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Abstract

Background Mutations in GNAS drive pancreatic tumori-

genesis and frequently occur in intraductal papillary

mucinous neoplasm (IPMN); however, their value as a

therapeutic target is yet to be determined. This study aimed

at evaluating the involvement of mutant GNAS in tumor

aggressiveness in established pancreatic cancer.

Methods CRISPR/Cas9-mediated GNAS R201H silencing

was performed using human primary IPMN-associated

pancreatic cancer cells. The role of oncogenic GNAS in

tumor maintenance was evaluated by conducting cell

culture and xenograft experiments, and western blotting

and transcriptome analyses were performed to uncover

GNAS-driven signatures.

Results Xenografts of GNAS wild-type cells were charac-

terized by a higher Ki-67 labeling index relative to GNAS-

mutant cells. Phenotypic alterations in the GNAS wild-type

tumors resulted in a significant reduction in mucin pro-

duction accompanied by solid with massive stromal com-

ponents. Transcriptional profiling suggested an apparent

conflict of mutant GNAS with KRAS signaling. A signifi-

cantly higher Notch intercellular domain (NICD) was

observed in the nuclear fraction of GNAS wild-type cells.

Meanwhile, inhibition of protein kinase A (PKA) induced

NICD in GNAS-mutant IPMN cells, suggesting that

NOTCH signaling is negatively regulated by the GNAS-

PKA pathway. GNAS wild-type cells were characterized by

a significant invasive property relative to GNAS-mutant

cells, which was mediated through the NOTCH regulatory

pathway.

Conclusions Oncogenic GNAS induces mucin production,

not only via MUC2 but also via MUC5AC/B, which may

enlarge cystic lesions in the pancreas. The mutation may

also limit tumor aggressiveness by attenuating NOTCH

signaling; therefore, such tumor-suppressing effects must

be considered when therapeutically inhibiting the GNAS

pathway.
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Introduction

Pancreatic ductal adenocarcinoma, one of the most lethal

cancers in the world [1, 2], is associated with two main

types of morphologically distinct precursors: pancreatic

intraepithelial neoplasia (PanIN) and intraductal papillary

mucinous neoplasm (IPMN) [3, 4]. KRAS is a ubiquitous

genetic alteration leading to these precursors, whereas

mutations in GNAS are unique to IPMN [5, 6]. The GNAS

gene encodes the stimulatory G-protein alpha-subunit

G(s)a of heterotrimeric G-protein-coupled receptor sig-

naling. Ligand stimulation induces adenylyl cyclase, gen-

erating the second messenger cAMP, which is a protein

kinase A (PKA) activator. In many tissues, GNAS–cAMP

signaling maintains quiescence and cellular differentiation

[7–9], and approximately 41–75% of human IPMN exhi-

bits recurrent gain-of-function mutations in the pathway

[10, 11]. Histologically, oncogenic GNAS is closely related

to intraluminal mucin production and papillary growth and

is more significantly associated with intestinal-type IPMN,

which is characterized by MUC2 expression, relative to

other epithelial types [12].

GNAS is mutationally activated in multiple tumor types,

such as villous adenoma of the colorectum [13], a subgroup

of inflammatory liver tumors [14], and mucinous and non-

mucinous lung adenocarcinomas [15], and the oncogenic

mechanisms can be diverse. Genetically engineered mouse

models in the context of mutant KRAS suggested crosstalk

among driver mutations during pancreatic tumorigenesis,

and induction of mutant GNAS alone in mouse pancreas

could initiate tumorigenesis, and the process can be sig-

nificantly accelerated in the presence of mutant KRAS

[16–18]. GNAS-PKA signaling also exhibits a tissue-

specific tumor suppressor function by blocking the GLI and

YAP oncogenic transcriptional regulators [19, 20]. In

addition, in colorectal tumorigenesis, the oncogenic role of

GNAS is crucial in certain phases of tumor development

and may no longer be required once the biological

advantage gained by the other genetic and epigenetic

alterations compensates for tumor maintenance [21].

