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Abstract

Objectives—Mucinous cystic neoplasms (MCNs) are rare, potentially curable, mucin-producing

neoplasms of the pancreas. We have previously reported PIK3CA (phosphoinositide-3-kinase

catalytic subunit, p110α) mutations in intraductal papillary mucinous neoplasms, another mucin-

producing neoplasm of the pancreas. In this study, we analyzed the presence of PIK3CA and

AKT1/PKB (V-akt murine thymoma viral oncogene homolog 1) hot-spot mutations in MCN

specimens.

Methods—Using the genomic DNA sequencing of tumor tissues isolated by laser capture

microdissection, we evaluated 15 well-characterized MCNs for the E542K, E545K(exon 9), and

H1047R (exon 20) hot-spotmutations in the PIK3CA gene and the E17K mutation in the AKT1

gene.

Results—A hot-spotmutation (E545K) of the PIK3CA gene was detected in 1 of the 15 MCNs

and further confirmed by a mutant-enriched method. Interestingly, this mutation was found to be

present only in the high-grade but not in low-grade dysplastic epithelium obtained from this

neoplasm and coexisted with a KRASG12D mutation. No mutations were identified in the AKT1

gene.

Conclusions—Our data, when combined with previous reports on intraductal papillary

mucinous neoplasms, indicate that oncogenic activation of the PI3K pathway involving PIK3CA

gene mutations can contribute to the progression of mucin-producing neoplasms but not pancreatic
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intraepithelial neoplasia. PIK3CA status could be useful for understanding their progression to

malignancy.
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Mucinous cystic neoplasms (MCNs) of the pancreas are rare cystic tumors, characterized by

mucin-producing cuboidal to columnar cells surrounded by ovarian-like stroma.1 The

presence of this ovarian-like stroma is a defining feature that distinguishes MCNs from the

more common intraductal papillary mucinous neoplasm (IPMN). Mucinous cystic

neoplasms constitute approximately 2% of all pancreatic tumors and have distinctive

clinicopathologic characteristics; they occur almost exclusively in perimenopausal women

and almost always arise in the body and the tail of the pancreas. The cysts of MCNs do not

communicate with the pancreatic ductal system. The lining epithelium is mucin producing,

and these lesions resemble mucinous cystic tumors encountered in the ovary and liver.

Noninvasive MCNs are classified as having low-grade dysplasia, intermediate-grade

dysplasia, and high-grade dysplasia based on the degree of cytologic and architectural

atypia.2 Although noninvasive MCNs are curable if completely resected, MCNs can be a

precursor to an invasive carcinoma, and up to one-third of MCNs are associated with an

invasive adenocarcinoma.3 Because of their grossly cystic nature and mucinous cyst content,

early detection is now facilitated by improved radiologic techniques and cyst fluid

examination, including cytology. The increased use of imaging has led to an increased

detection of MCNs and thus to a remarkable increase in the exposure of pathologists to these

lesions and the possibility of studying possible genetic alterations.

Little is known about the molecular mechanisms underlying progression of this neoplasm.4,5

In fact, only 1 cell line derived from pancreatic MCNs has been established to date.6

Reported molecular and genetic alterations in MCN of the pancreas include mutations in

KRAS (V-Ki-ras2, Kirsten rat sarcoma viral oncogene homolog) oncogene7 and DPC4/

SMAD4 (deleted in pancreatic cancer locus 4 protein) gene,8,9 promoter hypermethylation of

p16ink4a/CDKN2A (inhibitor of cyclin-dependent kinase 4/cyclin-dependent kinase inhibitor

2A), and aberrant p53 protein expression.10,11

The PI3K pathway is genetically deregulated in human cancers at various levels. The tumor

suppressor PTEN (phosphatase and tensin homolog), which dephosphorylates PIP3

(phosphatidylinositol (3,4,5)-triphosphate) to PIP2 (phosphatidylinositol 4,5-bisphosphate),

thus antagonizing PI3K activity, is commonly mutated in prostate cancer, endometrial

cancer, and glioblastoma among others.12,13 The amplification of genomic regions

containing AKT1/PKB (V-akt murine thymoma viral oncogene homolog 1) or PIK3CA

(phosphoinositide-3-kinase catalytic subunit, p110α) genes has also been reported.14–16

