingly, according to the HERACLES criteria, patients with HER2 1+ showed significantly shorter OS than patients with the other three HER2 expression statuses (p = 0.035 vs. HER2 0, p = 0.082 vs. HER2 2+, and p = 0.055 vs. HER2 3+; Figure 2B). According to the HERACLES criteria, when patients with clinicopathological characteristics were categorized, patients with HER2 1+ showed significantly shorter OS than patients with the other three HER2 expression statuses in the rectal location, T3 stage, TNM stage II, moderate differentiation, and perineural invasion groups (Figure 3).




Figure 3 | Kaplan–Meier survival analyses of HER2 expression in CRC patients according to HERACLES criteria. Kaplan–Meier OS analysis of patients with rectal cancer (A), T3 stage (B), TNM stage II (C), moderate differentiation (D), and perineural invasion (E) based on HER2 expression status. HER2, human epidermal growth factor receptor 2; CRC, colorectal cancer.





Human Epidermal Growth Factor Receptor 2 and Common Gene Status Alteration

Among these 164 cases that were determined as HER2 positive by DSISH/IHC, KRAS, NRAS, and BRAF (RAS/BRAF) mutation data determined by a commercialized NGS method were available in a total of 59 patients from the clinical molecular pathology data. Among them, 23 (38.98%) HER2-positive cases showed wild-type RAS/BRAF status. In the other 39 cases with RAS/BRAF mutations, 33 (20.63%) harbored a KRAS mutation, 3 (1.88%) harbored an NRAS mutation, and 4 (2.5%) harbored a BRAF mutation.

In these 59 cases with second-generation sequencing data, the protein expression of HER2 according to the HERACLES criteria was as follows: 8 cases of HER2 1+, 29 cases of HER2 2+, and 22 cases of HER2 3+. Further chi-square test showed that HER2 protein expression was significantly correlated with RAS/BRAF, RARA, TOP2A, FAT3, BRAF, and CDK12 alterations (Figure 4). In particular, the HER2 protein expression was significantly negatively correlated with RAS/BRAF and FAT3 mutation whereas positively correlated with RARA, TOP2A, and CDK12 alterations. Among these alterations, RAS, BRAF, and FAT3 are involved in gene mutations; RARA and TOP2A are involved in gene amplification; and CDK12 are involved in both gene mutation and amplification. By classifying these patients into two groups using tumor mutational burden (TMB) >10 (12) or >28 (13) as the cutoff value, no significant correlation between TMB and HER2 protein expression was found.




Figure 4 | Association of HER2 expression with TMB and gene mutation according to different criteria. HER2, human epidermal growth factor receptor 2; TMB, tumor mutational burden.



The HER2 status was also determined by NGS in these 59 cases. However, it was found that for HER2 amplification, the agreement rate between DSISH and NGS was only 37.9%; only 22 HER2-positive cases also showed HER2 amplification in NGS results. By NGS, 21 cases of HER2 3+ scored by the HERACLES criteria was determined as HER2 positive, whereas all 8 cases of HER2 1+ and 28 cases of HER2 2+ scored by the HERACLES criteria were determined as HER2 negative, with a significant statistical difference (p < 0.001; Table 1).




Discussion

In this study, we detected the HER2 status in CRC patients on a large scale with a total of 4,836 patients hospitalized during 2011–2014. We found that there was a significant difference between the evaluation results based on the HERACLES criteria and BC/GEA criteria. In particular, 47 samples scored as 2+ determined by BC/GEA criteria would be scored down to 1+ determined by the HERACLES criteria. In the general diagnosis process of HER2 detection, these cases would not be subsequently detected by DSISH to verify the HER2 status. However, in fact, we performed DSISH analysis in these HER2 1+ cases determined by the HERACLES criteria, and some of the cases (19/47) turned out to be HER2 positive. As we all know, DSISH is the gold standard for detecting the HER2 status. Our results suggested that relying solely on the HERACLES criteria to interpret the HER2 status might lead to missing a subset of HER2-positive CRC patients and deprive them of anti-HER2 therapy. On the other hand, for HER2 amplification, the agreement rate between DSISH and NGS was only 38.9%; only 23 positive cases showed consistent results with NGS results. It is suggested that NGS may be less sensitive to HER2-positive detection than IHC/DSISH of tissues; larger samples are needed for further validation.

The relationship between HER2 overexpression and clinicopathological features in CRC is still unclear. Meng et al. (14) found no correlation between HER2 positivity and clinicopathological parameters. Zhang et al. (6) showed that in Chinese patients with stage I to III CRC, HER2 amplification was associated with deeper intestinal wall tumor invasion and later TNM staging. In our cohort, the HER2 status has no significant association with clinicopathological features except for gender. We found that HER2 expression detected by IHC was positively correlated with the female gender, while there is no difference when we categorized the HER2 status as negative or positive based on the results of DSISH. The reasons for the inconsistent results may be attributed to about 55% of HER2 2~3+ male cases being identified as HER2 negative subsequently by DSISH, and to some extent, the percent of female cases increased in the HER2-positive group. Interestingly, when focused on those 339 patients who were scored as HER2 2~3+ according to BC/GEA criteria and then determined by DSISH, the clinicopathological feature distribution in these 339 patients showed that HER2 amplification was positively associated with tumor invasion, lymphatic metastasis, and advanced TNM staging. This suggested that once HER2 becomes expressed in CRC (which was determined by IHC), HER2 amplification is more likely to appear in patients with advanced clinical stages.

