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Background

Pancreatic neuroendocrine tumors (PanNETs) are a heterogeneous group of neoplasms with increasing incidence and unpredictable behavior. Whole-exome sequencing recently has shown very frequent somatic mutations in the alpha-thalassemia/mental retardation X-linked (ATRX) and death domain-associated protein (DAXX) genes in PanNETs. And the prognostic significance of altered ATRX/DAXX genes in PanNETs patients have been revealed in several reports. However, many of these include small sample size and hold controversial opinions. To increase statistical power, we performed a systematic review and meta-analysis to determine a pooled conclusion. We examined the impact of altered ATRX/DAXX genes mainly on overall survival (OS), disease-free survival (DFS) and relapse-free survival (RFS) in PanNETs.



Methods

Eligible studies were identified and quality was assessed using multiple search strategies (last search May 2021). Data were collected from studies about prognostic significance of altered ATRX/DAXX in PanNETs. Studies were pooled, and combined hazard ratios (HRs) with 95% confidence intervals (CIs) were used to estimate strength of the associations.



Results

Fourteen studies involving 2313 patients treated for PanNETs were included. After evaluating for publication bias, disease-free survival and relapse-free survival was significantly shortened in patients with altered ATRX/DAXX gene, with combined HR 5.05 (95% confidence interval (CI): 1.58-16.20, P = 0.01) and 3.21 (95% confidence interval (CI): 1.44-7.16, P < 0.01) respectively. However, the combined data showed there were no difference between patients with altered ATRX/DAXX gene or not in overall survival, with a combined HR 0.71 (95% confidence interval (CI): 0.44-1.15, P = 0.23). We also performed a subgroup analysis with metastatic patients in overall survival, showing a combined HR 0.22 (95% confidence interval (CI): 0.11-0.48, P = 0.96). The small number of studies and paucity of multivariate analyses are the limitations of our study.



Conclusions

This is the first rigorous pooled analysis assessing ATRX/DAXX mutation as prognostic biomarkers in PanNETs. Patients with altered ATRX/DAXX gene would have poor DFS according to the combined data. And altered ATRX/DAXX genes in metastatic patients showed a trend towards improved overall survival, although the difference did not reach statistical significance.
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Introduction

Pancreatic Neuroendocrine Tumors (PanNETs) are a rare but clinically important form of pancreatic neoplasia (1). Comprising about 3% of all pancreatic tumors, it harbors a significant malignant potential; more than 50% of patients will die of their tumor within 10 years (2). Moreover, the incidence of PanNETs has been statistically significantly increasing, whereas overall survival has remained relatively unchanged over the past several decades (3–5). PanNETs can be broadly classified into functional (hormone producing) and nonfunctional tumors, with a wide spectrum of clinical behaviors. The mainstay of treatment for PanNETs is surgery. However, most patients are contraindicated for resection, because 65% of patients have unresectable or metastatic disease at the time of diagnosis (6). Newer chemotherapeutic agents and molecular targeted therapy have recently been developed to treat the unresectable PanNETs, but their efficacy has been modest (7). Today there is no means by which to select the best therapy for an individual patient. Widely accepted prognostic parameters and systems include tumor size, functional status and World Health Organization (WHO) grade (8, 9). These tools are useful at a population level and currently implemented into routine clinical practice, however it remains difficult to predict at the individual patient level which tumors will recur and behave aggressively (10). Hence, additional markers are needed to improve the prognostic classification of PanNETs.

Recent advances in sequencing technologies have uncovered the molecular basis of numerous cancers that has led to new prognostic classification systems and actionable targets (11). Whole-exome sequencing recently has identified recurrent somatic mutations in the genes DAXX and ATRX in PanNETs (11). The ATRX (alpha-thalassemia/mental retardation syndrome X-linked) and DAXX (death domain associated protein) genes encode proteins bind with each other to form a histone chaperone complex involved in depositing histone variant H3.3 at the telomeres and pericentric heterochromatin regions of the genome (10, 12, 13). Loss of function of either of these proteins results in telomere dysfunction and leads to impaired non-homologous end joining, alternate lengthening of telomeres (ALT) and general genomic instability (14–16). As most frequently mutated genes in sporadic PNETs, the prognostic value of altered ATRX/DAXX is controversial. The result that mutations of ATRX/DAXX were associated with a longer survival was reported by Jiao et al. (1). The same opinion was hold by Raj et al. (17), Park et al. (18) as well as Kim et al. (19). However, others were in disagreement (10, 11, 20–22). In their report, the mutations found in the ATRX/DAXX genes was significantly correlated with a shortened survival time.