Recent studies have reported high frequencies of somatic mutations in the PIK3CA gene in

several cancer types, including colorectal, gastric, thyroid, breast, ovary, certain brain

tumors, and head and neck squamous cell carcinoma.17–21 In the study by Samuels et al,22

75% of the mutations found in the PIK3CA gene were clustered within the helical (exon 9)

and catalytic (exon 20) protein domains. Three hot-spot mutations, E542K, E545K (exon 9),
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and H1047R (exon 20), were identified. Moreover, we have previously reported somatic

PIK3CA gene mutations in 4 (11%) of 36 IPMNs.23 The hot-spot mutations detected in the

PIK3CA gene have been shown to elevate the PI3K oncogenic activity via PI3K signaling

pathway, providing transforming properties in vitro and in vivo.24–26 Mutations have also

been described in exons 1, 2, 4, 7, 12, 14, and 18 of the PIK3CA gene but only in a minority

of cases.22,27 Similar to colon tumors, PIK3CA gene mutations are also clustered in exons 9

and 20 in gastric carcinomas.22,28,29

Rare or absent activating somatic mutations in the AKT1 gene have also been recently

described. The E17K mutation in the pelckstrin homology domain of the AKT1 gene can

result in PI3K-independent membrane recruitment of AKT1, mimicking the effects of the

AKT8 murine leukemia retrovirus GAG-AKT fusion protein. The E17K-AKT1 exhibits

transforming activity in vitro and in vivo, although at lower level than the myristoylated

Akt.30,31 The E17K mutation can lead to a constitutive activation of Akt, turning it into a

potential therapeutic target. Thus far, the mutational status of the oncogene AKT1 has not

been evaluated in MCNs.

In this study, we evaluated 15 MCNs for hot-spot mutations in the AKT1 and PIK3CA genes.

MATERIALS AND METHODS

Patients and Tissue Samples

Fifteen surgically resected formalin-fixed and paraffin-embedded MCNs were obtained from

the archival tissue collection of the Johns Hopkins Hospital. The acquisition of the tissue

specimens was approved by the institutional review board and performed in accordance with

Health Insurance Portability and Accountability Act regulations. In detail, these MCNs came

from 15 women with ages ranging from 25 to 71 years (median age, 54.0 years). Mucinous

cystic neoplasm of the pancreas was diagnosed in all patients using standard criteria.2 The

specimens all contained the characteristic ovarian-type stroma, and the cysts did not

communicate with the pancreatic duct system. Seven MCNs had low-grade dysplasia and 8

MCNs presented high-grade dysplasia. Among the 8 patients with high-grade dysplasia, 1

patient had an associated invasive adenocarcinoma, 1 patient had a microscopic focus

invasive adenocarcinoma, and 2 patients had multifocal invasive adenocarcinomas. None of

the patients recurred after follow-up, and only 1 patient developed breast carcinoma after 2

years of follow-up. For more detailed information see Table 1.

Preparation of DNA Extracts

For the study of PIK3CA and AKT1 gene mutations, laser capture microdissection (LCM)

was performed on the 15 MCN cases to ensure the highest possible concentration of

neoplastic cells. Five to ten 5-µm serial sections were microdissected for each case. Paraffin-

embedded tumor samples were deparaffinized by incubating the slides in xylene for 2

minutes and rehydrating in 99.9% ethanol for 2 × 10 minutes, in 96% ethanol for 2 × 10

minutes, and in 70% ethanol for 2 × 10 minutes. Slides were stained with hematoxylin and

eosin (H&E). The regions containing the MCN neoplastic cell populations were

microscopically defined and labeled by the pathologists on our team (Z.C. and R.H.H.). For
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those cases in which high- and low-grade dysplasia were identified in the H&E slides (n =

3), we microdissected these areas separately. Microdissection was carried out using a LCM

microscope (P.A.L.M., Bernried, Germany). Approximately between 10,000 and 14,000

cells were collected into 50 µL of ATL buffer, (Animal Tissue Lysis buffer from QIAamp

DNA Mini Kit; QIAGEN, Valencia, CA). The surrounding non–neoplastic tissue served as a

corresponding normal control for each sample. Cell lysis and DNA extraction were

performed according to manufacturer’s instructions.

