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Abstract

Despite prognostic grading and staging systems, it is a challenge to predict outcomes for patients 

with pancreatic neuroendocrine tumors (PanNETs). Sequencing studies of PanNETs have 

identified alterations in death domain-associated protein (DAXX) and ATRX chromatin remodeler 

(ATRX). In tumors, mutations in DAXX or ATRX and corresponding loss of protein expression 

correlate with shorter times of disease-free survival and disease-specific survival of patients. 

However, DAXX or ATRX proteins were lost in only 50% of distant metastases analyzed. We 

performed whole-exome sequencing analyses of 20 distant metastases from 20 patients with a 

single non-syndrome, non-functional PanNET. We found distant metastases contained alterations 

in MEN1 (n=8), ATRX (n=5), DAXX (n=5), TSC2 (n=3), and DEPDC5 (n=3). We found copy 
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number loss of CDKN2A in 15 metastases (75%) and alterations in genes that regulate chromatin 

remodeling including SETD2 (n=4), ARID1A (n=2), CHD8 (n=2), and DNMT1 (n=2). In a 

separate analysis of 347 primary PanNETs, we found loss or deletion of DAXX and ATRX, 

disruption of SETD2 function (based on loss of H3K36me3), loss of ARID1A expression or 

deletions in CDKN2A in 81% of primary PanNETs with distant metastases. Among patients with 

loss or deletion of at least 1 of these proteins or genes, 39% survived disease free for 5 years and 

44% had disease-specific survival times of 10 years. Among patients without any of these 

alterations, 98% survived disease free for 5 years and 95% had disease-specific survival times of 

10 years. Therefore, primary PanNETs with loss of DAXX, ATRX, H3K36me3, ARID1A, and/or 

CDKN2A associate with shorter survival times of patients. Our findings indicate that alterations in 

chromatin remodeling genes and CDKN2A contribute to metastasis of PanNETs.
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Pancreatic neuroendocrine tumors (PanNETs) are a heterogeneous group of neoplasms with 

increasing incidence and ill-defined pathobiology. While most PanNETs are indolent and 

remain stable for years, a subset may behave aggressively and metastasize widely. Thus, the 

frequent detection of PanNETs presents a treatment dilemma. 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.1–4 Hence, additional markers are 

needed to improve the prognostic classification of PanNETs.

Recently, whole-exome and whole-genome sequencing studies have focused on identifying 

recurrent genetic alterations in primary PanNETs.5, 6 Among these alterations, the most 

commonly mutated genes are MEN1, DAXX and ATRX. Death domain-associated protein 

(DAXX) and alpha-thalassemia/mental retardation X-linked (ATRX) genes encode for 

proteins that participate in chromatin remodeling at telomeres. Mutations in these genes are 

associated with loss of nuclear expression of their respective proteins by 

immunohistochemistry and correlate with alternative lengthening of telomeres (ALT), a 

telomerase-independent telomere maintenance mechanism.7 In addition, loss of DAXX 

and/or ATRX is associated with shorter times of disease-free survival (DFS) and disease-

specific survival (DSS).8–10 Consequently, DAXX and/or ATRX loss is considered to be a 

driver of metastasis. However, only 50% of distant metastases demonstrate loss of DAXX 

and/or ATRX.

In contrast to primary PanNETs, the genetic landscape of metastatic PanNETs remains 

relatively unknown and, therefore, we hypothesized that additional genetic alterations other 

than those involving DAXX and ATRX account for the metastatic progression of PanNETs 

and may serve as useful prognostic markers. Thus, we performed whole-exome sequencing 

of 20 distant metastases from 20 patients with a solitary, non-syndrome and non-functional 

PanNET (Supplementary Materials and Methods). Similar to sequencing studies of primary 

PanNETs, whole-exome sequencing of metastatic PanNETs revealed frequent genomic 
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alterations in MEN1 (n=8), ATRX (n=5), DAXX (n=5), TSC2 (n=3), and DEPDC5 (n=3) 

(Supplementary Table 1 and Supplementary Figure 1).5, 6 Inactivating mutations in DAXX 
and ATRX were mutually exclusive and correlated with loss of corresponding protein 

expression and the presence of ALT by telomere FISH. In addition, as described by Heaphy 

et al7, 2 DAXX-negative and 2 ATRX-negative metastatic PanNETs lacked mutations in 

DAXX and ATRX, respectively. In contrast to primary PanNETs, MEN1 was not the most 

commonly altered gene in metastatic PanNETs. CDKN2A copy number loss was found in 

15 (75%) cases. Furthermore, genomic alterations in chromatin remodeling genes, such as 

SETD2 (n=4), ARID1A (n=2), CHD8 (n=2) and DNMT1 (n=2), were seen in 10 (50%) 

metastatic PanNETs.

