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ORIGINAL ARTICLE
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ABSTRACT

Context KRAS mutations play an important role in pancreatic cancer. GNAS mutations were discovered in intraductal papillary mucinous
neoplasms (IPMN). Objectives Our aim was to identify the frequency of KRAS and GNAS mutations in pancreatic cystic neoplasms
and pancreatic ductal adenocarcinoma (PDAC). Methods Sixty-eight surgically resected formalin fixed, paraffin embedded pancreatic
specimens were analyzed, including: 1) benign [20 serous cystadenoma (SCA)], 2) pre-malignant [10 mucinous cystic neoplasm (MCN), 10
branch duct intraductal papillary mucinous neoplasm (BD-IPMN), 9 main duct IPMN (MD-IPMN)], 3) malignant [19 PDAC]. Total nucleic
acid extraction was performed. KRAS codon 12/13 and GNAS codon 201 mutations were interrogated via targeted sequencing using
the Ion Torrent's Personal Genome Machine (PGM). Results Mean age of 68 patients was 61.9+ 8.4 with 72% female. KRAS and GNAS
mutations were more common in PDAC and IPMN. KRAS mutations predominated in PDAC compared to pancreatic cysts (16/19, 84%
versus 10/49, 20%; p<0.001). GNAS mutations were more common in IPMN compared to non-IPMN lesions (8/19, 42% versus 2/49, 4%;
p=0.0003). No GNAS mutations were detected in PDAC and MCN while 2 SCA carried GNAS mutations. Double mutations with KRAS and
GNAS were only present in IPMN (5/19 versus 0/30 SCA and MCN, p=0.006). Conclusions KRAS and GNAS mutations were more common
in PDAC and IPMN with KRAS mutations primarily in PDAC and GNAS mutations more frequent in IPMN. No GNAS mutations occurred in
MCN and double mutations were only present in IPMN.

INTRODUCTION had 96% specificity and 45% sensitivity for detecting
mucinous lesions. Other work has identified another
DNA marker, GNAS, as possibly discriminating IPMN
from other cystic neoplasms and PDAC [6,7]. GNAS codon

201 mutation occurred in 41-66% of IPMNs but was not

Pancreatic cancer carries high mortality which is
augmented by the lack of reliable early diagnostic and
screening tools. Unlike most hepatic and renal cysts,
different types of pancreatic cystic neoplasms may have

malignant potential. Nearly two-thirds of pancreatic
cystic lesions are cystic neoplasms, which include serous
cystadenoma (SCA), mucinous cystic neoplasm (MCN), and
intraductal papillary mucinous neoplasm (IPMN) [1-4].
Mucinous pancreatic cysts (MCN, IPMN) have malignant
potential, whereas SCA are virtually always indolent.
Mucinous pancreatic cysts thus offer an opportunity to
identify high risk patients who may be at risk of developing
cancer. Therefore, accurate diagnosis and characterization
of these lesions have significant clinical implications.

Recent interest has focused on molecular DNA markers
in cyst fluid to diagnose malignant and premalignant
pancreatic cystic lesions. A multicenter study suggested
high specificity (96%) for malignancy when high amplitude
KRAS mutation was followed by allelic loss, but very low
sensitivity (37%) [5]. Presence of KRAS mutation alone
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detected in SCA, MCN, or PDAC [6].

The aim of our study was to identify KRAS and GNAS
mutations in pancreatic cystic neoplasms and PDAC using
maicrodissected formalin fixed, paraffin embedded (FFPE)
archived surgical pathology specimens and to determine
the incidence of these mutations among SCA, MCN, branch
duct (BD)-IPMN, main duct (MD)-IPMN, and PDAC.

METHODS

This is an IRB approved study approved by the Partners
Institutional Review Board.

Archived Pathology Samples

FFPE specimens from 68 adult patients (age >18
years) who underwent surgical resection at Brigham
and Women’s Hospital were identified from a surgical
pathology database spanning 1995-2012. The following
specimens were chosen based on the WHO classification
of pancreatic neoplasms [8]: 20 SCA, 10 BD-IPMN with low
grade dysplasia, 9 MD-IPMN with moderate dysplasia, 10
MCN with low grade dysplasia, and 19 PDAC. All pathology
slides were reviewed by 2 board certified gastrointestinal
pathologists (AB, LD) to confirm the final diagnosis. Figure
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1 shows representative pathology images of SCA, MCN,
BD-IPMN, and MD-IPMN.

