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ABSTRACT

Objective: The goal of this retrospective study was to clarify the clinical implications

of immunohistochemically detected protein expression for genes that are frequently

mutated in pancreatic neuroendocrine tumors (PNETSs).

Background: The clinical management of PNETs is hindered by their heterogenous

biological behavior. Whole-exome sequencing recently showed that five genes

(DAXX/ATRX, MEN1, TSC2, and PTEN) are frequently mutated in PNETs. However, the

clinical implications of the associated alterations in protein expression remain unclear.

Methods: We collected Grade 1 and 2 (World Health Organization 2017 Classification)

primary PNETs samples from 100 patients who underwent surgical resection. ATRX,

DAXX, MENI, TSC2, and PTEN expression were determined immunohistochemically

to clarify their relationships with prognosis and clinicopathological findings.

Results: Kaplan-Meier analysis indicated that loss of TSC2 (n=58) or PTEN (n=37) was

associated with significantly shorter overall survival, and that loss of TSC2 or ATRX

(n=41) was associated with significantly shorter recurrence-free survival. Additionally,

loss of ATRX or TSC2 was significantly associated with nodal metastasis. In a
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multivariate analysis, combined loss of TSC2 and ATRX (n=31) was an independent

prognostic factor for shorter recurrence-free survival (hazard ratio 10.1, 95% confidence

interval 2.1-66.9, p=0.003) in G2 PNETs.

Conclusions: Loss of ATRX, TSC2, and PTEN expression might be useful as a method

of clarifying the behavior and clinical outcomes of Grade 1 and 2 PNETs in routine

clinical practice. Combined loss of TSC2 and ATRX had an especially strong,

independent association with shorter recurrence-free survival in patients with G2 PNETs.

Loss of pairs in ATRX, TSC2, or PTEN would be useful for selecting the candidate for

postoperative adjuvant therapy.
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INTRODUCTION

Pancreatic neuroendocrine tumors (PNETs) are uncommon tumors that account for 1-2%

of all pancreatic neoplasms" 2. The main, well-known prognostic factor for PNETs is

World Health Organization (WHO) histological grade, which classifies PNETs as G1, G2,

G3, or neuroendocrine carcinoma (PNEC) based on mitotic counts and Ki-67 labeling

indices®. PNEC is an extremely rare tumor that is associated with an exceptionally poor

prognosis*®. On the other hand, the biological behavior of well-differentiated PNETs

(G1/G2) differs considerably between cases’'?. Some tumors grow slowly and do not

recur, even after marginal excision by enucleation, but other tumors expand aggressively

and metastasize rapidly. Although the Ki-67 proliferative index is a valuable prognostic

factor that is currently employed in routine clinical practice, it remains difficult to predict

which G1 and G2 tumors will recur and behave aggressively'2.

Whole-exome sequencing of PNETs has revealed several key genetic

alterations'®. Genes in the PI3K/Akt pathway, including 7SC2, PTEN, and PIK3CA,

were mutated in 15% of PNETs'>. Mutually exclusive somatic inactivating mutations in

either the DAXX or ATRX genes have been reported to be present in as much as 33% to
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43% of PNETs in case series'> !*. Loss of function in these proteins leads to telomere
dysfunction and results in impaired non-homologous end joining, alternate lengthening
of telomeres, and general genomic instability'> '°.

If it is possible to establish consistent associations between the above mentioned
genetic alterations and clinical outcomes, then immunohistochemical analyses of the
associated proteins could be deployed rapidly in routine clinical practice as a
supplement to the WHO grading system. We therefore sought to investigate the
associations of immunohistochemically determined protein expression with clinical

outcomes and pathological characteristics in cases of G1 and G2 primary PNETs.

Protein expression was evaluated for the genes ATRX, DAXX, MENI, TSC2, and PTEN.

MATERIALS AND METHODS

This study was approved by institutional review boards of Kagawa University and each

study center (No. H23-076).