Considering genomic alterations in SETD2, ARID1A and CDKN2A were previously 

described in primary PanNETs, but at a significantly lower prevalence than in metastatic 

PanNETs, the status of SETD2, ARID1A and CDKN2A was reevaluated using orthogonal 

methods. The SETD2 gene encodes for a histone methyltransferase that is specific for H3 

lysine 36 trimethylation (H3K36me3) and loss-of-function mutations result in the absence of 

H3K36me3 expression by immunohistochemistry.11 ARID1A inactivating mutations are 

associated with loss of the corresponding protein.12 Genomic deletions in CDKN2A can be 

assayed using dual-color FISH.13 An analysis of the sequenced metastatic PanNETs 

revealed loss of H3K36me3 and ARID1A by immunohistochemistry and deletions for 

CDKN2A by dual-color FISH had a 100% concordance with alterations in their respective 

genes (Supplementary Figure 2).

In order to determine the prognostic significance of SETD2, ARID1A and CDKN2A 
alterations in relationship to DAXX/ATRX loss, the status of DAXX, ATRX, H3K36me3, 

ARID1A and CDKN2A was evaluated in 347 solitary, non-syndromic, primary PanNETs 

(Supplementary Tables 2 and 3). Loss or deletion of DAXX/ATRX, H3K36me3, ARID1A, 

CDKN2A was identified in 80 (23%), 28 (8%), 10 (3%) and 25 (7%) of primary PanNETs, 

respectively, and associated with larger mean tumor size, higher WHO grade, 

lymphovascular invasion, higher pathologic tumor stage, synchronous distant metastases and 

metachronous distant metastases (p < 0.05). Of note, DAXX/ATRX loss correlated with 

deletion in CDKN2A, but not the absence of H3K36me3 or ARID1A.

Overall, DAXX, ATRX, H3K36me3, ARID1A and/or CDKN2A loss or deletion was 

identified in 112 (32%) PanNETs. Further, loss or deletion of at least 1 marker was detected 

in 81 (81%) primary PanNETs from patients, who either had synchronous metastases (41 of 

55, 75%) or developed metachronous metastases (without synchronous metastases) on 

follow-up (40 of 45, 89%). The DFS and DSS for patients with PanNETs demonstrating 

either loss or deletion in DAXX, ATRX, H3K36me3, ARID1A and/or CDKN2A were 63% 

at 3-years and 39% at 5-years (p < 0.001, X2 = 142.5), and 75% at 5-years and 44% at 10-

years (p < 0.001, X2 = 53.9), respectively (Figure 1 and Supplementary Figure 3). 

Conversely, patients with PanNETs that lacked alterations in DAXX, ATRX, H3K36me3, 

ARID1A and CDKN2A had a DFS of 99% at 3-years and 98% at 5-years, and DSS of 96% 

at 5-years and 95% at 10-years. Univariate and multivariate Cox regression analysis were 

used to determine the prognostic significance of these 5 markers. Loss or deletion in any 1 
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marker was an independent prognostic factor for DFS with a hazard ratio (HR) of 14.44 (p < 

0.001) and DSS with a HR of 3.12 (p = 0.006) (Table 1).

Notwithstanding, our study has a number of limitations. It is retrospective by design and not 

all patients received the same form of treatment. Among patients with primary PanNETs, 

8% underwent enucleation or central pancreatectomy, and, as a result, regional 

lymphadenectomy may be suboptimal. Removing these patients from our analyses would 

have little impact on the statistical correlations associated with DAXX, ATRX, H3K36me3, 

ARID1A and CDKN2A status. Of note, enucleation and central pancreatectomy are 

typically done in the setting of small PanNETs (≤2 cm) because they often have an indolent 

clinical course.14 However, studies suggest a subset of small PanNETs can behave 

aggressively.2, 3 Within our cohort, 2% of small PanNETs developed distant metastases and 

in each case harbored loss or deletion of at least 1 marker. Although additional studies are 

necessary, loss or deletion in DAXX, ATRX, H3K36me3, ARID1A and/or CDKN2A in 

preoperative biopsies may indicate an increased risk of developing metastatic disease and, in 

turn, prompt a change in surgical management to ensure complete regional lymph node 

dissection.

In summary, metastatic PanNETs not only harbor frequent genetic alterations in MEN1, 
DAXX and ATRX, but also in SETD2, ARID1A and CDKN2A. Loss or deletion of DAXX/

ATRX, H3K36me3 (as a surrogate for SETD2), ARID1A and CDKN2A in primary 

PanNETs correlated with several adverse clinicopathologic features. In addition, loss or 

deletion of at least 1 marker was associated with shorter DFS and DSS times, and a negative, 

prognostic factor for DFS and DSS, independent of tumor size and WHO grade. While 

further studies are required, the assessment of these 5 markers by immunohistochemistry 

and FISH offers an objective method of evaluating prognostic risk using pathologic 

specimens. Moreover, our observations highlight the potential role of chromatin remodeling 

genes and CDKN2A in the metastatic progression of PanNETs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Kaplan-Meier curves comparing the cumulative probability of disease-free survival (A and 

B, n=282) and disease-specific survival (C and D, n=347) after surgical resection among 

PanNET patients with regards to H3K36me3/ARID1A/CDKN2A and DAXX/ATRX/

H3K36me3/ARID1A/CDKN2A status. Disease-free survival was calculated in patients that 

did not present with distant metastases at the time of surgical resection.
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