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Pancreatoblastomas and mixed and pure acinar cell carcinomas
share epigenetic signatures distinct from other neoplasms
of the pancreas
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Pancreatic neoplasms are heterogenous and have traditionally been classified by assessing their lines of cellular differentiation
using histopathologic methods, particularly morphologic and immunohistochemical evaluation. These methods frequently identify
overlapping differentiation along ductal, acinar, and neuroendocrine lines, raising diagnostic challenges as well as questions
regarding the relationship of these neoplasms. Neoplasms with acinar differentiation, in particular, frequently show more than one
line of differentiation based on immunolabeling. Genome methylation signatures, in contrast, are better conserved within cellular
lineages, and are increasingly used to support the classification of neoplasms. We characterized the epigenetic relationships
between pancreatoblastomas, acinar cell carcinomas (including mixed variants), pancreatic neuroendocrine tumors, solid
pseudopapillary neoplasms, and pancreatic ductal adenocarcinomas using a genome-wide array platform. Using unsupervised
learning approaches, pancreatic neuroendocrine tumors, solid pseudopapillary neoplasms, ductal adenocarcinomas, and normal
pancreatic tissue samples all localized to distinct clusters based on their methylation profiles, whereas all neoplasms with acinar
differentiation occupied a broad overlapping region located between the predominantly acinar normal pancreatic tissue and ductal
adenocarcinoma clusters. Our data provide evidence to suggest that acinar cell carcinomas and pancreatoblastomas are similar at
the epigenetic level. These findings are consistent with genomic and clinical observations that mixed acinar neoplasms are closely
related to pure acinar cell carcinomas rather than to neuroendocrine tumors or ductal adenocarcinomas.
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INTRODUCTION
Pancreatic neoplasms including pancreatic ductal adenocarci-
noma (PDAC), pancreatic neuroendocrine tumor (PanNET), pan-
creatoblastoma (PB), solid pseudopapillary neoplasm (SPN), acinar
cell carcinoma (ACC) and mixed acinar carcinomas, comprise a
heterogenous group of tumors with varied clinical behavior,
ranging from indolent to highly aggressive disease course. The
neoplasms recapitulate lines of differentiation seen in normal
pancreatic parenchyma (ductal, acinar, neuroendocrine), and
determination of the line of differentiation is a major basis of
their classification (Fig. 1). Assessment of differentiation is based
on a combination of histopathologic features, including morphol-
ogy and immunohistochemistry (IHC). IHC has traditionally played
an important role in defining the lines of differentiation, using
protein markers specific for acinar (trypsin, chymostrypsin, lipase,
BCL10), neuroendocrine (synaptophysin, chromogranin A), and
ductal (glycoproteins) phenotypes1. SPNs are an exception,
showing no definitive lineage differentiation based on morpho-
logic or IHC markers that correspond to a non-neoplastic
pancreatic cell type2,3.

Pancreatoblastomas and acinar cell carcinomas are regarded to
be related neoplasms that share many histologic features (dense
cellularity, solid and acinar patterns, monotonous nuclei with
prominent nucleoli) and demonstrate acinar differentiation by
immunohistochemistry, often with neuroendocrine differentiation
as well. Accordingly, the distinction of acinar cell carcinoma and
pancreatoblastoma can be challenging in some cases, especially
on the basis of biopsies that may not sample the characteristic
squamoid nests of pancreatoblastomas. Detailed guidance regard-
ing this differential diagnosis is presented elsewhere1,4,5.
More recently, molecular characterization of the neoplasms has

buttressed traditional classification schemes and enabled identi-
fication of subcategories as well as opportunities for targeted
therapeutic interventions. Molecularly, PDAC is driven by muta-
tions in TP53, CDKN2A, SMAD4, and the RAS-MAPK pathway, most
commonly KRAS, and rarely by gene fusions6–8. ACCs, PBs, and
SPNs are all associated with WNT pathway alterations, although to
different degrees. SPNs are almost universally associated with
mutations in CTNNB1 and WNT pathway inactivation3,9. PBs harbor
CTNBB1 mutations in approximately 90% of cases and APC
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mutations in the remaining cases, along with near universal loss of
heterozygosity (LOH) of chromosome arm 11p10. ACCs show a
more varied mutational landscape with subgroups being driven
by gene fusions in the MAPK pathway (BRAF, RAF1, and RET),
alterations in DNA repair pathway genes (BRCA1/2, ATM, mismatch
repair genes), and less frequently mutations affecting CTNNB1 or
APC11–13. PanNETs are associated with MEN1mutations, alterations
in PI3K/Akt/mTOR pathway genes (e.g., PIK3CA, PTEN, TSC1, TSC2,
VHL), and telomere maintenance genes (DAXX, ATRX)14–17.
Although pancreatic neoplasms may show unequivocal lines of