Database Development

A password protected, electronic database was developed
recording individual patient information including: age,
gender, family history of PDAC, personal history of other
cancers, history of cigarette smoking and alcohol use,
presence of abdominal pain and/ or weight loss, and
cyst fluid chemistry (carcinoembryonic antigen [CEA],
amylase) from the electronic medical record. Follow-up
radiology including abdominal computed tomography
(CT) scan or magnetic resonance imaging (MRI) of patients
with BD-IPMN and MD-IPMN were documented.

DNA study overview

Detailed methodology is outlined below for each step of
the experiment

Specimen processing

Manual maicrodissection was performed from unstained
slides from FFPE tissue blocks to enrich for epithelial
lesional tissue prior to total DNA extraction. In brief, one
hematoxylin and eosin (H&E) slide and up to 10 unstained
slides were generated from each FFPE block. The target
lesion was marked on the H&E slide for each case, which
was then used to guide the removal of non-target tissues
(e.g, non-neoplastic pancreatic acinar, ductal, and
endocrine tissue) from unstained slides. The tissue area of
interest was scraped off the slide into an Eppendorf tube
for subsequent DNA extraction.

DNA extraction

Total nucleic acid from the target tissue area was extracted
using internally developed, validated procedures
optimized for nucleic acid recovery from FFPE tissues

cl e Y - : 5#
Figure 1. A. Serous cystadenoma with microcysts lined by bland cuboidal
epithelium. B. Mucinous cystic neoplasm with cystic spaces lined by
mucinous lining epithelium and surrounded by ovarian-type stroma. C.
Intraductal papillary mucinous neoplasm involving a side branch of the
pancreatic duct with low-grade dysplasia. Papillary projections are seen
protruding into the lumen. D. Intraductal papillary mucinous neoplasm
involving the main pancreatic duct, again showing papillary projections
into the lumen, as well as associated fibrosis and chronic inflammation.

based on the RecoverAll™ Total Nucleic Acid Isolation
Kit for FFPE Tissues (Life Technologies, Austin, TX) and
treated with RNase according to a proprietary procedure.

Next-generation sequencing (NGS) and analysis

Mutational status of KRAS codon 12/13 and GNAS codon
201 was determined by targeted enrichment using
carefully designed primers amplifying regions of interest in
the KRAS and GNAS genes. The primer sequences used for
KRAS are as follows: KRAS_F, CTGTATCGTCAAGGCACTCT;

KRAS_R, TAGGCCTGCTGAAAATGACTG. The primer
sequences used for GNAS are the following:
GNAS_F,  CTCAAAGATTCCAGAAGTCAGGA; GNAS_R,
CTGTTTCGGTTGGCTTTGGT.

Gene-specific amplicons were subsequently tagged
with unique barcodes and sequenced on Ion Torrent's
Personal Genome Machine (PGM). Variant analysis was
performed using the NextGENe sequence analysis software
(SoftGenetics, State College, PA). Briefly, unfiltered reads
were split based on the barcodes and aligned to KRAS and
GNAS gene sequences downloaded from National Center
for Biotechnology Information (NCBI) in the GenBank
(gbk) format. Only reads that matched at least 30 bases
and at least 95% to the reference sequence were used for
alignment. Reads that did not meet these criteria were
removed from analysis. To account for higher background
“noise” in FFPE samples, the background threshold was set
to 4% [9]. Median read depth across both KRAS and GNAS
codons was approximately 15,000x each.

Statistics

Comparisons were performed using Fisher’s exact test
with p-value < 0.05 considered significant.

RESULTS
Demographics

Table 1 displays the characteristics of the individual
cohorts in the study. Mean age of all 68 patients was 61.9+
8.4 with 72.1% female. PDAC patients were more likely
to be symptomatic (p<0.0001, Fisher’s test) and smokers
(p=0.007) compared to the pancreatic cystic neoplasm
group (SCA, MCN, BD-IPMN, and MD-IPMN). As expected,
cyst fluid CEA level was higher in mucinous cysts compared
to serous cystadenoma (p=0.04).