Therefore, it is essential to determine the downstream

program during GNAS-mediated tumorigenesis and

understand this dichotomy between ‘‘oncogenic’’ and ‘‘tu-

mor-suppressive’’ functions in established tumors.

Despite the accumulating evidence on the oncogenic

role of GNAS brought by integrated pathological analysis

in combination with mutation profiling using resected

specimens [22–24], the details of the molecular mecha-

nisms associated with the emergence of IPMN and tumor

progression in humans have not been fully elucidated

owing to the scarcity of human IPMN-derived cell lines

[18, 25]. Such knowledge is vital to characterizing the

tumor biology related to the GNAS pathway and devel-

oping novel diagnostic tests that may capitalize on these

data. Here, we aim to understand the role of oncogenic

GNAS mutations in tumor maintenance. Utilizing human

cells from IPMN and Cas9-mediated genome editing of

mutant GNAS allele into wild type will allow us to assess

the detailed signaling pathways interacting with the

canonical KRAS-driven signaling.

Methods

Human IPMN cells and tissue

We utilized 950-5-BLK cells harboring heterozygous

KRAS G12V and GNAS R201H mutations [18]. For

monolayer culture, cells were grown in Gibco DMEM/F-12

(Dulbecco’s modified Eagle’s medium/Ham’s F-12 Nutri-

ent Mixture, #11330057, Thermo Fisher Scientific, Wal-

tham, MA, USA) supplemented with 10% fetal bovine

serum (Biosera, Nuaille, France) and 100 U/mL penicillin–

streptomycin (Cat: 168-23191, FUJIFILM Wako Chemi-

cals, Japan) at 37 �C with 5% CO2 and passaged at

70–80% confluence. For three-dimensional (3D)-organoid

growth assays, we utilized Matrigel overlay methods with

the following supplements: 2% bovine serum albumin

(#034-25462, FUJIFILM Wako Chemicals), 1 9 Insulin-

Transferrin-Selenium (ITS-G; #090-06741, FUJIFILM

Wako Chemicals), 10 lM ROCK inhibitor Y-27632 (#030-

24021, FUJIFILM Wako Chemicals), and diluted 2%

Matrigel (#354262, Corning, Tewksbury, MA, USA).

Protein isolation and immunoblotting was carried out

according to previously reported protocols (Supplementary

Methods).

Patient specimens from surgically resected pancreatic

cancer samples were used based on a protocol approved by

the Institutional Review Board (IRB) of Asahikawa Med-

ical University (#17002). Written informed consent was

obtained from all patients prior to enrollment.

Generation of GNAS R201H CRISPR knockout cells

Two distinct sets of oligonucleotides encoding gRNAs

against human GNAS 201H (guide#1 and guide#2) were

cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Ad-

dgene #62988; Table S1 shows sequences) [26]. Single-

strand donor DNA [ssDNA; Integrated DNA Technologies

(IDT)] was utilized to restore the wild-type allele genomic

sequence with a 60 bp 30- and 50-homologous arm

(Fig. S1). The outline of the CRISPR/Cas9-mediated

specific knockout targeting the GNAS R201H allele is

illustrated in Fig. 1a and Supplementary Methods.
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shRNA-mediated knockdown of MUC2 and MUC5B

Knockdown was performed using pLKO-based lentiviral

shRNA vectors designed by the RNAi Consortium

(BROAD Institute), and purchased from Merck KGaA

(Darmstadt, Germany). pLKO.1-GFP was used as a control

(Addgene, #30323). Lentiviruses were produced in 293T

cells using standard protocols with packaging plasmids

(pxPAX2 and pMD2.G) as described previously [18]. The

shRNA targeting sequences are shown in Table S1.

Growth assay and xenograft

We assessed tumor cell phenotypes via monolayer and

organoid cultures, as well as with scratch and invasion

assays (Supplementary Methods). For subcutaneous xeno-

graft studies, 8-week-old female severe combined immune

deficient (SCID) mice (CB17/Icr-Prkdcscid/CrlCrlj; Charles

River Laboratories, Yokohama, Japan) were used.