differentiation, they often have overlapping and mixed features at
the histopathologic, immunohistochemical, and molecular level,
complicating diagnostic workup and raising questions about their
origins and pathogenesis. For example, although SPNs share
molecular alterations of the WNT pathway with ACCs and PBs,
they show no evidence of acinar differentiation, or differentiation
of any other known lineage. Acinar neoplasms, on the other hand,
may show evidence of multiple lines of differentiation by IHC,
leading to their designation as mixed carcinomas when they
contain additional neuroendocrine or ductal components that
constitute greater than 30% of the neoplasm. The second
component is most commonly neuroendocrine (mixed acinar
neuroendocrine carcinoma), rarely ductal (mixed acinar ductal
carcinoma) or, even rarer, both ductal and neuroendocrine
components (mixed acinar neuroendocrine ductal carcinoma)1.
This has important therapeutic implications given the distinct
clinical management of ACCs and PanNETs, and the relationship of
the neuroendocrine component of mixed carcinomas to PanNETs
is unclear. Studies characterizing the molecular and clinical

features of mixed acinar neuroendocrine carcinomas and PanNETs
have generally concluded that mixed acinar neuroendocrine
carcinomas share clinical and molecular features of ACCs rather
than PanNETs and should be regarded as ACCs for clinical
management5,11,18.
DNA methylation is an important cellular process involved in

gene regulation during development and neoplastic transforma-
tion. A given cancer cell’s methylation state is shaped by normal
developmental processes of tissue differentiation as well as
oncogenic transformation19. In this way, the methylome serves
as a ‘fingerprint’ for the cell’s epigenetic history and lineage.
Genome-wide methylation profiling on large tissue cohorts has
leveraged this dynamic for diagnostic purposes in tissue-of-origin
identification, tumor classification, and cancer screening across
cancer types20–25. Previous studies have demonstrated distinct
genome-wide methylation signatures of PDACs, PanNETs, and
ACCs and global hypomethylation of PB genomes10,26. Building on
these prior studies, here we sought to explore the epigenetic
relationships between a broader group of acinar neoplasms,
normal pancreas, and other solid tumors of the pancreas.

MATERIALS AND METHODS
Cases
We selected 99 cases comprising 9 normal pancreas tissue (NPT) samples,
38 PanNETs (12 WHO grade 1; 15 grade 2; 2 grade 3), 11 PDACs, 12 SPNs,
13 ACCs (7 pure; 3 mixed acinar neuroendocrine carcinomas; 2 mixed
acinar ductal carcinomas; 1 mixed acinar neuroendocrine ductal carci-
noma), and 16 PBs. All samples were obtained from the pathology archives

Fig. 1 Representative images of pancreatic neoplasms demonstrating differentiation along separate lines. A Pancreatic ductal
adenocarcinoma showing glandular structures. B Pancreatic neuroendocrine tumor showing neuroendocrine features. C Acinar cell carcinoma
showing acinar-like structures. D Solid pseudopapillary neoplasm showing loosely cohesive cells imparting a pseudopapillary appearance. E, F
Pancreatoblastoma showing several areas of highly cellular tumor with solid arrangement, acinar-like structures and squamoid corpuscles (F).
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of Memorial Sloan Kettering Cancer Center (MSK) apart from seven PBs
that were obtained from St. Jude Children’s Research Hospital.
All cases were subjected to central pathology review to confirm the

initial diagnosis. Regarding the diagnosis of acinar neoplasms, the cases in
this study were classified as pancreatoblastomas if they arose in children
and demonstrated at least some squamoid nests, which were usually easily
identified and well formed, although in this age group, more poorly
circumscribed nests or larger cells were accepted to represent squamoid
nests. In adults, only cases with numerous, well formed squamoid nests
were accepted as pancreatoblastomas. All other cases were regarded as
acinar cell carcinomas or mixed acinar carcinomas based on the extent of
immunolabeling for acinar and neuroendocrine markers. Intracellular or
abundant stromal mucin was regarded as evidence of ductal differentia-
tion in mixed acinar ductal carcinomas.