Mutations are predominantly seen in PDAC and IPMN

Overall, PDAC specimens were more likely to have
mutations when compared to cystic neoplasms (16/19,
84% versus 15/49, 31%; p=0.0001). Comparison of total
number of mutations within the cystic neoplasms revealed
that [IPMN lesions were also more likely to have a mutation
than non-IPMN cysts (12/19 versus 3/30, p=0.0002).
Double mutations with both KRAS and GNAS mutations
were only present in 3 BD-IPMN and 2 MD-IPMN (5/19
versus 0/30 SCA and MCN, p=0.006). All 3 BD-IPMNs
were low grade dysplasia while the double mutant MD-
I[PMNs had moderate dysplasia. Over an average 2.5 year
follow-up with either CT or MRI, none of the patients with
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BD-IPMN developed recurrence or pancreatic mass. One
patient with MD-IPMN and a GNAS R201H mutation who
underwent Whipple surgery was noted to have probable
recurrence at 6 year follow-up while the other 7 patients
with MD-IPMN did not develop recurrence or pancreatic
mass over a mean 2.2 year follow-up. One patient with MD-
IPMN was lost to follow-up.

KRAS mutations are primarily present in PDAC

As can be seen from Table 2, KRAS mutations were more
common in PDAC compared to SCA, MCN, BD-IPMN and
MD-IPMN (16/19 versus 10/49, p<0.001). In IPMN, 60%
(6/10) of BD-IPMN and 33% (3/9) of MD-IPMN carried
KRAS mutations. Only 1 (10%) MCN specimen contained
a KRAS mutation (G13D). KRAS mutations were more
prevalentin IPMN than non-IPMN cysts (9/19 versus 1/30,
p=0.003) and in mucinous (MCN+IPMN) compared to non-
mucinous (SCA) cysts (10/29 versus 0/20, p=0.003).

GNAS mutations are differentially present in IPMN
lesions

GNAS mutations were more commonly observed in IPMN
than non-IPMN samples (8/19 versus 2/49, p=0.0003).
There were no GNAS mutations in MCN and PDAC samples.
There was a trend towards more GNAS mutations in BD-
IPMN compared to MCN (4/10 versus 0/10, p=0.087).
GNAS mutations were present in two (10%) SCA (R201H
and R201C), four (40%) BD-IPMN (3 R201H, 1 R2010C),
and four (44%) MD-IPMN (3 R201H, 1 R201C). Details of
the KRAS and GNAS mutations are found in Table 3.

DISCUSSION

We report the results of mutational analysis of KRAS

Table 1. Demographic and clinical characteristics

_ MCN low grade
SCA (n=20) dysplasia (n=10)
Age (years + SD¥) 57.3+10.7 49.2+12.3
Female gender (%) 14 (70%) 10 (100%)
Symptoms 8(40%) 5(50%)
Family history PDAC 0 0
Personal history other 3 (15%) 0

cancers

Smoking 7 (35%) 1/9 (11%)

Alcohol use 0 0

Median CEA ng/mL B _ 9495.5 (238.2-N/A)
(interquartile range) 0.7 (0.5-N/A) (n=3) (n=2)

Median amylase U/L N/A 33527.5(615.0-N/A)
(interquartile range) (n=2)

*SD: standard deviation
N/A: not available

Table 2. Summary of KRAS and GNAS mutations.

Diagnosis Number of specimens with KRAS
mutations

SCA (n=20) 0

MCN (n=10) 1

BD-IPMN (n=10) 6

MD-IPMN (n=9) 3

PDAC (n=19) 16

JOP. Journal of the Pancreas-http://www.serena.unina.it/index.php/jop-Vol. 15 No. 6 - Nov 2014. [ISSN 1590-8577]

BD-IPMN low grade

(codon 12 and 13) and GNAS (codon 201) genes in archived
surgical pathology specimens from pancreatic cystic
neoplasms and pancreatic cancer. Overall, PDAC and IPMN
were more likely to have mutations in KRAS and/or GNAS.
Most PDAC samples carried KRAS mutation but no GNAS
mutation. We uniquely demonstrate that KRAS and GNAS
mutations coexisted only in IPMNs. Furthermore, GNAS
mutations were almost exclusively associated with IPMN
although they were also present in SCA unlike in previous
studies and not found in MCN. KRAS mutations were
more common in mucinous than non-mucinous cysts. The
differing incidence of KRAS and GNAS mutations between
PDAC and IPMN may imply different developmental
pathways towards malignancy.