Patients and Tissue Samples

We reviewed findings for 100 patients with PNETs who received resection of the
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pancreas at 4 university hospitals affiliated with the Shikoku Consortium of Surgical

Research (SCSR'"), Kobe University Hospital and 3 related hospitals in Kagawa

prefecture between September 1996 and November 2016. All tumor specimens were

formalin-fixed and paraffin-embedded. The paraftin blocks from the 100 patients were

prospectively prepared for pathologic and immunohistochemistry (IHC) studies at

Kagawa University. To definitively confirm the diagnosis and grade according to the

WHO 2017 classification?, all cases were independently reviewed by a pathologist (KK)

experienced in the diagnosis of PNETs. High grade pancreatic neuroendocrine

carcinomas (in other words, G3 or PNEC cases under the WHO 2017 classification)

were excluded. Mixed tumors with a pancreatic ductal adenocarcinoma, squamous, or

acinar component (MiNEN under the WHO 2017 classification) were also excluded.

For patients with multiple tumors, the largest tumor was assessed. Patients were

followed up and overall survival was analyzed. Disease recurrences were generally

identified using computed tomography imaging. Tumors were staged in accordance

with the 7th edition of the TNM staging system for pancreas tumor issued by the

American Joint Committee on Cancer'®.
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Immunohistochemistry

Formalin-fixed paraffin-embedded samples were cut into sections (thickness, 4 pm) for

immunolabeling. Immunohistochemical labeling was carried out using a Bond III and

Bond Max automatic immunostainer (Leica Microsystems, Wetzlar, Germany) after

incubation of the sample in a decloaking chamber for antigen activation. All samples were

stained immunohistochemically with the following antibodies: ATRX (Sigma-Aldrich, St.

Louis, MO, USA; HPA001906), DAXX (Sigma-Aldrich, HPA008736), MENMenin

(Bethyl Laboratories, Montgomery, TX, USA; Clone A300-105A), TSC2, Tuberin

(Santa Cruz Biotechnology, Satna Cruze, CA, USA; C-20), PTEN (Dako, Carpinteria,

CA, USA; Clone 6H2.1), p53 (Dako, DO-7), Rb (QED Bioscience, San Diego, CA, USA;

3C8), pl6 (MTM Laboratories, Tucson, AZ, USA; E6H4).

IHC results were interpreted by a pathologist (KK) and a surgeon (JU) who were

experienced with IHC assessment. They were completely blinded to all clinical data and

the tumor status of each patient's slides at the time of analysis. ATRX and DAXX

expressions were classified as either positive, defined as unequivocal nuclear staining in

tumor cells; or negative, defined as complete absence of nuclear staining in the presence
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of an unequivocal internal positive control provided by non-neoplastic cells with
retained nuclear expression (for example lymphocytes, endothelial cells, or stromal
cells)'®”. MEN1 (Menin) was evaluated as follows: results were scored as positive if
the intensity of cytoplasmic staining was stronger than the intensity of nuclear staining.
Immunohistochemical staining for TSC2 (Tuberin) and PTEN were evaluated by an
individual immunoreactivity score (IRS). Staining intensity was scored as 0 = negative,
1 = weak, 2 = moderate, or 3 = strong. Two parameters, the intensity and the percentage
of cells stained, were obtained and multiplied. IRS > 100 was regarded as positive and
IRS < 100 was regarded as negative. P53 immunolabeling was classified as follows:
normal if 5-30% of tumor cells were stained positively on p53 immunolabeling; and
abnormal if either <5% of tumor cells were stained positively on p53 immunolabeling
(suggesting the presence of an intragenic deletion or nonsense mutation) or if >30% of
tumor cells were stained positively on p53 immunolabeling (suggesting the presence of
a missense mutation)> 720,

Statistics

All statistical analyses were performed using JMP13 (SAS Institute Inc., Cary, NC,

10
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USA). For the investigated clinicopathologic parameters, between-group comparisons

were performed using the chi-square test or Fisher’s exact test. Survival curves were

estimated using the Kaplan-Meier method, and differences in survival were compared

using the log-rank test. A two-sided p-value <0.05 was considered statistically

significant. Variables that were found to be significant in univariate analysis at the

p<0.05 level were included in the multivariate analysis in a backward stepwise fashion.