Mutational Analysis of PIK3CA Gene

Mutations in exons 9 and 20 of the PIK3CA gene were analyzed by direct genomic

sequencing methods and confirmed by mutant-enriched sequencing method.21 Polymerase

chain reaction (PCR) amplification of genomic DNA (40 ng each) and direct sequencing of

the PCR products were performed using the same primers and conditions as previously

described.21 Briefly, the primers were designed to allow an efficient amplification of

genomic DNA from paraffin-embedded tissues and to avoid the interference of a

homologous pseudogene located on chromosome 22q11.2 in the eye cat syndrome region (in

the case of exon 9).32. All PCR fragments were purified using ExoSAP-IT kit (USB

Scientific, Cleveland, OH) by GENEWIZ (GENEWIZ Inc, South Plainfield, NJ) technical

staff, and sequencing was performed with ABI Prism 3730xl DNA analyzers (Applied

Biosystems, Foster City, CA) using the PCR primers.21 Any alteration detected was further

verified by sequencing of a second PCR product derived independently from the original

template.

Mutational Analysis of AKT1 Gene

The point mutation G > A at nucleotide 49 of the AKT1 gene was analyzed by direct

genomic sequencing. Genomic DNA was amplified with primers designed to amplify

exclusively the hot spot (AKT1-F1 5′-ACATCTGTCCTGGCACAC-3′: AKT1-R1 5′-

GCCAGTGCTTGTTGCTTG-3′30); All PCR fragments were purified using PureLink PCR

purification kit (Invitrogen Life Technologies, Carlsbad, CA), and sequencing was carried

out with ABI 3730xl DNA analyzers by GENEWIZ technical staff.

RESULTS

Mutational Analysis

Mucinous cystic neoplasms were screened for hot-spot point mutations in the AKT1 and

PIK3CA genes using LCM to enrich for neoplastic cellularity and direct genomic

sequencing. No mutations were identified in the AKT1 gene. One of the 15 cases was found

to harbor an E545K (G1633A) mutation in the PIK3CA gene (Fig. 1). Interestingly, this

mutation was found in the area of high-grade dysplasia but was not present in an area of

low-grade dysplasia in the same MCN. Direct reverse sequencing and mutant-enriched

sequencing method of the PIK3CA gene confirmed the E545K (G1633A) mutation

identified (Fig. 1E–F). The mutation is somatic because it was not observed in the normal

tissues from the patient.
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DISCUSSION

In this study, we evaluated a series of 15 well-characterized MCNs for hot-spot mutations in

the PIK3CA and AKT1 genes. We found a somatic E545K mutation in the PIK3CA gene in 1

(6.6%) of the 15 MCNs. This PIK3CA gene mutation was found in an area of high-grade

dysplasia (Fig. 1). The E545K mutation was in exon 9 of the gene and alters the helical

domain of the p110α subunit of the protein.17 This mutation has been shown to confer an

increased lipid kinase activity, leading to the activation of PI3K signaling pathway in the

absence of growth factors25,26 and to induce oncogenic cell transformation of chicken

embryo fibroblasts and NIH 3T3 cells.24,33 It has been described that p110α mutants induce

in vivo angiogenesis and malignant cell growth in chorioallantoic membrane of chicken

embryo and cause hemangiosarcomas in young chickens.24

The frequency of PIK3CA gene mutations has been reported to be 32%in colon cancer, 8%to

40%in breast cancer, 4%to 25% in gastric, 5% to 27% in some brain tumors, 4% to 7% in

ovarian cancer, and 4% in lung cancer.22,29,34,35 None has been reported for conventional

pancreatic ductal adenocarcinoma (PDA) to date. Pancreatic ductal adenocarcinoma arises

from precursor lesions called pancreatic intraepithelial neoplasia (PanIN), which is distinct

from IPMN and MCN. Negative findings in pancreatic cancer cell lines have been reported

in exons 9 and 20 of the PIK3CA gene.22 More recently, Jones et al36 performed a

comprehensive genetic analysis of 24 PDA specimens and did not identify the PI3K

signaling pathway as 1 of the 12 core signaling pathways altered at genomic level in PDA.

