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ABSTRACT

Objectives: Herein, we present the PancreaSeq® results of 28 patients and emphasize the usefulness of molecular
testing in evaluation of pancreatic cysts.

Material and Methods: A total of 10 (35.7%) non-diagnostic, 6 (21.4%) negative, 5 (17.8%) atypical, and 7 (25%)
were positive for mucinous cystic neoplasm (MCN) pancreatic cyst aspirates were analyzed with PancreaSeq® at
Mayo Clinic, Jacksonville between September 2021 and February 2023.

Results: Three non-diagnostic, two negative, three atypical, and two positive for MCN cysts were positive for
KRAS and GNAS mutations. They were interpreted as intraductal papillary mucinous neoplasm (IPMN) with
low risk for progression to high-grade dysplasia/adenocarcinoma. One negative case was positive for KRAS and
GNAS mutation and RNF43 copy number alteration. It was interpreted as IPMN with a low risk of progression.
Two non-diagnostic, one negative, and two positive for MCN cysts were positive for KRAS mutation. All were
interpreted as IPMN/MCNs with low risk of progression. One positive for MCN case was positive for GNAS
mutation and ALK fusion and one positive for MCN case was positive for GNAS mutation, ALK fusion, and
RNF43 copy number alteration. Both were interpreted as IPMN and their risk of progression was interpreted as
not well understood. One atypical case was positive for KRAS and TP53 mutation and was interpreted as IPMN/
MCNs with a high risk of progression. VHL mutation was present in one non-diagnostic case. It was interpreted
as serous cystadenoma and the risk for progression was low.

Conclusion: Molecular analysis of pancreatic cysts with PancreaSeq® is useful in accurate diagnosis, especially
when cytologic material is non-diagnostic and helps improve patient management.

Keywords: Pancreatic cysts, Pancreatic fine-needle aspiration cytology, Molecular analysis, PancreaSeq®, Next-
generation sequencing

INTRODUCTION

Pancreatic cysts are a broad group of pancreatic lesions that can be benign or malignant in nature,
resembling solid pancreatic lesions. Incidental detection rates of pancreatic cysts had increased
in recent years due to the advancements in imaging modalities such as computed tomography
or magnetic resonance imaging (MRI). The incidence rates are increasing with age and are
reported as between 2.6% and 13.5%, according to the most recent reports.? Pseudocysts,
serous cystadenomas (SCAs), solid-pseudopapillary neoplasm (SPN), mucinous cystic neoplasm
(MCN), and intraductal papillary mucinous neoplasms (IPMN) are some of the cystic lesions
most observed in the pancreas with MCN and IPMN representing mucinous pancreatic cystic
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neoplasms. Considering this wide spectrum of pancreatic
cysts and their respective malignant potentials, an accurate
differential diagnosis and further management are vital for
proper patient care and management. At present, imaging
results, cytologic analysis of cyst material, and adjunct
biochemical testing such as amylase and carcinoembryonic
antigen (CEA) are the most common diagnostic tools used
for these types of lesions. Unfortunately, these diagnostics
tools are not always sufficient. Although cytologic testing
is a valuable tool, aspirates can sometimes contain limited
material or degenerated cells, which distorts the analysis
process. Molecular testing is being performed on these
aspirates, even if the material is limited or contains
degenerated cells, with accurate results about the genetic
abnormalities observed in the different distinct subtypes of
cysts.l’! Several genetic alterations associated with the most
common pancreatic cysts with a high risk of cancer have
been revealed by sequencing studies,** which increases
its importance as a valuable diagnostic and prognostic
tool. PancreaSeq” Genomic classifier is a next-generation
sequencing (NGS) test that analyzes 20 tumor genes and
detects the mutations related to the precursors of pancreatic
cancer.”! Tt is currently used as a molecular diagnostic
adjunct tool for pancreatic cysts detected by imaging and
can detect single nucleotide variants and insertions/deletions
in targeted regions of 20 pancreatic-related genes and copy
number alterations in four genes, which include KRAS,
GNAS, NRAS, BRAFE, AKT1, APC, CINNBI, HRAS, IDH]I,
IDH2, MET, PIK3CA, MENI1, NF2, PTEN, STK11, TERT,
VHL, TP53, and TSC2. This targeted NGS technique can