Gene expression profiling

For RNA-sequencing (RNA-seq) studies, total RNA was

isolated in duplicate from two independent lines grown in

the 3D-culture using the RNeasy mini kit (QIAGEN, Hil-

den, Germany). RNA-seq library preparation and

sequencing were performed using the Ion GeneStudio S5

system (Thermo Fisher Scientific). Gene set enrichment

analysis (GSEA) was used to analyze the enrichment of

functional gene groups [27]. Quantitative reverse tran-

scription-PCR was performed to validate the expression. A

detailed procedure for these experiments is described in the

Supplementary Methods.

Statistical analysis and image processing

In all cases, results are expressed as mean ± standard

deviation. Statistical significance was determined using a

two-tailed Student’s t-test, where a P value\ 0.05 was

considered statistically significant. All statistical calcula-

tions were performed using R (version 3.3.2; The R

Foundation for Statistical Computing) and Prism9

(GraphPad Software). The proliferation index was evalu-

ated using Ki-67 immunohistochemical staining images,

and positive cells were counted using Fiji ImageJ based on

color deconvolution [28].
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GNAS
R201H

GNAS R201H; 
c#1, c#2, c#3

GNAS WT;
g#1, g#2
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Fig. 1 Mutant GNAS-specific

silencing in human IPMN cells.

a Approach to CRISPR/Cas9-

mediated genome editing

targeting GNAS R201H. Two

different single-guide RNAs

(sgRNAs) were utilized (more

details in Fig. S1).

b Immunoblot showing PKA

regulation in IPMN cells as

determined by phosphorylation

of CREB and VASP, VASP

mobility shift (PKA-

phosphorylated VASP), and

using an anti-phospho-PKA

substrate (Subst.)
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Results

Mutant GNAS-specific silencing

To study the tumor maintenance role of oncogenic GNAS,

we generated paired human IPMN cells harboring mutant

and wild-type (WT) GNAS. Due to the lack of pancreatic

cancer cells with mutant GNAS in globally used cell banks,

950–5-BLK, an in-house cellular resource from pancreatic

cancer patient-derived xenografts (PDXs), was used [18].

For Cas9-mediated genome editing, two different guide

RNAs were utilized, and two GNAS-WT cells from 950-5-

BLK cells were established (Fig. 1a, Fig. S1, Table S1). In

addition to Sanger sequencing, a digital PCR assay was

performed to validate the complete silencing of the R201H

allele.

Next, we performed immunoblot analyses to examine

whether specific knockdown of mutant GNAS abrogates the

canonical cAMP-PKA-driven pathway. Lysates from

GNAS-WT IPMN cells exhibited significant downregula-

tion of phosphorylated-substrates of PKA relative to the

GNAS-mutant cells (Fig. 1b). Furthermore, phosphoryla-

tion of vasodilator-stimulated phosphoprotein and cAMP-

responsive element-binding protein, which are downstream

effectors of PKA, was also inhibited by silencing mutant

GNAS, suggesting that the mutation plays an important role

in regulating canonical PKA signaling (Fig. 1b).

Effect of silencing of mutant GNAS on IPMN cell

growth in vitro

We determined whether mutant GNAS provides a growth

advantage in human IPMN cells. An in vitro growth assay

was performed on a monolayer with a complete medium or

3D-organoid culture in serum-free conditions (Fig. 2a). In

contrast to GNAS-mutant cells with a tight margin of the

cell cluster, the cell–cell attachment of GNAS-WT cells

appeared to be weak. The monolayer culture of Cas9-me-

diated GNAS R201H knockout IPMN cells was not

impaired relative to the control GNAS-mutant 950 cells;

instead, both GNAS-WT subclones grew better than the

control cells (Fig. 2b). Furthermore, 3D-culture GNAS-

mutant 950 cells in Matrigel were represented by sub-

stantial bubbles appearing as a cystic component (Fig. 2a).

The majority of GNAS-WT organoids were characterized

by solid lumps and grew more rapidly on day 4 (Fig. 2b).