Although it remains possible that the PI3K signaling pathway can be dysregulated

epigenetically in PDA indirectly through 1 or more of the 12 core pathways altered in

PDA,36 genetic alteration is not the major molecular mechanism regulating the PI3K

pathway in PDA. We have previously reported PIK3CA gene mutations in 11% of IPMNs of

the pancreas, suggesting that the PIK3CA gene and its pathway may have a role in IPMN but

not in PanIN/PDA tumorigenesis.23 In our previous study, PIK3CA gene mutations were

detected only in IPMN with high-grade dysplasia, with the caveat that most of the cases

examined had high-grade dysplasia.23 In contrast to our results, Kuboki et al37 reported

absence of PIK3CA hot-spot mutations in 33 manually dissected formalin-fixed and

paraffin-embedded MCNs. The negative result might have been due to the high content of

ovarian-type stroma supporting the mucinous epithelium in this type of lesion along with the

relatively low sensitivity of the assay. The detection of these mutations in MCN specimens

might require the use of LCM and/or mutant-enriched techniques.

The fact that PIK3CA gene mutations are present in IPMN and MCN and not in PanIN/PDA

also suggests that although all of these neoplasms share a good deal of molecular alterations,

pancreatic carcinoma associated with MCN and IPMN may arise through a different

molecular pathway from PanIN/PDA. The investigation of activating point mutations in

PIK3CA, AKT, and other cell signaling pathways in pancreatic carcinomas associated with

MCN or IPMN might be instructive to characterize the divergent molecular and histologic

pathways of pancreatic cancer evolution.

There are a number of limitations in the present study. Because of the rarity of these tumors,

the number of samples analyzed here is limited; in addition, we were able to microdissect

Garcia-Carracedo et al. Page 5

Pancreas. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



low- and high-grade dysplasia separately in just 3 of the 8 cases analyzed with high-grade

dysplasia. However, it is remarkable that we identified the PIK3CA gene mutation in an area

of high-grade dysplasia but not in an area of low-grade dysplasia from the same MCN,

suggesting that mutations of the PIK3CA gene could be a rather late event in the transition to

malignancy. This case also carried a KRASG12D mutation in the area of high-grade dysplasia

(Table 1, Supplemental Digital Content 1, http://links.lww.com/MPA/A255 and

Supplementary Material 1, Supplemental Digital Content 2, http://links.lww.com/MPA/

A256). In our set of samples, KRAS mutation was frequently detected in the MCN cases

with high-grade dysplasia (5/7 patients) but was not found in those with no dysplasia. This

might reflect the accumulation of genetic alterations because MCN progress from low- to

high-grade dysplasia.38 The coexistence of PIK3CA and KRAS mutations has been found to

be a frequent event in advanced cancers,39 and it might have clinical implications because

simultaneous activation of PI3K and KRAS pathways can be associated with resistance to

PI3K/AKT/ mTOR inhibitors.40,41 Notably, we have also previously reported coexisting

PIK3CA and KRAS mutations in IPMN samples.42 This finding supports the concept that the

progression from MCN with low-grade dysplasia to MCN associated with invasive

carcinoma is linked to the progressive accumulation of genetic alterations in cancer-related

genes, including KRAS, TP53 (tumor protein p53), p16, and SMAD4/DPC4.8,38

Furthermore, the probable late acquisition of the PIK3CA mutation in tumorigenesis

suggests that the PIK3CA gene and/or its pathway could play a role in tumor progression

and be a drug target for therapies. The feasibilities of these potentials would be worthy of

further explorations to show if the presence of PI3K alterations are prevalent in more

advanced types of MCN lesions. To summarize, this is the first report providing evidence

for the existence of somatic mutations of the PIK3CA gene in MCN despite the limitations

and albeit the low frequency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
PIK3CA E545K mutation was detected in the high-grade dysplasia of a patient with MCN.

Morphology and mutational analysis of the same patient with MCN with 2 grades of

dysplasia detected—low-grade (A, C, and E) and high-grade dysplasia (B, D, and F; H&E,

original magnification ×400). Using the conventional sequencing method, PIK3CA E545K

hot-spot mutation was not detected in the area with low-grade dysplasia (C), but both wild-

type and mutant peaks were observed in the high-grade dysplasia in the same MCN (D;

black arrows). Using a mutant-enriched sequencing method designed specifically for the
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E545K mutation, the results showed the wild-type allele in the low-grade (E) areas and only

the mutant allele in the high-grade (F) areas of the same patient with MCN (black arrow). As

expected, the wild-type allele disappeared from the high-grade sample when the mutant-

enriched sequencing method was applied.
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