For all these reasons, we conducted this meta-analysis, including the large number of studies and patients assessing altered ATRX/DAXX genes in PanNETs to date, and tested both the overall survival (OS), disease-free survival (DFS) and relapse-free survival (RFS) as outcomes. We also performed a subgroup analysis with metastatic patients in overall survival. According to the combined data, patients with altered ATRX/DAXX gene would have prolonged poor DFS and RFS. And altered ATRX/DAXX genes in metastatic patients showed a trend towards improved overall survival, although the difference did not reach statistical significance.



Materials and Methods

Meta-analysis is the statistical combination of results from two or more separate studies [80]. Therefore, after systematic review and thorough assessment of ATRX/DAXX gene mutations studies in PanNETs, we attempted to perform a pooled analysis of ATRX/DAXX mutations associated with survival in PanNETs in at least three studies.


Literature Search Strategy

The aim of our search was to identify all primary research articles that assessed the utility of altered ATRX/DAXX as a prognostic factor among individuals treated for PanNETs. A systematic search via PubMed, Embase and Web of Science was previously performed on December 2020 and updated in February 2021 and May 2021, in line with the guideline of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for systematic reviews and meta-analyses by two independent researchers (23). The search strategy was shown in Appendices A–C
 and the identification and selection process for this meta-analysis are illustrated in Figure 1. Searches were limited to human articles published in the English language. After removing duplication, a total of 78 publications were identified in the initial literature search. Based on screening of titles or abstracts, 52 records were excluded. Twenty-six articles were left for the further full text assessment. Additionally, reference lists of full-text articles were searched manually for relevant literature and one additional article was found in reference. The search results were analyzed by two independent investigators and any disagreement was resolved by discussion. According to the inclusion and exclusion criteria mentioned below, 13 articles were excluded, and 14 articles were finally included for this meta-analysis. The last search date was 9th May 2021.




Figure 1 | Flow chart of included articles according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.





Inclusion and Exclusion Criteria

Prognostic altered ATRX/DAXX studies were considered eligible if they met all of the following initial inclusion criteria: (a) focused on patients under treatment for PanNETs; (b) measured the ATRX/DAXX mutation in tumor; (c) correlated survival outcomes; (d) peer-reviewed journal and (e) published in English (Table 1). Studies were excluded if they were: (a) case reports, laboratory studies or letters; (b) unpublished data from meeting abstracts; or (c) lacked essential information for the calculation of survival outcomes. Further details about data extraction, statistical analysis, and quality and publication bias assessments can be seen below.


Table 1 | Criteria for the inclusion articles.





Data Extraction

Eligible articles were reviewed independently by two investigators. Disagreements were resolved by consensus and consultation with a third investigator. Data were extracted independently by two authors using a standard protocol. The following information was extracted from each study: PubMed ID; first author; year of publication; number of patients; mutation gene; survival event and hazard ratio (HR) for survival event, as well as their 95% confidence interval (CI) and P value. Multivariate Cox hazard regression analyses were included in our meta-analysis; if these data were not available, univariate hazard regression analyses, log-rank P values or Kaplan–Meier survival curves of survival outcomes were included instead (29). If necessary, HRs were calculated using the available numerical or graphical data and the methods developed by Parmar et al. (30) and Tierney et al. (29). Rounding was adopted when needed. Several corresponding authors of studies were contacted for additional information and data needed for the meta-analytic calculations.



Quality Assessment

There are various tools for the quality assessment and identification of bias in observational studies (31). In this systematic review, quality of non-randomized studies was determined using the Newcastle–Ottawa scale for cohort studies (32). NOS is comprised of three parameters (eight elements, nine stars total) for quality: selection (four elements, one star each), comparability (one element, up to two stars) and outcome (three elements, one star each). The high-quality choices for each element are marked with a star, and then the number of stars is counted to evaluate the quality of each study. This score has a maximum of nine stars and those studies with ≥7 stars were considered to be of higher quality. Only studies with ≥5 stars were included in the systematic review and subsequent pooled analysis.