help us in the diagnosis of different types of pancreatic cysts
and in the risk assessment for progression to cancer. While
mitogen-activated protein kinase gene and/or GNAS gene
mutations are specific for mucinous cysts, TP53, SMAD4,
and mammalian target of rapamycin alterations are linked
to progressive neoplasia, such as high-grade dysplasia and
pancreatic ductal adenocarcinoma arising from a mucinous
cyst.’l Other pancreatic cyst types, including SCAs, SPNs,
and cystic pancreatic neuroendocrine tumors, which are
characterized by mutations in VHL, CTNNBI1, and MEN1,
can also be discovered through NGS [Figure 1].

Thus, PancreaSeq® helps in the diagnosis and clinical
management of the most common pancreatic cysts and is
a useful and informative method, especially when cytology
is non-diagnostic or aspirates contain limited/degenerated
cells. In this study, we present the PancreaSeq® testing
results of 28 patients at our institution between September
2021 and February 2023 and we highlight the usefulness
of PancreaSeq® as an adjunctive testing in the evaluation of
pancreatic cysts.

MATERIAL AND METHODS

Twenty-eight cyst fluids were analyzed with PancreaSeq® at
the cytopathology laboratory of Mayo Clinic, Jacksonville
between September 2021 and February 2023. Among these
aspirates, 10 (35.7%) were non-diagnostic, 6 (21.4%) were
negative, 5 (17.8%) were atypical, and 7 (25%) were positive
for mucinous neoplasm. None of the samples were reported
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Figure 1: Significant genomic alterations reported with PancreaSeq® testing and their clinical
relevance. *High-risk genes that includes genomic alterations in TP53, SMAD4, CTNNBI, and mTOR
genes. MTOR: Mammalian target of rapamycin, IPMN: Intraductal papillary mucinous neoplasm,
MCN: Mucinous cystic neoplasm, IOPN: Intraductal oncocytic papillary neoplasm, PanNET: pancreatic
neuroendocrine tumor, SCA: Serous cystic neoplasm, SPN: Solid pseudopapillary serous cystic adenoma.
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as suspicious for mucinous neoplasm in the cytology report.
All patients underwent endoscopic ultrasound (EUS) with
pancreatic cyst aspiration. Sixteen of them were female and
12 of them were male. The ages of the cohort were ranging
between 45 and 91 (median 69.5 and mean of 68.2). Fifteen
had a prior history of cirrhosis, pancreatitis, end-stage renal
disease, alcoholic and non-alcoholic liver disease, Type 2
diabetes, and/or transplant whereas 13 of them had no prior
history of other medical conditions and were diagnosed
incidentally. The location of the pancreatic cysts was as
follows: Nine in the head, Seven in the body, six in the tail,
three in the neck, and three in the uncinate process. The size
of the cysts ranged between 2 cm and 6.3 cm (median 3.1 and
mean 3.3).

EUS was performed while patients were under sedation
using 22-gauge-25-gauge needles, depending on the clinical
characteristics of the lesion. The cysts and the remaining
pancreas were evaluated and fine-needle aspiration (FNA)
of the cysts was performed. Cyst fluid was aspirated and
available in all cases which was adequate (>2 mL) for further
analysis.

CEA levels from cystic lesions were retrieved from the
reports of 20 patients. Cyst fluid was tested with the Access
CEA immunoassay as reported in guidelines.’! Amylase
levels were retrieved from the reports of eight patients. For
PancreaSeq® analysis, the manufacturer’s (University of
Pittsburgh Medical Center Molecular Genomic Pathology
Laboratory) instructions for collection of the cyst fluid
samples were followed. In a patient-labeled vial with 600 mL
of stabilization fluid, 2-6 mL of fluid were aspirated, the
tube cover was secured, and the vial was repeatedly inverted
to mix the sample that had been collected. To maintain
the integrity of the specimen, samples were sent through
overnight delivery with ice packs. A completed test request
form and the pathology report were sent with each sample.