Mutant GNAS inducing mucin production

and suppressing in vivo growth of IPMN cells

We conducted xenograft experiments to observe the in vivo

phenotypes of human IPMN cells. Similar to the organoid

culture, GNAS-mutant 950 cells established xenografts

with multiple cystic components (Fig. 3a). Scanning elec-

tron microscopy of the tumors showed differences in the

characteristics of the mucinous lumen as hollows, sug-

gesting abundant mucin production. In contrast, GNAS-WT
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Fig. 2 Effect of silencing of mutant GNAS on in vitro growth of

IPMN cells. a Monolayer and organoid cultures established from two

independent GNAS-WT cells (g#1 and g#2) were tested. Scale:

100 lm. b Relative growth of IPMN cells harboring mutant- and WT-

GNAS. Shown is the mean ± SD. P value of a two-tailed unpaired t-
test *P\ 0.05. P value, **P\ 0.01

123

J Gastroenterol



950 cells formed dense solid tumors with massive stromal

components.

The tumor growth rate of GNAS-WT xenografts was

higher than that of GNAS-mutant tumors (P = 0.268,

WT#g1; P = 0.016, WT#g2: Fig. 3a). Immunohistochem-

istry for Ki-67 was performed to evaluate the proliferation

of tumor cells in the xenografts. Consistent with the larger

tumor size and more solid components, GNAS-WT xeno-

grafts were marked by a higher Ki-67-labeling index, albeit

less significant in GNAS-WT#g1 tumors.

Given the hyper-mucin-producing phenotype in GNAS-

mutant tumors, quantitative analyses of genes associated

with mucin synthesis were performed using GNAS-mutant

and GNAS-WT 950 cells. In addition to MUC2, qPCR

assay demonstrated a significant expression of MUC5AC

and MUC5B mRNA in GNAS-mutant cells relative to the

GNAS-WT cells. In contrast, the difference between MUC1

and MUC6 was modest (Fig. 3b). Immunostaining of

patients’ IPMN specimens and PDXs with mutant GNAS

also demonstrated strong MUC5AC/MUC5B expression

despite MUC2 staining (Fig. S4). A larger dataset from the

Cancer Genome Atlas utilizing GNAS-mutant and GNAS-

WT pancreatic cancer tissue specimens also indicated

striking differences in the expression of MUC2 and

MUC5B mRNAs but not in that of MUC1 (Fig. S3).

Mutant GNAS-oriented transcriptome opposing

KRAS signatures

Considering the significance of co-existing driver muta-

tions KRAS and GNAS in human IPMN cells, we specu-

lated about the crosstalk among oncogenes. GSEA was

performed using the RNA-seq dataset from the GNAS-

mutant (c#1, c#2, c#3) and the GNAS-WT cells (g#1, g#2)

(Fig. 4a). Using hallmark gene sets [29], several signifi-

cantly enriched sets were identified in both GNAS-edited

IPMN cells harboring the WT allele relative to the GNAS-

mutant cells (Table 1). Among the robustly upregulated

gene set in GNAS-WT cells, we were interested in ‘‘Hall-

mark KRAS SIGNALING UP’’ because it suggests the
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Fig. 3 Mutant GNAS inducing mucin production and suppressing

in vivo growth of IPMN cells. a Xenograft tumors from GNAS-mutant

(c#1) and GNAS-WT (g#1) isolated 5 weeks after implantation were

analyzed by H&E staining and immunostaining using anti-Ki-67.

Scale: 100 lm. Weekly measurement of xenograft volume was
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antagonistic effects of oncogenic GNAS against KRAS

signaling (Fig. 4a). However, the only gene set enriched in

GNAS-mutant IPMN cells was ‘‘Hallmark KRAS SIG-

NALING DOWN,’’ although the value of FDR was over

25% (Fig. 4a, Table 2; P = 0.000).

Another gene set specifically enriched in GNAS-WT

cells relative to the mutant counterpart was of genes related

to the Myc targets, PI3K/AKT/mTOR signaling, and G2/M

checkpoint, supporting their growth advantage (Table 1a).