Statistical Analysis

Meta-analyses were carried out using the R studio software (Version 1.3.1056). HRs represent the hazard of death or disease recurrence during the study interval in a patient who had altered ATRX/DAXX genes compared to a patient with wild type. Hazard ratios were considered significant at the P < 0.05 level if the 95% CI did not include the value 1. For easy interpretation, HRs were converted to display the contributory effect (e.g., if the survival outcome that ATRX/DAXX mutations bring is more detrimental, then the HR is seen as >1.) Heterogeneity was defined at the I2 > 50%. The random-effects model was used if heterogeneity was observed, whilst the fixed-effects model was used in the absence of inter-study heterogeneity. Where possible, heterogeneity was also investigated by sensitivity analysis, which was undertaken by assessing the impact of each study on the combined effect by removing each study sequentially.



Publication Bias Assessment

Publication bias introduced by researchers only reporting significant positive findings was a concern. Funnel plots with Egger’s bias indicator test were used to assess any reporting or publication bias (33). Funnel plots (i.e., scatterplots demonstrating each study’s effect in relation to their sample size) that are asymmetrical and skewed indicate that bias exists. Egger’s regression intercept provides an estimate of asymmetry of a funnel plot; positive values indicate a trend towards higher levels of test accuracy in studies with smaller sample sizes (34). It was possible to calculate Egger’s regression intercept when data from at least three studies were pooled. When publication bias was identified, we would perform a ‘trim and fill’ re-estimation and sensitivity analysis to assess the potential impact of missing studies (35). A two-tailed P value <0.05 was considered significant.




Results


Excluded Studies

Our search yielded seventy-eight manuscripts for consideration within this systematic review and subsequent meta-analysis (Figure 1). Title and abstract assessment identified twenty-six manuscripts appropriate for evaluation of ATRX/DAXX mutations in PanNETs and full text articles were obtained for these. One additional article was found in reference. On careful review of study methodologies, thirteen reports were excluded and fourteen studies were included in qualitative synthesis.



Included Studies

Inclusion criteria can be seen in Table 1. The full texts of thirteen papers and one from reference (published 2011-2021) fulfilling the criteria for meta-analysis were obtained. We mainly focused on the following efficacy outcomes: Overall survival (OS), defined as the time between the beginning of the study until time of death; disease-free survival (DFS), defined as the time after treatment during which no sign of cancer is found; relapse-free survival (RFS) was defined as the time from commencement of neoadjuvant therapy to disease progression (preoperatively) or recurrence (postoperatively) or death from any cause.



Study Characteristics

A total of 14 studies with 2313 patients (range from 16-561 per study) were assessed in this meta-analysis (1, 10, 11, 17–22, 24–28). Studies included were published from 2011 to 2021. Among them, 5 studies studied the patients from Asian countries, including Japan (2), South Korea (2), and China (1); 9 studies investigated the patients from European countries and North American countries, including America (4), Australia (1), Italy (1), Switzerland (1), England (1) and Netherlands (1). The main characteristics of these included articles were shown in Table 2. Moreover, the results of study quality assessment were also listed in Table 2.


Table 2 | Main characteristics of included articles.





Meta-Analysis

A summary of the hazard ratios (HRs) estimated from the entire pooled quantitative synthesis for the altered ATRX/DAXX genes can be seen in Table 3.


Table 3 | Characteristics of study enrolled in quantitative synthesis.





The Prognostic Value of ATRX/DAXX Mutation


The Prognostic Value in Overall Survival

A total of 6 articles assessed the effect of ATRX/DAXX mutations on the overall survival of PanNETs (1, 10, 17–20). Two of them (1, 19) considered that there was no difference in OS between patients with altered ATRX/DAXX genes or not and the pooled hazard ratio (HR) and 95% confidence interval (CI) supported this view. Two of them (10, 20) showed that ATRX/DAXX mutation was associated with decreased OS, while the rest two studies (17, 18) hold the opposite view. According to the combined data, there was no difference between patients with or without ATRX/DAXX mutation in OS, with a combined HR 0.71 (95% confidence interval (CI): 0.44-1.15, P = 0.23) (Figure 2). No significant inter-study heterogeneity was found (P = 0.23, I2 = 28%). There was no evidence of publication bias in these 6 studies (Egger’s test, intercept -0.362, P = 0.971).