Cytologic evaluation and classification was performed
for all cases, according to the most recent Papanicolaou
Society of Cytopathology Terminology and Nomenclature
for Pancreatobiliary Cytology,”” to include non-diagnostic,
negative, atypical, suspicious, and malignant/positive
categories. According to this classification, the non-
diagnostic category is defined as a sample that provides no
diagnostic information about the lesion/area sampled. The
samples that were categorized as non-diagnostic in this study
were mostly acellular. Negative is defined as the absence of
malignancy and cellular atypia and contains benign cellular
material. In this study, the samples that were categorized
as negative mostly contained scant cellularity and rare
pancreatic mucinous/non-mucinous epithelium. Atypical
is defined as a sample that contains cells with morphologic
features beyond normal/reactive changes but are insufficient
to classify them as suspicious/malignant. Suspicious is

defined as a sample that contains cells with morphologic
features that quantitatively and/or qualitatively fall short
of a definitive diagnosis of malignancy. The malignant
category was defined as a sample that contains cells that show
malignant cytologic features.

RESULTS

The cyst characteristics, cytologic evaluation, and
PancreaSeq® results of each patient were summarized in
[Table 1].

In our cohort, most of the samples (10, 35.7%) were non-
diagnostic on cytologic evaluation. They were either reported
as acellular or mucinous epithelium not identified. Six of
them had a positive PancreaSeq® analysis and four of them
were negative for any genetic alterations. Three cases were
positive for both KRAS and GNAS mutations with no gene
fusions or copy number alterations. These three cysts were
interpreted as mucinous (IPMN) and their risk of progression
to high-grade dysplasia/adenocarcinoma were interpreted as
low. Radiologic evaluation demonstrated ductal dilation in
one of these cases up to 12 mm. The CEA (CEACAMS5) levels
were low. The CEA levels were studied in all of them and as
follows: 875 ng/mL, 691 ng/mL, and 680 ng/mL. Amylase
levels were analyzed in two of them and were 10,300 U/L and
521 U/L, respectively.

Two non-diagnostic cases were positive for KRAS mutation
with no gene fusions or copy number alterations. Both were
interpreted as mucinous neoplasms (IPMN/MCNs) and their
risk of progression to high-grade dysplasia/adenocarcinoma
was interpreted as low. Ductal dilation was observed in one of
these cases, while enhancing septations was observed on the
other. The CEA (CEACAMS5) level was low in one of them
and undetectable in the other. CEA was studied in one both
and was 235 ng/mL and 23 ng/mL, respectively. Amylase
levels were not analyzed for these two patients.

One non-diagnostic case was positive for VHL mutation
with no gene fusions or copy number alterations. The cyst
was interpreted as SCA and the risk of progression was low.
The CEACAMS5 (CEA) level was undetectable. There were no
significant findings on imaging. CEA level was not elevated,
and the amylase levels were not studied.

Four non-diagnostic cases were negative for gene mutations,
fusions, or copy number alterations and CEA (CEACAMS5)
level was analyzed and elevated in one (1445 gene expression
unit [GEU]). The CEA and amylase levels were studied in
two of these cases and was 1060 ng/mL and <0.5 ng/mL, <30
and 103 U/L, respectively.

Six cases were negative on cytologic evaluation with scant
cellularity and/or benign pancreatic epithelium. Two of
these cases were positive for KRAS and GNAS mutations
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with no gene fusions or copy number alterations. Both cysts
were interpreted as mucinous (IPMN) and their risk of
progression was low. There was no duct dilation, enhancing
septations, nodularity, or any other significant finding on
imaging. The CEA (CEACAMS5) level was elevated in one
(13,692 GEU). The CEA level was reported for one of them
and was 1592 ng/mL. Amylase levels were not reported for
both cases.

One cytologically negative case was positive for KRAS and
GNAS mutation and RNF43 copy number alteration. This
cyst was interpreted as mucinous (IPMN) and the risk of
high-grade dysplasia/adenocarcinoma was interpreted as low.
There were no pathological findings on imaging. The CEA
(CEACAMS) level was low. The CEA level was 7354 ng/mL,
but the amylase levels were not studied for this case.