Methylation profiling
For methylation analysis, genomic DNA was extracted from representative
formalin-fixed paraffin-embedded tissue sections for each of the 99 sam-
ples. Next, 250 ng of genomic DNA was subjected to bisulfite conversion
and processed on the Illumina (San Diego, CA) methylationEPIC/850k
platform according to manufacturer’s instructions. Data analysis was
performed using R version 3.5.2. Sample loading and probe filtering was
done using the ChAMP R package version 2.12.4 and normalization was
done using the preprocessIllumina() function in the R minfi package
version 1.28.327,28. Methylation level was measuring using beta values29.
Sample and data quality were assessed by internal controls and the
ChAMP pipeline, which filters out failed probes, XY CpG probes, cross-

reactive probes, multi-hit probes, and SNP-related probes. Among the
internal controls are a set of negative control probes designed in such a
way that they do not hybridize to any target DNA and therefore are used
to quantify background noise. The controls enable the calculation of a p
value metric for each probe that quantifies the degree to which the
probe’s signal differs from that of background noise (i.e., it is the
probability of observing the probe’s signal under the assumption that it
generated by noise). A probe was defined as a failure if the p value was
greater than 0.001. If greater than 10% of probes in a sample failed (the
default ChAMP parameter), then the sample was deemed a failure and
excluded from downstream analysis.

Data analysis
Three unsupervised approaches were employed, T-distributed stochastic
neighborhood embedding (t-SNE) clustering, Uniform Manifold Approx-
imation and Projection (UMAP) clustering, and hierarchical clustering.
Dimensionality reduction was performed using two methods. First, t-SNE
using the Rtsne package version 0.15 on the top 10,000 most variable CpGs
by variance with the following non-default parameters: perplexity= 10,
max_iter= 5000, and theta= 030. Second, UMAP was performed using the
umap package version 0.2.5.0 with default parameters31. Unsupervised
hierarchical clustering and heatmap generation were obtained using the
pheatmap R package version 1.0.12 by Ward’s linkage and Euclidean
distance.
Differentially methylated probes (DMPs) vis-à-vis NPT were identified

using ChAMP via the champ.DMP function with default parameters. The
methylationEPIC platform is not a reliable quantitative assay. Although the

Fig. 2 Unsupervised clustering of pancreatic neoplasms. A t-SNE clustering. B UMAP clustering. C Hierarchical clustering. All three methods
showed PanNET, SPN, and NPT, and PDACs cluster in distinct regions. ACC and PB formed a loose cluster that localized to the region between
the NPT and PDAC with slight overlap.
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beta value is the ratio of methylated signal to total signal, a beta value of,
for example, 40% at a particular CpG site does not equate to 40% of the
DNA in the sample being methylated at that site. Beta values are
influenced by a number of factors including experimental variation, true
biological methylation state, probe characteristics, sample type (frozen,
FFPE, etc.), and tissue heterogeneity32,33. Because of these sources of
variation, false positives may be detected when standard statistical
methods used for differential methylation analyses identify differences in
beta values between groups that are statistically significant, but don’t
account for variation on the platform or tumor purity. For example,
although the mean beta values of 0.70 and 0.90 for a CpG site between
two groups may be statistically significant, that difference is likely not
biologically meaningful because they both indicate methylated status and
the difference may be attributed to experimental variation and/or tissue
heterogeneity.
To further scrutinize the results, an independent cutoff-based method

was utilized to quantify CpG sites with biologically meaningful differences
between tumors and normal tissue. This method excluded statistically
significant CpG sites if the mean beta values between groups did not span
a biologically meaningful cutoff. Enumeration was performed across
varying cutoff levels to visualize the difference across biologically relevant
cutoffs and a precise enumeration of DMPs was performed using the cutoff
of 0.3, a well-recognized boundary between methylated and unmethylated
status, to determine global methylation differences32,33.

RESULTS
Epigenetic relationship
Three PBs were excluded from downstream analysis due to poor
quality control metrics. These three samples demonstrated a high
number of probe failure (17%, 31%, and 50%), likely due to the old
age of the samples (greater than 30 years old). After probe
filtering, a total of 649,896 high-quality CpG sites remained for
analysis across the 96 samples. The three different unsupervised
clustering approaches showed similar findings. Both dimension-
ality reduction methods (Fig. 2A, B) revealed that PanNETs, SPNs,
PDACs and NPT localized to distinct well-delineated clusters based
on their methylation profiles while the acinar neoplasms (ACCs
and PBs) occupied a broad overlapping region located between
the NPT and PDAC clusters. One SPN localized to the PDAC region
by UMAP clustering. Re-review of this case showed relatively low
tumor content and a high amount of fibrotic tissue, which may
explain the epigenetic finding. Four PBs and one ACC localized
closer to the PDAC cluster by both t-SNE and UMAP. Review of
these cases showed that they all had treatment-related effects

characterized by foamy histiocytes, hemorrhage, necrosis, and
fibrosis while the other PBs did not. No mixed tumors localized to
either the PDAC or PanNET clusters, despite having immunohis-
tochemical evidence of ductal or neuroendocrine differentiation.
Unsupervised hierarchical clustering (Fig. 2C) demonstrated

similar clade segregation.