Figure 2 | (A) Forest plot showing the combined hazard ratio (HR) from studies for the association between ATRX/DAXX mutation and overall survival. Horizontal lines represent 95% confidence interval (CI). Each box represents the HR point estimate, and its area is proportional to the weight of the study, determined by inverse variance weighting. The diamond represents the overall summary estimate, with the 95% CI given by its width. (B) Funnel plot of standard error of assessing publication bias.



Notably, four of these six studies performed a subgroup analysis exclusively with metastatic patients (1, 10, 18, 19). And we noted that all patients enrolled in the study of Raj et al. had metastatic disease (17). However, Chou et al. did not provide sufficient information other than P value in their study (10). To investigate the prognostic value in metastatic patients and reduce the effect of patient’s disparity, we performed a further meta-analysis exclusively with metastatic patients from these four articles (1, 17–19). The combined data showed that metastatic patients with altered ATRX/DAXX genes would have a better trend in OS but not statistical significance, with a combined HR 0.22 (95% confidence interval (CI): 0.11-0.48, P = 0.96) (Figure 3). There was no evidence of publication bias in these 4 studies (Egger’s test, intercept -1.968, P = 0.155). No significant inter-study heterogeneity was found (P = 0.96, I2 = 0%).




Figure 3 | (A) Forest plot showing the combined hazard ratio (HR) from subgroup analysis for the association between ATRX/DAXX mutation with metastatic patients and overall survival. Horizontal lines represent 95% confidence interval (CI). Each box represents the HR point estimate, and its area is proportional to the weight of the study, determined by inverse variance weighting. The diamond represents the overall summary estimate, with the 95% CI given by its width. (B) Funnel plot of standard error of assessing publication bias.





The Prognostic Value in Disease-Free Survival

Three of four articles suggested that patients with altered ATRX/DAXX had a worse DFS than the patient with wild type (11, 21, 22). However, Park et al. (18) showed there was no difference in DFS between these patients. The combined data showed that patients with altered ATRX/DAXX would have worse outcome, with a combined HR 5.05 (95% confidence interval (CI): 1.58-16.20, P = 0.01) (Figure 4). Significant inter-study heterogeneity was found (P = 0.01, I2 = 71%), so we applied the random-effects model. There was no evidence of publication bias in these studies (Egger’s test, intercept 3.712, P = 0.096).




Figure 4 | (A) Forest plot showing the combined hazard ratio (HR) from studies for the association between ATRX/DAXX mutation and disease-free survival. Horizontal lines represent 95% confidence interval (CI). Each box represents the HR point estimate, and its area is proportional to the weight of the study, determined by inverse variance weighting. The diamond represents the overall summary estimate, with the 95% CI given by its width. (B) Funnel plot of standard error of assessing publication bias.





The Prognostic Value in Relapse-Free Survival

A total of 3 articles assessed the effect of ATRX/DAXX mutation on the relapse-free survival (RFS) in PanNETs (19, 26, 28). All these authors indicated that patients with ATRX/DAXX mutation had poor outcome in RFS. The combined data showed that patients with altered ATRX/DAXX would have worse outcome, with a combined HR 3.21 (95% confidence interval (CI): 1.44-7.16, P < 0.01) (Figure 5). Significant inter-study heterogeneity was found (P < 0.01, I2 = 92%), so we applied the random-effects model. There was no evidence of publication bias in these studies (Egger’s test, intercept 1.950, P = 0.5307).




Figure 5 | (A) Forest plot showing the combined hazard ratio (HR) from studies for the association between ATRX/DAXX mutation and relapse-free survival. Horizontal lines represent 95% confidence interval (CI). Each box represents the HR point estimate, and its area is proportional to the weight of the study, determined by inverse variance weighting. The diamond represents the overall summary estimate, with the 95% CI given by its width. (B) Funnel plot of standard error of assessing publication bias.





The Prognostic Value in Other Survival Events

Cives et al. (21) found altered ATRX/DAXX gene was associated with poor outcome in time to progress (TTP). Marinoni et al. (26) found no difference in tumor-specific survival (TSS) between ATRX/DAXX mutation and ATRX/DAXX normal patients in two independent cohorts. Pipinikas et al. (27) found patients with altered ATRX/DAXX gene had poor outcome in progression free survival (PFS).