Cox proportional hazards models were used for the multivariate analysis.

RESULTS

Clinicopathological characteristics and outcome

The study included a total of 100 patients who underwent surgical resections for G1 and

G2 PNETs. Their clinical and pathological characteristics are compared with clinical

outcomes in Table 1. Briefly, the median age at operation was 63 years (range, 23-88),

whereas the median post-operative duration of follow-up was 43.5 months (range,

1-147). The cohort of 100 patients (Table 1) consisted of 49 women (49%) and 51 men

(51%). The 3- and 5-year overall survival (OS) rates were 94.1% and 89.2%. Of the 100

11
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re-evaluated tumors, 57 were NET G1 and 43 were NET G2.

The THC results are also shown in Table 1. A single formalin-fixed paraffin-

embedded sample did not react with any immunohistochemical labeling, and was

excluded from the IHC evaluation. Among the 99 remaining tumors, loss of ATRX was

detected in 41 (41.4%) (Figure 1A, B), loss of DAXX was detected in 64 (64.6%), loss

of MENT1 was detected in 25 (25.3%), loss of TSC2 was detected in 58 (58.6%) (Figure

2A, B), and loss of PTEN was detected in 37 (37.8%) (Figure 3A, B).

Kaplan-Meier survival analysis (Table 1) indicated that nodal metastasis

(p=0.0513), liver metastasis (p<0.0001), vascular invasion (p=0.0142), perineural

infiltration (p=0.0002), loss of TSC2 (p=0.007) (Figure 2C), and loss PTEN (p=0.0486)

(Figure 3C) were significantly associated with shorter OS. Kaplan-Meier recurrence

analysis indicated that WHO classification (p=0.0005), tumor size (p<0.0001), liver

metastasis (p=0.008), vascular invasion (p=0.0003), perineural infiltration (p=0.00124),

loss of ATRX (p=0.0117) (Figure 1D), and loss of TSC2 (p=0.009) (Figure 2D) were

significantly associated with shorter recurrence-free survival (RFS).

Taking advantage of the large number of tumors that were profiled, we also analyzed

12
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the associations between pairs of protein expression statuses and clinical outcomes

(Figure 4, Supplementary figures 1, and 2). Interestingly, combined negative expression

of any 2 of the 3 proteins ATRX, TSC2, and PTEN had strong associations with clinical

outcome. Loss of both TSC2 and ATRX (n=31) was associated with significantly shorter

RFS (Figure 4B). Loss of both TSC2 and PTEN (n=30) was also associated with

significantly shorter RFS. (Supplementary figure 1B) Loss of both ATRX and PTEN

(n=45) was also associated with significantly shorter RFS. (Supplementary figure 2B)

In contrast, OS or RFS did not differ significantly between single protein expression loss

and positive (intact) protein expression. Thus, loss of pairs in ATRX, TSC2, or PTEN

would be clinically important than just single loss of individual genes.

WHO 2017 grade is based on Ki-67 or mitosis assessment, and has been accepted as

the most important prognostic factor for PNETs. Among the 57 patients with G1 PNETs,

only 1 developed recurrence (time to recurrence: 20 months after surgery). Considering

the indolent nature of G1 PNETs, we limited the multivariate RFS analysis to the 43

patients who had G2 PNETs. The multivariate analysis demonstrated that vascular

invasion (hazard ratio 13.5, p=0.03) and nodal metastasis (hazard ratio 6.8, p=0.02) were

13
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independent prognostic factors for RFS. Single losses of ATRX, TSC2, are PTEN were

not independent prognostic factors for RFS. However, multivariate analysis of combined

protein expressions demonstrated that loss of TSC2 and ATRX (hazard ratio 10.1,

p=0.003) was an independent prognostic factor for RFS (Table 2).

