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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 PanNETSs 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 MENI (n=8), ATRX (n=5), DAXX (n=5), 7SC2(n=3), and DEPDC5 (n=3). We found copy
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number loss of CDKNZA in 15 metastases (75%) and alterations in genes that regulate chromatin
remodeling including SETDZ2 (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 DAXXand ATRX,
disruption of SETD2 function (based on loss of H3K36me3), loss of ARID1A expression or
deletions in CDKN2ZA 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 PanNETSs with loss of DAXX, ATRX, H3K36me3, ARID1A, and/or
CDKNZA associate with shorter survival times of patients. Our findings indicate that alterations in
chromatin remodeling genes and CDKNZ2A contribute to metastasis of PanNETSs.
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Pancreatic neuroendocrine tumors (PanNETS) are a heterogeneous group of neoplasms with
increasing incidence and ill-defined pathobiology. While most PanNETSs 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=* 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.% 6 Among these alterations, the most
commonly mutated genes are MENI, DAXX and ATRX. Death domain-associated protein
(DAXX) and alpha-thalassemia/mental retardation X-linked (A7R.X) 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.’ 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 PanNETSs
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
PanNETSs, whole-exome sequencing of metastatic PanNETSs revealed frequent genomic
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alterations in MEN1 (n=8), ATRX (n=5), DAXX (n=5), 75C2(n=3), and DEPDC5 (n=3)
(Supplementary Table 1 and Supplementary Figure 1).5 ¢ 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
etal’, 2 DAXX-negative and 2 ATRX-negative metastatic PanNETSs lacked mutations in
DAXXand ATRX, respectively. In contrast to primary PanNETs, MENZI was not the most
commonly altered gene in metastatic PanNETs. CDKNZA copy number loss was found in
15 (75%) cases. Furthermore, genomic alterations in chromatin remodeling genes, such as
SETDZ2 (n=4), ARID1A (n=2), CHD8 (n=2) and DNMT1 (n=2), were seen in 10 (50%)
metastatic PanNETSs.

Considering genomic alterations in SETDZ, ARID1A and CDKNZA were previously
described in primary PanNETS, but at a significantly lower prevalence than in metastatic
PanNETSs, the status of SETD2, ARID1A and CDKNZ2A was reevaluated using orthogonal
methods. The SETDZ2 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 AR/D1A inactivating mutations are
associated with loss of the corresponding protein.12 Genomic deletions in CDKNZ2A 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
CDKNZA 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 CDKNZA
alterations in relationship to DAXX/ATRX loss, the status of DAXX, ATRX, H3K36me3,
ARID1A and CDKNZA was evaluated in 347 solitary, non-syndromic, primary PanNETs
(Supplementary Tables 2 and 3). Loss or deletion of DAXX/ATRX, H3K36me3, ARID1A,
CDKNZA 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 CDKNZA, but not the absence of H3K36me3 or ARID1A.

Overall, DAXX, ATRX, H3K36me3, ARID1A and/or CDKNZA loss or deletion was
identified in 112 (32%) PanNETSs. Further, loss or deletion of at least 1 marker was detected
in 81 (81%) primary PanNETSs 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 PanNETSs that lacked alterations in DAXX, ATRX, H3K36me3,
ARID1A and CDKNZA 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 CDKNZA 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.1* However, studies suggest a subset of small PanNETSs can behave
aggressively.2: 3 Within our cohort, 2% of small PanNETSs 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 CDKNZA 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 PanNETSs not only harbor frequent genetic alterations in MENJ,
DAXXand ATRX; but also in SETDZ, ARID1A and CDKNZ2A. Loss or deletion of DAXX/
ATRX, H3K36me3 (as a surrogate for SETD2), ARID1A and CDKNZA in primary
PanNETSs 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 CDKNZA in the metastatic progression of PanNETSs.

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/CDKNZA and DAXX/ATRX/
H3K36me3/ARID1A/CDKNZA status. Disease-free survival was calculated in patients that
did not present with distant metastases at the time of surgical resection.

Gastroenterology. Author manuscript; available in PMC 2018 June 03.




Page 7

(5188 adAy pim/paniasald ‘sa uonsjap
000  (002-6€T)2T'E  T000> - LE9) evyT 1000 > (T6'6T —85'V) 65'6 T000>  (v€'06—T6'€T) G'SE [SS01 'YZNXAD INTAIYV/EBWIEHEH/ XU LV/X X VA
000> (16'9-T6'T) ¥9°€ T00°0 > (67°8T — €7°G) 20°0T 80Uasqe 'SA 9auasald ‘uoneluasald Je saseiselsw ueIsIq
1600  (0zv-20T)2Tc  06T0  (v0€E-080)9ST  TO00> (0T0T-692) TC’S  T000> (€66 -¥82) TE'G 80Uasqe "sA aoussald ‘siselsela apou ydwiA]
7000 > (v1t-€2v) 098 T000>  (80°0T-T0'€) 1SS zLdpuetid sagld ‘(Ld) abeis Jowny
T00°0 > (seL-€za)soy T00°0 > (86'6 -56'2) €V'G 90U3SR. 'SA 90Uasald ‘UOISBAUI [eINBULId
7000>  (0082-T6+%) €LTT  T000>  (06°2T—8E€E) 099 80Uasqe "sA 80uasaid ‘uoiseaus JeinaseroydwiA
¥500  (LZv-e660)50c  ST20  (L0E-LL0)¥ST  T000> (eSTT-167)6LS  T000> (86'8—-052) vL ¥ T9 'SAE9D 10 29 ‘opeif OHM
8800 (66'2-€60) L9T 657°0 (Lzz-690) 52T I1e} pue Apog "SA JeUIOUN PUE Pe3Y ‘UO1EI0T
¥85°0 (68'T—8T°0) 850 9800 (82°T-200) 8T0 [euodUNJUOU “SA [eUOLdUNS

(¥9'9L
TITO  (296€-690)T¢'S €200  —6ET)0E0TdIMD  TO00  (9T°002-08¢€) 2522  T000> (05722 -02°S)6LLE Wo 0'Z S "SA WD 0 < '8zIs Jown].
8€0°0 (S0T-00T)€0°T 8000 (90T-10T)€0°T s1eak ‘aby
¥28°0 (89'T-25°0) ¥6'0 25L°0 (66'T-79°0)0T'T 3lewa) "SA a[ew Japuas

d mm_o_mwmmwm d %56) mmmg_z:m d (19 9650) HH Iennns d NI

oiy199ds-asessiq

9a14-aseassiq

oly108ds-asessiq

[eAIAINS 8814-8seasIq

saljsiasloedeyd Jowny 40 jusiled

Gastroenterology. Author manuscript; available in PMC 2018 June 03.

sishjeuy uoissaifiay X00 s1eLI_AIINIA sisAfeuy uoissalfiay X00 81eLIeAlun

Roy et al.

‘[eAIAINS 21J1080S-8SBaSIP PUB [BAIAINS 3841-8SLasIp 10 SISAJeue UOISsaifa X0 S1BLIBAI|NW PUE d)eLIBAIUN

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



	Abstract
	References
	Figure 1
	Table 1