Current methodologies including imaging, endoscopy, and
cyst fluid analysis fail to accurately differentiate mucinous
from nonmucinous pancreatic cystic lesions with a high
degree of accuracy. Preoperative diagnostic accuracy of
radiology is 63% compared to surgical pathology [10], and
radiology is comparable to endoscopic ultrasound (EUS)
imaging with 51% accuracy for mucinous lesions [11].
With advances in endoscopy allowing the safe sampling of
pancreatic cyst fluid during EUS [12], fine needle aspiration
(FNA) of pancreatic cysts may be performed to analyze cyst
fluid for routine cytological analysis, biochemical proteins,
and DNA markers. Cytology is generally nondiagnostic
with most studies demonstrating less than 50% sensitivity
for diagnosis of cystic lesions [13]. Few cyst fluid markers
have proven valuable and none are diagnostic. Cyst fluid
CEA has been most extensively studied and is used to
differentiate mucinous from non-mucinous cystic lesions.

MD-IPMN moderate

dysplasia (n=10) dysplasia (n=9) PDAC (n=19)
68.7 £8.3 68.7+11.9 65.1+11.5
8 (80%) 3 (33%) 9 (47%)
1(10%) 2 (22%) 17 (89%)
0 0 2 (11%)

0 1(11%) 5 (26%)

6 (60%) 6 (67%) 15 (79%)
1(10%) 2(22%) 2 (11%)
2284.0 (23.5=8063.8)

(n=6) N/A N/A
3050.0 (836.5- 2370.5 (10.0-N/A) N/A

124544.0) (n=5)

Number of specimens with GNAS
mutations

(n=2)

Number of specimens with both
KRAS and GNAS mutations

0
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Table 3. Detailed summary of NGS data interrogating KRAS and GNAS mutations.

Diagnosis Gene Coding seq. change Amino Acid Change % Variant NGS Read depth
SCA GNAS c.602G>A R201H 16.5 6885
SCA GNAS c.601C>T R201C 5.5 12593
MCN KRAS c.38G>A G13D 7.5 11740
PDAC KRAS c.35G>A G12D 10.1 14968
PDAC KRAS ¢.35G>T G12v 12.6 15875
PDAC KRAS ¢.35G>T G12V 5.7 18332
PDAC KRAS c.34G>A G12S 29.3 7896
PDAC KRAS c.35G>A G12D 21.8 10459
PDAC KRAS ¢.35G>T G12v 17.7 17802
PDAC KRAS c.35G>A G12D 24.4 18677
PDAC KRAS ¢.35G>T G12v 5.8 16780
PDAC KRAS c.35G>A G12D 17.1 11970
PDAC KRAS c.35G>A G12D 5.2 9437
PDAC KRAS ¢.35G>T G12V 9.8 17394
PDAC KRAS c.35G>A G12D 17.5 15018
PDAC KRAS c.35G>A G12D 6.6 17881
PDAC KRAS ¢.35G>T G12v 10.6 18284
PDAC KRAS c.34G>C G12R 4.5 15369
PDAC KRAS c.35G>A G12D 17.8 12688

BD-IPMN KRAS ¢.35G>T G12V 5.7 14266

GNAS c.602G>A R201H 49 14694

BD-IPMN

KRAS ¢.35G>T G12V 5.8 17683
BD-IPMN KRAS c.34G>T G12C 8.1 17093

GNAS c.602G>A R201H 4.3 13508
BD-IPMN

KRAS ¢.35G>A G12D 4.5 14365
BD-IPMN GNAS c.602G>A R201H 16.1 22161

GNAS c.601C>T R201C 15.5 12438
BD-IPMN

KRAS ¢.35G>T G12V 15.2 10241
BD-IPMN KRAS ¢.35G>T G12v 6.2 19082

GNAS c.602G>A R201H 129 18251
MD-IPMN

KRAS ¢.35G>A G12D 9.0 13842
MD-IPMN GNAS c.601C>T R201C 4.0 8842
MD-IPMN KRAS c.34G>T G12C 28.2 9276

GNAS c.602G>A R201H 241 17153
MD-IPMN

KRAS ¢.35G>A G12D 9.5 13468
MD-IPMN GNAS c.602G>A R201H 15.8 15047

Elevated cyst fluid CEA is consistent with a mucinous cyst
with the commonly used cutoff of 192 ng/mL yielding
modest sensitivity (73%) and specificity (84%) [11].
However, many mucinous lesions with CEA <192 ng/mL
are missed using this cutoff [14].