In our cohort, we obtained KRAS, NRAS, and BRAF gene statuses (determined by NGS) of 59 HER2-positive cases from their clinical data and found that 36 (38.98%) HER2-positive cases have RAS/BRAF mutation. According to the results of the Mypathway study (15), trastuzumab combined with pertuzumab treatment in RAS/RAF wild-type patients tends to obtain a higher overall response rate (ORR) efficiency, which suggests that the combined detection of HER2 and RAS/BRAF status can help in screening patients who may benefit from dual-targeted anti-HER2 therapy. It has been reported that HER2-positive and KRAS, NRAS, and BRAF mutations are mutually exclusive in CRC (16). Similarly, when determining the HER2 status according to the HERACLES criteria, the HER2 protein expression was also significantly negatively correlated with RAS/BRAF status in our cohort. This indicates that HER2-positive CRC patients are more likely to be RAS/RAF wild-type. Some studies have found that activation of HER2 signaling causes drug resistance to anti-EGFR therapy in a fraction of mCRC patients with RAS wild-type tumors (17, 18). Kras gain-of-function is one of the most frequent mutations in colon cancers, which has been shown to correlate well with poorer survival. Whether HER2 has a regulatory role in CRC needs to be further studied. Besides, the HER2 protein expression was also significantly negatively correlated with FAT3 alterations whereas positively correlated with RARA, TOP2A, and CDK12 alterations. Although the functional mechanisms behind these associations are still unclear, they provide some perspectives for the compatibility of targeted drugs.

Currently, there are conflicting studies on the relationship between HER2 positivity and the prognosis of CRC. Meng et al. (14) showed that compared with patients with HER2-negative CRC, patients with HER2-positive CRC had worse 5-year DFS and OS in the overall group of 119 patients with CRC. Liu et al. (3) also found that patients with HER2-positive CRC showed an association with shorter DFS in patients with stage II–III CRC. On the contrary, Wang et al. (4) found that patients with HER2-positive CRC showed no association with DFS or OS in the overall group of 1,058 patients with CRC. Similarly, by matching 122 HER2-positive patients with 135 HER2-negative patients using the PSM method, we found no significant correlations between HER2-positive rates and either DFS or OS regardless of the evaluation criterion used. The different research conclusions may be affected by the treatment that the patients received as well as the involved samples. In our study, firstly, we used 254 cases to ensure sufficient power to test, which is to our knowledge the largest sample size to analyze the prognostic significance in CRC. Secondly, we used the PSM to control our known confounding bias as much as possible to verify this conclusion, with a higher level of evidence. Our results might be closer to the real situation.

Interestingly, according to HERACLES diagnostic criteria, patients with HER2 1+ CRC showed the shortest OS as compared with any other group of patients. In the rectal location, T3 stage, TNM stage II, medium differentiation, and perineural invasion stratified group, the same conclusion is suggested. It is well known that HER2 can promote tumor cell proliferation, survival, and angiogenesis by activating downstream oncogenic signaling pathways (19). Therefore, it is not difficult to understand that the prognosis of HER2 1+ patients is worse than that of HER2 0 patients. In addition, consistent with the previous study (16), our study also showed that the RAS/BRAF mutation rate of patients with HER2 1+ is significantly higher than that of patients with HER2 2~3+. Although we failed to obtain the clinical therapeutic data of these patients with HER2 1~3+, in clinical practice, RAS/BRAF wild-type patients are routinely treated with EGFR monoclonal antibodies such as Erbitux. We suspect that this may be the reason why the prognosis of HER2 1+ patients is worse than that of HER2 2~3+ patients. Although our sample size of HER2 1+ patients is small, based on the clinical benefit of HER2 1+, our results suggested that special attention should be paid to patients with HER2 low-expressing CRC. More future studies are needed to break the treatment bottleneck of this subgroup of CRC patients with relatively poor biological behavior.

In recent years, a number of clinical studies have shown that dual-target anti-HER2 therapy, novel anti-HER2 tyrosine kinase inhibitor, antibody–drug conjugate (ADC) drugs, and bispecific antibodies might become a promising anti-HER2 treatment in HER2-positive mCRC (15, 20). Among these trials, DESTINY-CRC01 is the only trial that enrolled patients with HER2 low-expressing mCRC (21). The previous study has demonstrated a promising preliminary antitumor activity of T-DXd in patients with HER2 low BC (objective response rate: 37.0%) (22). However, no patients with HER2 2+ or HER2 1+ mCRC had a confirmed objective response to T-DXd.

Limitations of the study include that the treatment information of the patients is not obtained. There was a lack of efficacy data of anti-HER2 treatment. Additionally, we did not perform NGS analysis in the matching peripheral blood to verify the consistency of HER2 amplification with tissue. A recent clinical trial showed that identification of the HER2 status by circulating tumor DNA (ctDNA) showed similar accuracy to conventional tissue genotyping (23). Although this suggests that ctDNA has good application value in identifying patients who benefit from the dual-HER2 blockade and monitor treatment response, it is still necessary to conduct a large number and detailed comparative analyses on the expression profile of HER2 in tissues and ctDNA and to comprehensively judge the clinical applicability of ctDNA genotyping on HER2 amplification.

In summary, we conducted a large-scale HER2 status detection in the Chinese CRC patients and found that when scored by the HERACLES Criteria, patients with HER2 1+ CRC had the worst prognosis. Also, our study suggested that the current most commonly used HERACLES criteria might be too strict for patients with CRC. Future studies are needed to explore the most suitable criteria for screening CRC patients who could benefit from anti-HER2 therapy as much as possible.
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*HER?2 status was identified by DSISH.

*All statistical tests were 2-sided; significance level: p < 0.05.
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*All statistical tests were 2-sided; significance level: p < 0.05.