Associations between protein expression and clinicopathological factors

Table 3 summarizes the associations of ATRX, DAXX, MENI1, TSC2, and PTEN

negativity with clinicopathological parameters (details are shown in the supplementary

table). The loss of ATRX was significantly associated with tumor size (p=0.0215), nodal

metastasis (p=0.0145), recurrence (p=0.0412), vascular invasion (p=0.0047), and

perineural infiltration (p=0.0024). The loss of MEN1 was significantly associated with

WHO classification grade (p=0.0205), tumor size (p=0.0299), liver metastasis (p=0.0231),

hormone production (p=0.0033), and vascular invasion (p=0.024). The loss of TSC2 was

significantly associated with tumor size (p=0.0240), nodal metastasis (p=0.0016), liver

metastasis (p=0.0194), recurrence (p=0.0109), hormone production (p=0.0008), and

vascular invasion (p=0.0302). The loss of PTEN was significantly associated with tumor

size (p=0.0202), recurrence (p=0.0446), and vascular invasion (p=0.0078).

14
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DISCUSSION

In this study of 100 patients with G1 or G2 PNETs who received curative-intent

surgery, loss of ATRX, TSC2, and PTEN was immunohistochemically observed in

41%, 58%, and 37% of the patients and was associated with shorter OS or RFS in

univariate analyses. Furthermore, ATRX, MENI1, TSC2, and PTEN status were

identified as biologic traits that had associations with different sets of clinicopathologic

features. Interestingly, clinical outcomes had strong associations with combined

negative expression for pairs of the proteins ATRX, TSC2, and PTEN. For patients with

G2 PNETs, multivariate Cox proportional hazards regressions demonstrated that

combined loss of TSC2 and ATRX was an independent prognostic factor for RFS

(hazard ratio 10.1, P = 0.003). In contrast, loss of single protein expression had no

significant association with OS or RFS in multivariate analysis.

Altogether, our results for ATRX, TSC2, and PTEN suggest that, as compared

with assessments of single genetic alterations, assessments of combined genetic

alterations are more predictive of survival outcomes. Previous sequencing studies and

15
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studies of genetically engineered mouse models have established that the accumulation

of genetic alterations contributes to clonal evolution and thereby has a considerable

influence on the biology of malignant tumors®'-2*. In an earlier study of pancreatic

ductal adenocarcinoma (PDAC), we reported comparable consequences related to

combined gene status for 7P53, CDKN2A/p16, and SMAD4/DPC4: increasing numbers

of alterations were associated with shorter survival.?® Curiously, single-gene alterations

of ATRX, TSC2, and PTEN had no significant associations with OS or RFS in our

multivariate analyses of PNETSs from the present study. In our earlier study of PDAC,

alterations to 1 of the 3 investigated genes had a significant association with OS when

assessed individually. The differences between the nature of PNETs and PDACs may

reflect the role of single-gene alterations. Further studies of the relationship between

clinical outcomes and the cooperative interaction of essential genes in PNETSs appear

warranted.

Mutations in DAXX or ATRX have been detected in about 40% of PNETs. Jiao et

al."* showed that DAXX and 4 TRX mutations were associated with prolonged survival

in patients with PNETs. In contrast, Marinoni et al.'® showed that the loss of DAXX and

16
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ATRX expression was correlated with significantly shortened RFS. More recently,

Chou et. al." reported that single loss of expression of ATRX as determined by IHC is a

useful independent predictor of shorter overall survival, while DAXX has no impact on

clinical outcomes. The present study also confirmed that loss of ATRX protein

expression in PNETs was associated with worse outcomes, as evaluated using

univariate analysis. The discrepant findings regarding DAXX and ATRX may be

explained by associations with differences in disease stages. Specifically, patients with

advanced stage disease (stages 111 and IV) were dominant in the study by Jiao et al."?,

and all patients with ATRX- and DAXX-negative tumors presented with metastatic

disease. ATRX and DAXX loss may be associated with shorter survival in early stage

cases, but results may be different for advanced stage or metastatic cases. Because the

detailed roles of the genes in each stage are unclear, further studies would be required to

confirm whether this is a true association and to investigate potential mechanisms.