Accurate diagnosis of SCA is important in management as
these patients only undergo surgical resection if the cyst
causes symptoms or enlarges rapidly [15]. On the other
hand, management of mucinous cysts requires surgical
resection for MCN, MD-IPMN, and certain BD-IPMN
as per the International Association of Pancreatology
(IAP) consensus guidelines [16]. In a previous study,

no GNAS mutations were detected in SCAs [6] whereas
we discovered a 10% rate of GNAS mutation in our SCA
specimens, which was still significantly lower than in
IPMN. Therefore, identification of GNAS mutation may
allow accurate distinction of SCA from IPMN.

No currently available test including imaging, cytology,
CEA, and DNA markers allows separation of the two
mucinous cysticlesions, MCN and BD-IPMN. As shown from
our results, GNAS may help differentiate IPMN from MCN
as no GNAS mutations were present on MCN while found in
40% of BD-IPMN although this result was not statistically
significant and larger sample size is needed to investigate
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this. Furthermore, we uniquely demonstrate that double
mutations of KRAS and GNAS only occurred in IPMN and
not MCN or SCA. The clinical implications of having tools
to distinguish BD-IPMN from MCN are significant as IAP
consensus guidelines recommend surgical resection of all
MCN while surveillance is reasonable for most BD-IPMN [16].

Our data are overall consistent with the previous work
on GNAS and KRAS mutations in pancreatic cystic
neoplasms with some unique findings [6, 7]. We found a
lower frequency of mutations in BD-IPMN and MD-IPMN
samples than a previous study, which reported over 96%
rate of either KRAS or GNAS mutation with over half
of cases carrying both mutations [6]. We demonstrate
a more modest rate of mutations with 58% of IPMNs
carrying either mutation, 26% harboring both, and 42%
having a GNAS mutation, which was consistent with a
Japanese study [7]. This discrepancy may be explained
by differences in the degree of dysplasia in our IPMN
samples as all our BD-IPMN were low grade while our MD-
IPMN were moderate grade whereas the previous study
contained a large proportion with high grade dysplasia.
In our study, only BD-IPMN and MD-IPMN specimens
harbored double mutations which may imply a possible
marker of progression compared with SCA and MCN with
low grade dysplasia. Although there were no differences
in outcome in our study with the double mutant BD-IPMN
and MD-IPMNs, whether presence of multiple mutations
has prognostic significance will need to be studied.

While GNAS mutation status has not been used clinically,
KRAS mutations have been available for clinical use.
A multicenter study of surgically resected pancreatic
cystic lesions that had undergone EUS-FNA and DNA
analysis of cyst fluid suggested high specificity (96%) for
malignancy when KRAS mutation was followed by allelic
loss, but very low sensitivity (37%) [5]. Presence of KRAS
mutation alone had 96% specificity and 45% sensitivity
for detecting mucinous lesions [5]. A smaller retrospective
study confirmed good correlation between diagnosis of
cysts by clinical consensus as malignant, benign mucinous,
or benign nonmucinous and DNA analysis. Another study
reported poor agreement between CEA level and DNA
analysis in predicting a mucinous cyst [17, 18]. Our results
confirm the ability of KRAS to differentiate mucinous from
nonmucinous cysts.

There are limitations to our findings. While our data are
promising, given the relatively low frequency of GNAS
mutations even in IPMN lesions, future investigations
will need to investigate whether combinations of DNA
and potentially other biomarkers including microRNA
and metabolite markers like glucose and kynurenine may
allow more accurate differentiation of mucinous from
nonmucinous lesions[19, 20]. In addition, the role of GNAS
mutation in distinguishing MCN from BD-IPMN will need
to be studied in larger prospective studies with specimens
collected from consecutive patients.

In conclusion, we report differential incidence of KRAS
and GNAS mutations among PDAC and IPMNs. Specifically,

KRAS mutations are strongly associated with PDAC
and mucinous pancreatic cystic neoplasms, while GNAS
mutations are more common to IPMN lesions, not present
in MCN, and rarely found in SCA. Furthermore, double
mutations of KRAS and GNAS only occurred in IPMN, and
these findings may allow more accurate diagnosis of IPMN
and potentially differentiation of MCN from BD-IPMN.
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