Differential epigenetic profiles
Next, we sought to explore the degree of global hyper- and hypo-
methylation that occurred across tumor types relative to NPT.
Differentially methylated probe analysis initially detected 233,787
(PB), 191,183 (ACC), 206,947 (PDAC), 278,666 (SPN), and 176,293
(PanNet) differentially methylated CpG probes (DMPs), the
majority of which were false positives and were not biologically
meaningful. Cutoff-based filtering (Fig. 3A) and scrutinization of
beta value cutoffs that were more biologically meaningful
(performing counts at a cutoff of beta= 0.3) showed that PDACs
(35,968) and SPNs (34,042) demonstrated the highest number of
DMPs with respect to NPT; ACCs (16,113) demonstrated the lowest
number, and PanNETs (21,561) and PBs (21,126) showed a similar
and intermediate number, respectively. The analysis also revealed
the degree of hyper- and hypo-methylation of the tumors with
respect to NPT (Fig. 3B). At the same cutoff, PDACs exhibited the
highest degree of hypermethylation relative to NPT (75.2% of
DMPs were hypermethylated with respect to NPT), followed by
PanNETs (60.4%), SPNs (51.8%), ACCs (48.1%), and PBs (35.9%).

DISCUSSION
Reassuringly, the epigenetic signatures of the pancreatic neo-
plasms in this study recapitulated established diagnostic classifi-
cations that divide them into acinar, ductal, and neuroendocrine
groups; indeed, it also illustrated that the still elusive SPNs are
epigenetically distinct from all other pancreatic neoplasms. By
three unsupervised learning methods, acinar neoplasms (PBs and
ACCs) demonstrated similar epigenetic signatures, a finding
consistent with morphologic characteristics but at odds with
some immunohistochemical features and the varied molecular
drivers reported in these neoplasms. Not surprisingly, acinar
neoplasms clustered near the predominantly acinar NPT. Interest-
ingly, one SPN sample with low tumor purity clustered with the
PDAC group, suggesting that UMAP clustering may be more

Fig. 3 Cutoff-based analysis of differentially methylated probes. A Number of differential probes between NPT and pancreatic tumors.
Counts are defined as number of sites that are statistically significant and span the cutoffs on the x-axis. Biologically meaningful cutoffs are
generally considered around 0.15–0.3. SPN and PDAC showed the greatest difference, following by PanNET and PB, followed by ACC with the
least. B Number of differential probes spanning cutoffs split by hypomethylated state or hypermethylated state relative to NPT. PDAC show
the highest degree of hypermethylation while others have similar changes.
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sensitive to sample quality issues than t-SNE. Of clinical
importance, all but one mixed acinar neoplasm (which had close
proximity to the PDAC cluster) shared a clear epigenetic signature
with the pure ACCs, implying that mixed acinar neoplasms are
epigenetically acinar, rather than neuroendocrine or ductal. This is
in line with prior findings and adds epigenetic evidence to the
established molecular and clinicopathologic similarities between
mixed and pure ACCs9. Importantly, mixed acinar neuroendocrine
carcinomas clustered separately from PanNETs, reinforcing that
the presence of neuroendocrine differentiation at the immuno-
histochemical level in a mixed acinar neuroendocrine carcinoma
does not equate a biological similarity with PanNETs. The
consistent presence of acinar differentiation in PBs based on IHC
is also reflected in a close relationship of these entities based on
the methylation profiles. Tumors with low purity or treatment
effect localized closer to the PDAC region, highlighting the
importance of high tumor purity in methylation-based analyses.
Grade 1 and 2 PanNETs all clustered together, consisting with
these well differentiated neoplasms being closely related. Indeed,
grade 3 PanNETs also clustered in the same region, although
sample size was limited to make definitive conclusions.
This study had several limitations. First, on account of their

rarity, an in-depth analysis of the mixed acinar cell tumors was not
possible due to sample size limitations. Second, unlike other more
expensive and labor-intensive platforms, the array-based platform
is not a quantitative assay and is generally better at qualitative
analysis. Due to this the cutoff-based method was used to further
scrutinize results from standard statistical tests that result in high
false positives.
Although the diagnostic workup is generally straightforward,

the distinct demarcation of the tumors by epigenetic signature
could conceivably enable an ancillary diagnostic classifier as
has been done with other tumor classes19,20. The study also
provides a window into the epigenetic changes associated with
oncogenic transformation. PDAC and PanNETs tend to undergo
global hypermethylation, PBs hypomethylation, and ACCs and
SPNs possess approximately equal degree of hyper and hypo-
methylation changes. This study sheds light on the origin
and differentiation of these neoplasms and demonstrates the
utility of high-throughput epigenetic platforms in refining tumor
classification.
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