Among the down-regulated genes found in PNETs, 7SC2 is a tumor suppressor of

the Akt/mTOR pathway with GTPase activating function?*. 7.SC2 mutation leads to

tuberous sclerosis complex. Chromosome arm 16p, which contains 7SC2, has been

17
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found to be lost in 37% of PNETs?>2°, PTEN is another important tumor suppressor

gene that is involved in the same pathway. PTEN is also frequently mutated or lost in

several forms of sporadic or familiar cancers. In PNETSs, however, the frequency of loss

is between 10% and 29%%>%’. Missiaglia et al.>* showed that TSC2 cytoplasmic protein

level was down-regulated in 35% of patients with PNETSs, while staining of PTEN

was altered in nuclear, cytoplasmic, or both cell compartments in around 60% of cases.

TSC2 staining correlated with both overall survival and disease-free survival in patients

with assumed complete tumor excision. Our findings support their results in that neither

PTEN nor TSC2 was an independent prognostic predictor in our multivariate analysis.

However, we also found that combined loss of these proteins had a strong association

with clinical outcomes. Several pieces of evidence associated with our TSC2 and PTEN

findings support the hypothesis that the Akt/mTOR pathway is involved in PNETs

progression®* 2% 2°_ Deficiency of both TSC2 and PTEN may reduce the inhibition of

mTOR activity more strongly than either single alteration. The current study’s finding

related to the accumulation of genetic alterations in the Akt/mTOR pathway may

present some clues for selecting treatment targets for mTOR inhibition.

18
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The IHC-based results of the current study should be clinically valuable and might

have links to treatment options. In routine clinical practice, IHC results for ATRX,

TSC2, and PTEN could be obtained promptly from surgical specimens or biopsy

samples. For example, combined negative expression for pairs of ATRX, TSC2, and

PTEN could provide rapidly available predictions of high-risk status for postoperative

recurrence, which might apply to about one-third of the patients. The group of patients

with high-risk status might be suitable candidates for adjuvant treatment.

Endoscopic ultrasound fine needle aspiration (EUS-FNA) has altered the

diagnostic strategy for pancreatic tumor?® % 3!, Genetic variants can be preoperatively

assessed immunohistochemically using EUS-FNA materials. Surgical approaches that

include standard lymph node dissection may be more beneficial in patients who are at

elevated risk of nodal metastasis (as potentially identifiable from ATRX or TSC2 loss).

Additionally, when considering entry into upcoming clinical trials, it would be

reasonable to stratify patients based on genetic status. Such stratification may help to

accurately define the role of currently available molecular targeted agents.

The present study has several limitations. First, the study design is retrospective.

19
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Furthermore, the patients did not all receive the same treatment (e.g., type of operation

and lymph node dissection). To validate the individual and combined expressions of

ATRX, TSC2, and PTEN as prognostic biomarkers, a prospective study with a large

series of patients is clearly warranted.

In conclusion, we found that IHC-demonstrated loss of ATRX, TSC2, and PTEN

occurred in 41%, 58%, and 37% of the patients, and was associated with worse OS

and/or RFS in univariate analyses. Furthermore, ATRX, MEN1, TSC2, and PTEN were

identified as biologic traits that were associated with different sets of clinicopathologic

features. Combined negative expression of pairs of ATRX, TSC2, and PTEN had strong

associations with clinical outcome in G2 PNETs. IHC-identified loss of ATRX, TSC2,

and PTEN protein expressions might be clinically valuable and should be linked with

treatment options. Loss of pairs in ATRX, TSC2, or PTEN would be clinically useful for

selecting the candidate for postoperative adjuvant therapy in patients with Grade 1 and 2

PNETs.