Besides these gene sets associated with cell proliferation,

genes related to the epithelial–mesenchymal transition

(EMT) were more closely associated with IPMN cells

harboring WT-GNAS in comparison to the mutant cells

(FDR = 17%), although the difference was not statistically

significant (P = 0.225). We then utilized another gene set

associated with EMT to evaluate whether the silencing of

mutant GNAS affects this signature more precisely

(Fig. 4b, Table S4). The qPCR analysis demonstrated the

robust upregulation of BMP2 and CALD1 mRNA by

silencing mutant GNAS. These results indicate that mutant
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GNAS may partially limit tumor aggressiveness despite the

established tumor-initiating roles (Fig. 4c).

Synergistic and antagonistic effect of mutant GNAS

on the KRAS path

Given the significant oncogenic effects of GNAS R201C/H

in the context of mutant KRAS [16, 18], we evaluated the

crosstalk using protein immunoblot analyses. Significant

phosphorylation of extracellular-signal-regulated kinase

(ERK) and nuclear accumulation of b-catenin were

observed in GNAS-mutant cells relative to GNAS-WT cells,

suggesting synergistic crosstalk between mutant KRAS and

GNAS (Fig. 4d).

Since canonical NOTCH signaling is required for tumor

initiation and progression in KRAS-driven pancreatic car-

cinogenesis [30, 31], we next analyzed the intracellular

domain of the Notch intercellular domain (NICD)

(Fig. 4d). The expression was modest in mutant GNAS

cells, and strong NICD expression was observed in the

GNAS-WT cells. Immunoblot analysis using nuclear pro-

tein demonstrated significantly higher expression in GNAS-

WT cells than in the GNAS-mutant counterpart (Fig. 4d),

and the nuclear expression in GNAS-WT cells was com-

parable to that in pancreatic cancer cell lines harboring WT

GNAS and mutant KRAS (Fig. S5). To evaluate whether the

suppression of NICD expression was mediated through the

GNAS-PKA axis, the effect of PKA inhibition was tested.

Pretreatment of GNAS-mutant IPMN cells with 10 lM

H-89 markedly induced NICD (Fig. 4e) and subsets of

NOTCH targeted HEY family transcripts, HEY1, HEY2,

and HEYL (Fig. 4f), suggesting that NOTCH inhibition by

oncogenic GNAS was PKA-dependent.

To dissect the molecular pathway regulating MUC2 and

MUC5B, the effect of inhibition of these KRAS paths was

tested. SCH772984, a potent and selective ERK inhibitor,

suppressed the expression of MUC2 but not of MUC5B. In

contrast, inhibition of PKA significantly restrained the

expression of not only MUC2 but also of MUC5B, sug-

gesting that MUC5B may be induced independently of the

PKA-ERK axis. In addition, inhibition of NOTCH in

GNAS-WT IPMN cells induced MUC5B (Fig. S6).

Oncogenic GNAS suppresses tumor invasiveness

through attenuating NOTCH signaling

Finally, we evaluated whether oncogenic GNAS may

actively attenuate KRAS-driven aggressive tumor proper-

ties. Scratch wound healing and transwell invasion assays

were performed because some of the EMT-related genes

were downregulated in GNAS-mutant IPMN cells relative

to the GNAS-WT cells (Fig. 5a). There was a reduction in

the scratch size after 6 h in GNAS-WT cells, and the wound

was completely closed at 24 h, whereas the wound closure

Table 2 Gene sets enriched in GNAS-mutant IPMN cells

GS follow link to MSigDB Size ES NES NOM

p-val

FDR

q-val

FWER

p-val

Rank at

max

Leading edge

1 HALLMARK_KRAS_SIGNALING_DN 187 0.4 1.36 0 0.352 0.584 5826 tags = 32%,

list = 28%,

signal = 44%

2 HALLMARK_MYOGENESIS 196 0.25 1.03 0.354 1 0.993 2447 tags = 16%,

list = 12%,

signal = 18%

3 HALLMARK_PROTEIN_SECRETION 95 0.28 0.97 0.479 1 1 5009 tags = 38%,

list = 24%,

signal = 50%

4 HALLMARK_UV_RESPONSE_DN 138 0.29 0.94 0.565 0.956 1 5483 tags = 36%,

list = 26%,

signal = 48%

5 HALLMARK_TGF_BETA_SIGNALING 54 0.28 0.91 0.597 0.845 1 3796 tags = 28%,

list = 18%,

signal = 34%

6 HALLMARK_NOTCH_SIGNALING 32 0.27 0.9 0.755 0.722 1 3798 tags = 28%,

list = 18%,

signal = 34%

7 HALLMARK_UNFOLDED_PROTEIN_RESPONSE 107 0.27 0.82 0.722 0.746 1 4097 tags = 35%,

list = 20%,

signal = 43%
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was incomplete in GNAS-mutant cells. Invasion through