The Prognostic Value in ATRX Mutation

Chou et al. (10) suggested that altered ATRX patients would have poor overall survival. Uemura et al. (24) did not find a significant association between ATRX mutation and OS, but found ATRX mutation patients would have poor RFS. Sato et al. (25) also showed altered ATRX patients would have poor DFS compared to the patients without mutation.



The Prognostic Value in DAXX Mutation

Both Chou et al. (10) and Uemura et al. (24) showed no difference in OS between patients with altered DAXX or not. In the study by Cives et al. (21), DAXX mutation would lead to worse OS, DFS, TTP and Cancer-specific survival (CSS). Sato et al. (25) also showed patients with altered DAXX would have poor DFS compared to the patients with wide type of DAXX.



Evaluation of Publication Bias

Publication bias is a well-known problem in meta-analysis (23). As we know, positive results tend to be accepted by journals whilst negative results are often rejected or not even submitted. To avoid publication bias, funnel plots and Egger’s test were both performed in our study. As a result, there was no evaluation of publication bias existing in our analysis.




Discussion

As the advance in imaging and public awareness in PanNETs, as well as aging population, the incidence of PanNETs has been remarkably increasing, while overall survival has remained relatively unchanged over the past several decades (3–5, 36, 37). Patients with PanNETs usually display a better survival than those with pancreatic ductal adenocarcinomas (38–40). However, PanNETs are still malignant, as evidenced by the fact that the 10-year survival rate for PanNET patients is only 40–50% (2, 9, 41). Current prognostic parameters and systems, such as tumor size and World Health Organization (WHO) grade, are susceptible to interpretation errors, sampling issues and, in a subset of PanNETs, do not accurately reflect the clinical behavior of these neoplasms (22, 42). Hence, additional markers are needed to improve the prognostic classification of PanNETs. In this study, we reviewed several studies revealed the prognostic significance of altered ATRX/DAXX genes in PanNETs.

As for prognostic value in altered ATRX/DAXX genes, there have been opposite opinions on it. Nine previous studies which have found PanNETs with altered ATRX/DAXX are associated with worse outcomes (10, 11, 19–22, 26–28). Two of them were about OS (10, 20), three about DFS (11, 21, 22), three about RFS (19, 26, 28) and one about PFS (27). Marinoni et al. found this association in two independent cohorts consisting of 142 and 101 patients, so did Singhi et al. in a larger cohort of 321 patients (11, 26). In contrast to above findings, 4 studies have suggested that ATRX/DAXX mutation is associated with better survival (1, 17–19). Interestingly, we tried to find the reasons resulting in these discrepant findings. Inspired by Chou et al. (10), we first focused on the cohort differences. For example, in the study of Jiao et al, patients with high stage disease (stage III/IV) were over-represented, and indeed all patients with ATRX/DAXX-negative tumors (28 out of 68) presented with metastatic disease (41% liver metastases) (1). Similarly, all patients in the study of Raj et al. had metastatic disease (17). Of note, both Raj et al. and Jiao et al. (metastatic cohort) as well as Kim et al. (metastatic cohort) showed ATRX/DAXX mutation is of positive prognostic value in overall survival, whereas the study cohort with low percentage of metastatic patients, like Chou et al. (13% liver metastases), presented different results. We assumed that whether ATRX/DAXX loss may be associated with better prognosis in metastatic or advanced disease but worse prognosis in localized tumors. To investigate that assumption, we performed a subgroup meta-analysis with metastatic patients from four studies (1, 17–19).

In metastatic patients, we found that there was a trend for PanNETs with altered ATRX/DAXX to be associated with longer survival. Although this finding did not reach statistical significance (P = 0.96), it raises the intriguing possibility that ATRX/DAXX mutation may be associated with poor survival in low stage tumors but better survival in high stage or metastatic tumors. If this association is valid by further studies, we can postulate that PanNETs diagnosed at advanced stage may be molecularly different to those diagnosed at earlier stage and that other cancer pathways may play a more vital role in advanced PanNETs. Ultimately further studies would be required to validate this hypothetical association and to investigate potential mechanisms.