Acknowledgements

20



10

11

12

13

14

15

16

17

Uemura | et al

We acknowledge Professor Shinichi Yachida for inspiring this study.

Figure Legends

Figure 1

ATRX protein expression and its relationships with the overall and recurrence-free

survival of patients with pancreatic endocrine tumors (PNETSs).

Immunohistochemistry with anti-ATRX antibody (Sigma-Aldrich, HPA001906)

(original magnification X40): (A) PNET tissue with positive staining and (B) PNET

tissue with negative staining. Kaplan-Meier curves showing the correlations between

ATRX immunostaining status and (C) overall survival and (D) recurrence-free survival.

Figure 2

Tuberous sclerosis 2 (TSC2) protein expression and its relationships with the overall

and recurrence-free survival of patients with pancreatic endocrine tumors (PNETS).

Immunohistochemistry with anti-tuberin antibody (Santa Cruz, C-20) (original

magnification X40): (A) PNET tissue with positive staining and (B) PNET tissue with

negative staining. Kaplan-Meier curves showing the correlations between tuberin

immunostaining and (C) overall survival and (D) recurrence-free survival.
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Figure 3

PTEN protein expression and its relationships with the overall and recurrence-free

survival of patients with pancreatic endocrine tumors (PNETS).

Immunohistochemistry with anti- PTEN antibody (Dako, Clone 6H2.1) (original

magnification X40): (A) PNETs tissue with positive staining and (B) PNETs tissue with

negative staining. Kaplan-Meier curves showing the correlations between PTEN

immunostaining status and (C) overall survival and (D) recurrence-free survival.

Figure 4

Kaplan-Meier survival curves stratified by combined TSC2 and ATRX protein expression

status. (A) Correlation between combined TSC2 and ATRX protein expression status and

overall survival. (B) Correlation between combined TSC2 and ATRX protein expression

status and recurrence-free survival.

Supplementary Figure 1

Kaplan-Meier survival curves stratified by combined TSC2 and PTEN protein expression

status. (A) Correlation between combined TSC2 and PTEN protein expression status and

overall survival. (B) Correlation between combined TSC2 and PTEN protein expression

22
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status and recurrence-free survival.

Supplementary Figure 2

Kaplan-Meier survival curves stratified by combined ATRX and PTEN protein

expression status. (A) Correlation between combined ATRX and PTEN protein

expression status and overall survival. (B) Correlation between combined ATRX and

PTEN protein expression status and recurrence-free survival.
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Table 2. Multivariate Analysis of Relapse-Free Survival for patients with G2 PNETS including Loss of

Combined Gene Protein Expression

Variables Hazard Ratio 95% CI p

TSC2 and ATRX negative 10.1 2.1-66.9 0.003
Vascular invasion 10.9 1.3-10.3 0.02
Nodal metastasis 5.8 1.2-29.3 0.02
Perineural invasion 21 0.5-10.3 0.46




Table 3. Summary of significant association between phenotypes and clinicopathological parameters (n=100)

N Clinicopathological Parameters P value

ATRX negative (loss) 35 Perineural invasion 0.002
Venous invasion 0.004

Nodal metastasis 0.014

Tumor size (>20 mm) 0.021

Recurrence 0.041

MEN1 negative (loss) 25 Hormone production 0.003
Venous invasion 0.012
Grade 0.02

Liver metastasis 0.023

Tumor size (>20 mm) 0.029

TSC2 negative (loss) 58 Hormone production 0.0008
Nodal metastasis 0.001
Recurrence 0.01

Liver metastasis 0.019

Tumor size (>20 mm) 0.024
Venous invasion 0.03

PTEN negative (loss) 32 Venous invasion 0.007
Tumor size (>20 mm) 0.02

Recurrence 0.044
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