One of the cases that were negative on cytologic evaluation
was positive for KRAS mutation with no gene fusions or
copy number alterations. The type of cyst was interpreted
as mucinous (IPMN), and the risk of high-grade dysplasia/
adenocarcinoma was interpreted as low. No pathological
imaging findings were observed. The CEA (CEACAMS5) level
was low. The CEA and amylase levels were not analyzed for
this case.

Two cytologically negative cases were negative for any
mutations, gene fusions, or copy number alterations and were
interpreted as non-neoplastic. One demonstrated enhancing
septations with radiologic evaluation. The CEA (CEACAMS5)
level was elevated in one of the cases (748 GEU). The CEA
levels were 260 ng/mL and 1.3 ng/mL. Amylase levels were
only reported for one of them and were 480 U/L.

Five cases were classified as atypical on cytologic evaluation.
They mostly consist of rare abnormal epithelial cells that
represent reactive/degenerative changes but not enough to
classify as dysplasia/carcinoma cannot be excluded from
the study. Three of them were positive for KRAS and GNAS
mutations with no gene fusions or copy number alterations.
On MRI/magnetic resonance cholangiopancreatography
(MRCP), one of them had enhancing septations and one of
the cases demonstrated scant, tiny, and patchy calcifications in
the entire pancreas. The CEA (CEACAMS5) level was elevated
(600 GEU and 2534 GEU). The CEA level was 397 ng/mL in
one case, but the Amylase levels were not analyzed.

One of the cases that were classified as atypical was positive
for KRAS and TP53 mutation without any gene fusions or
copy number alterations. On imaging, enhancing septations
were noted. The CEA and amylase levels were not studied for
this case.

Another case that was classified as atypical was negative for
any gene fusion/mutations or copy number alterations and
had enhancing septations on imaging. The CEA (CEACAMS5)
level was low. The CEA was <0.5 ng/mL.

CytoJournal « 2023 20(23) | 6

Seven cases were positive for neoplasm and were suggestive
for IPMN with mucinous epithelium present on cytologic
evaluation. Two of these cases were positive for KRAS and
GNAS mutations without any gene fusions or copy number
alterations. On imaging, enhancing septations were observed
in both while main duct dilation and peripheral nodularity
was observed in just one of them. The type of cysts was
interpreted as mucinous (IPMN) and the risk of high-grade
dysplasia/adenocarcinoma was interpreted as low in both
cases. The CEA (CEACAMD5) level was low. The CEA levels
were studied for both and were 6417 ng/mL and 89 ng/mL.
Amylase level was studied for only one of them (1362 U/L).

Two of the cases that were classified as positive with cytology
were positive for KRAS mutation with no gene fusions or
copy number alterations. The type of cysts was interpreted
as mucinous (IPMN/MCNs), and the risk of high-grade
dysplasia/adenocarcinoma was interpreted as low for both
cases. One demonstrated enhancing septations and the other
demonstrated main duct dilation on imaging. The CEA
(CEACAMS5) level was elevated in one (15,630 GEU). The
CEA levels were 35,955 ng/mL and 289 ng/mL, and amylase
levels were <30 in both.

One of the cases that were classified as positive for MCN was
positive for GNAS mutation and EML4/ALK fusion without
any copy number alterations. The type of cyst was interpreted
as mucinous (IPMN), but the risk of high-grade dysplasia/
adenocarcinoma was reported as not well understood, due to the
rare combination of GNAS mutations and ALK fusions. Ductal
dilation was observed on MRI/MRCP. The CEA (CEACAMS5)
level was elevated at 221 GEU. The CEA was 19 ng/mL and
amylase was not studied. Another cytologically positive case was
positive for GNAS mutation, EML4/ALK fusion, and RNF43
copy number alterations. The cyst was interpreted as mucinous
(IPMN), but the risk of high-grade dysplasia/adenocarcinoma
was reported as not well understood, due to rare combination
of GNAS mutations, RNF43 copy number alterations, and ALK
fusions. It demonstrated enhancing septations and nodularity
on MRI/MRCP. The CEA (CEACAMD5) level was elevated (3946
GEU). The CEA and amylase were not studied. Finally, one of
the cases that was classified as positive with cytologic evaluation
was negative for gene fusions/mutations or copy number
alterations with PancreaSeq analysis and was interpreted as non-
neoplastic. There was mild main duct dilation on imaging. The
CEA (CEACAMS5) level was low. The CEA was estimated as
600 ng/mL.