Apart from that, we noted the definition of negative ATRX/DAXX expression in IHC varied among studies, which, to our worry, may contribute to the present discrepant prognostic values. Conventional immunohistochemistry (IHC) is a widely used diagnostic technique in tissue pathology (43). From previous study, we knew that whole-exome sequencing has identified recurrent mutations in the genes DAXX and ATRX, which correlate with loss of protein expression (11, 26). Although the standard of positive staining was generally shared (nuclear staining within tumor cells, using stromal cells as a positive internal control), the definition of negative staining of ATRX/DAXX mutation varied (Supplementary Table S1). For example, Park et al. (18) defined negative staining as ‘the presence of positive cytoplasmic staining with negative nuclear staining in the presence of positive internal control’. Whereas, Chou et al. considered a negative result as negative nuclear staining in the presence of positive internal control, irrespective of cytoplasmic staining which they interpreted as non-specific and ignored (10). The same definition was shared by Marinoni’s study which demonstrated a high correlation between ATRX/DAXX mutation status and loss of nuclear staining (irrespective of cytoplasmic staining) for ATRX/DAXX and other studies (11, 22, 26). According to different definition, one detection result by IHC may be considered differently (ATRX/DAXX negative or positive expression) and then attributed to different type (ATRX/DAXX mutation or not) so that the conclusion they drew may be influenced. The same worry was brought up by Chou et al. previously, and they postulated the unusually high incidence of ATRX/DAXX-negative (79%) in the patient cohort of Park et al. resulted from the different definition. Then, we focus on the incidence of ATRX/DAXX mutations in the studies we included in quantitative synthesis. The result was listed in Supplementary Table S2.

Pancreatic neuroendocrine tumors have been recognized as a distinct clinical entity for nearly a century, yet our understanding of them is incomplete (44). Recently, whole-exome and whole-genome sequencing studies have provided a detailed picture of the underlying genomics of PanNETs (1, 45). With frequent somatic mutations in PanNETs, ATRX and DAXX have received renewed attention. ATRX was first discovered in the a-thalassemia, mental retardation, X-linked (ATRX) syndrome, and DAXX was originally identified as a specifical Fas death receptor binding protein enhancing Fas-mediated apoptosis and activating the Jun N-terminal kinase (JNK) pathway (46, 47). Somatic inactivating mutations in ATRX and DAXX are frequent in PanNETs, mutually exclusive, proteins encoded by these two genes bind with each other to form a histone chaperone complex involved in depositing histone variant H3.3 at the telomeres and pericentric heterochromatin regions of the genome (12, 13). Thus, loss of function of either of these two proteins results in telomere dysfunction and leads to impaired non-homologous end joining, alternate lengthening of telomeres (ALT) as well as general genomic instability (14–16). Apart from ATRX/DAXX, somatic mutations of MEN1, mammalian target of rapamycin (mTOR) pathway genes including PTEN, PIK3CA, and TSC2, genes involved in DNA damage repair such as MUTHY, and genes involved in chromatin modification have been reported as commonly mutated genes in pathogenesis and development of PanNETs (1, 45).

As far as we know, for the first time, we assessed the significance of altered ATRX/DAXX genes for PanNETs in a meta-analysis. Based on the combined HR and 95% CI, we believe that ATRX/DAXX mutation is associated with poor DFS and there is no difference between ATRX/DAXX wild type patients and altered patients in OS. However, one should keep in mind the following limitations. Firstly, some articles only provide Kaplan-Meier curve but not HR or follow-up data. Though the method of HR extrapolation from survival curves has been previously validated (30), there may have been errors due to inaccurate readings, increasing the deviation from the original data. Secondly, many other factors might be responsible for the overall survival and other survival events. However, due to the lack of sufficient articles or effective data, these factors were not assessed in our study. Thirdly, our pooled analysis about the prognostic significance of DAXX/ATRX mutation in DFS (I2 = 71) and RFS (I2 = 92) was with significant inter-study heterogeneity. To conclude, patients with altered ATRX/DAXX gene would have poor DFS and RFS according to the combined data. And there was no difference in OS between patients with ATRX/DAXX mutation or not. Additionally, metastatic patients with altered ATRX/DAXX genes in metastatic patients showed a trend towards improved overall survival, although the difference did not reach statistical significance.
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