All patients except for two (patients #8 and #17) did not
have follow-up surgical resections. The two patients with
follow-up resections had both distal pancreatectomies which
showed IPMN, and only one of those had a focal high-grade
dysplasia associated with the IPMN. All patients are alive and
well, except for one patient (#6) who died of unrelated cause

(sepsis).
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DISCUSSION

There is currently no imaging criteria or any other pre-
operative diagnostic criteria to accurately differentiate
between the wide range of underlying pathologies that
pancreatic cysts can have, from benign to premalignant and
malignant etiologies."” Imaging, cytologic evaluation, and
biochemical analysis of the cyst fluid collected through EUS
with FNA are the first-line diagnostic tools to determine the
nature and the malignant characteristics of pancreatic cysts.
Molecular analysis of cyst fluid with NGS is a useful second-
line testing that is being used recently, as a supplementary
diagnostic tool to better understand the characteristics
and malignancy risk of the different types of pancreatic
cysts.'"l Tt is an advantageous method for its capability to
analyze even inadequate cellular specimens, as opposed to
cytology, where one cannot reach a definitive diagnosis. It
also offers a more conservative patient management and
follow-up by analyzing genetic profile and assessing disease
progression, in contrast to surgical intervention. So far,
KRAS, GNAS, HRAS, VHL, RNF43, TP53, AKT-1, BRAF,
CTNNB, PIK3CA, PTEN, SMAD4, and CDILN2A are some
of the novel biomarkers that are reported in pancreatic cysts
with molecular analysis.'"” Different mutational patterns
of the more frequent pancreatic cysts and those that have
progressed to adenocarcinoma have also been established by
various sequencing studies.*”)

IPMNs and MCNs constitute mucinous pancreatic cystic
neoplasms. IPMN, one of the most common mucinous
pancreatic cystic neoplasms, has been demonstrated to have
mutations in the KRAS (codons 12, 13 and/or 61), GNAS
(codons 201 and 227), RNF43, BRAE, and CTNNBI genes
in over 95% of the cysts. MCNs also found to have KRAS,
RNF43, and CTNNBI1 mutations but they usually do not
have GNAS and BRAF mutations, which makes them highly
specific for IPMNs.F”1 Some IPMNs and MCNs possess
distinct genetic alterations which make them progress to
malignancy. Genetic alterations in TP53, SMAD4, PIK3CA,
PTEN, and AKT1 have been demonstrated to carry a high
risk for transforming to high-grade dysplasia and early
invasive pancreatic ductal adenocarcinoma in IPMNs and
MCNs. Correspondingly, PIK3CA, PTEN, SMAD4, and
AKT1 alterations are reported in up to 60% of IPMNs with
advanced neoplasia.l'*'"l In a prospective study with 626
cyst fluid analysis, Singhi et al. demonstrated that 88% of
IPMNs with advanced neoplasia carry KRAS and/or GNAS
mutations in combination with alterations in PIK3CA, TP53,
or PTEN. This combination had a sensitivity of 89% and a
specificity of 100% for disease progression.!

In our cohort, three non-diagnostic, two negative, three
atypical, and two positive for MCN cysts were positive
for KRAS and GNAS mutation with no gene fusions or
copy number alterations. Due to the combination of KRAS

and GNAS mutations, the type of cyst was interpreted as
IPMN, in line with the reported literature.”? Moreover,
the risk for progression was interpreted as low for all. One
cytologically negative case in our cohort was positive for
KRAS and GNAS mutation and RNF43 copy number
alteration with no gene fusions. It was interpreted as IPMN,
since it is demonstrated that RNF43 copy number alterations
can be observed in IPMNs,F” and the risk of high-grade
dysplasia/adenocarcinoma was interpreted as low. Two
cytologically non-diagnostic, one negative, and two positive
for neoplasm cysts were positive for KRAS mutation without
any accompanying gene fusions/copy number alterations on
PancreaSeq® analysis. All cases were interpreted as IPMN/
MCNs with a low risk of progression, because as evident
from the previous studies, KRAS mutation can be observed
in both IPMN and MCNs.” CEA (CEACAMS5) was
analyzed in all and elevated in one case (15,630 GEU). CEA
level was elevated in 3/5 (60%). One cytologically positive
case was positive for GNAS mutation and ALK fusion with
no copy number alterations and one case was positive for
GNAS mutation, ALK fusion, and RNF43 copy number
alteration. Both were interpreted as IPMN, but their risk of
progression was interpreted as not well understood due to
this combination’s rareness in the reported literature. One
atypical case was positive for KRAS and TP53 mutation with
no gene fusions/copy number alterations and was interpreted
as IPMN/MCNs with a high risk of progression. This finding
supports the results of other similar studies, which all state
that TP53 mutation accompanying KRAS mutation carries a
high-risk for progression to high-grade dysplasia/progressive
neoplasia.”

Another common type of neoplastic pancreatic cysts is SCAs,
which have a very low malignant potential. Several studies
demonstrated that they usually do not have KRAS, GNAS,
or BRAF mutation. In contrast, 89-100% of SCAs carry
VHL mutation or deletion, which is a distinctive genetic
alteration for them."® In our study, one non-diagnostic
case was interpreted as SCA on PancreaSeq® analysis. It
harbored VHL mutation with no gene fusions/copy number
alterations, in concordance with the literature, and the risk
for progression was low. CEA (CEACAMS5) expression level
was undetectable. CEA level was low and amylase level was
also not analyzed.

Analysis of CEA and amylase levels in EUS-FNA derived cyst
fluid is currently being used as a part of diagnostic approach
to pancreatic cysts and is helpful in understanding the nature
of the lesion. Due to the retrospective nature of our study, we
were able to gather CEA levels in most cases (20/28, 78.6%) but
unable to report amylase levels in 20 cases because it was mostly
not studied or not reported in our medical record system.

Analyzing CEA (CEACAMS5) MRNA expression in cyst fluids
is a useful tool for demonstrating CEA up-regulations.!" Its
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analysis with PancreaSeq® alongside amylase and CEA level
analysis in cyst fluids can help in better understanding the
pancreatic cystic lesions. In our cohort, CEA (CEACAMS5)
expression levels were analyzed and low in most non-
neoplastic cysts but were elevated in two. It was elevated in
six IPMN/MCN:s cases, low in 13, and undetectable in one. It
was also undetectable in our single SCA case.

Our cohort mostly consists of non-diagnostic cyst aspirates
(35.7%); however, performing PancreaSeq® analysis with
other diagnostic modalities (imaging findings, CEA and
amylase levels) helped us clarify the type of cyst and its
respective risk of progression to high-risk dysplasia/
adenocarcinoma. Thus, it allowed us to guide a more proper
patient management with a conservative approach to the cases
with low risk of progression, and surgical management to the
high-risk ones. Furthermore, four of our negative cysts and
four of the atypical cysts were found to have distinct genetic
alterations on molecular analysis, mostly consisting of KRAS
and GNAS mutations with no gene fusions/copy number
alterations. Although they had a low risk for progression,
it helped us better understand the type of cyst and guided
us through the next stages of patient management. These
findings emphasize the importance of molecular analysis in
pancreatic cysts management once more.

The limitations of the current study include the lack of
surgical follow-up on the majority of the patients except for
two, which preclude the ability to evaluate the accuracy of the
PancreaSeq"® assay.

SUMMARY

Molecular testing in pancreatic cysts is an important
diagnostic tool, especially when cytologic evaluation is non-
diagnostic, such as in our study. Approaching pancreatic cyst
aspirate analysis with a multimodal strategy that incorporates
molecular testing yields valuable insight for accurate diagnosis
and better patient management, especially when deciding
between a conservative approach and surgical intervention.
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