Matrigel demonstrated the aggressive invasive behavior of

the GNAS-WT cells. In contrast, the invasive ability of

GNAS-mutant IPMN cells was much lower and over 80%

suppressed relative to the GNAS-WT counterparts

(Fig. 5b).

We next evaluated the role of MUC2 and MUC5B in

invasiveness. Organoids and xenografts from GNAS-mu-

tant IPMN cells, infected with shMUC5B lentivirus, were

characterized and exhibited significantly less mucin pro-

duction, whereas the shMUC2 and shGFP tumors harbored

abundant levels of mucin (Fig. S2a, b). Meanwhile, no

significant difference was noted in the xenograft size.

Moreover, silencing of MUC2 and MUC5B in GNAS-

mutant IPMN cells did not significantly inhibit cell inva-

sion (Fig. S2c).

Given the significant expression of NICD in GNAS-WT

cells relative to that in the GNAS-mutant cells, we used

SAHM1, which is a synthetic peptide that inhibits the

NOTCH transcription factor complex, to examine whether

the robust invasive property of GNAS-WT cells is mediated

through NICD (Fig. 5d). SAHM1 suppressed the inva-

siveness of GNAS-edited cells and downregulated the

expression of EMT-related genes (BMP2 and CALD1) in

GNAS-mutant cells (Fig. 5e). Therefore, PKA-mediated

blockade of the NOTCH pathway appeared to control

tumor cell invasiveness as well as mucin production.

a

b c

e
d

Fig. 5 Mutant GNAS
suppresses invasiveness via

NOTCH signaling. a, b Scratch

wound healing (a) and

Transwell invasion assay

(b) were performed. Scale:

500 lm (a), 100 lm (b).

*P\ 0.05, **P\ 0.01 vs. c#1.

c, d Effect of an inhibitor of

PKA, H-89 (c), and of NOTCH

transcription factor complex,

SAHM1 (d), on GNAS-mutant

and GNAS-WT cells was

evaluated via invasion assay.

*P\ 0.05. (e) Effect of H-89

on BMP2 and CALD1

expression was evaluated via

qRT-PCR. *P\ 0.05
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Discussion

Activating mutations of GNAS promote cell proliferation

and early tumorigenesis; however, the mechanism by

which this oncogene behaves to confer aggressive tumor

phenotypes remains unclear. In the current study, we

uncovered the novel tumor ‘‘braking’’ role of mutant GNAS

by antagonizing the KRAS-pathway in part by suppressing

NOTCH signaling. This finding is consistent with previous

studies; GNAS can mediate a tissue-specific tumor sup-

pressor function by inactivating the GLI and YAP onco-

genic transcriptional regulators in a PKA-dependent

manner [19, 20]. Moreover, exogenous expression of

mutant GNAS suppresses cell growth in some human

pancreatic cancer cells [32]. Therefore, this oncogene can

inhibit a part of the cancer hallmarks, leading to limited

aggressiveness.

The paradoxical effects of PKA signaling in tumors,

acting as either a tumor suppressor or a promoter in dif-

ferent tumor types [33], may depend on the context of

invasive/metastatic progression. Previous reports have

suggested that PKA can lead to ‘‘mesenchymal-to-epithe-

lial’’ transition and loss of tumor-initiating ability [34].

This effect was mediated through PHF2-dependent epige-

netic reprogramming of tumor cells, resulting in their dif-

ferentiation. Another potential target of PKA, resulting in

the inhibition of tumor aggressiveness, is GLI2; phospho-

rylation by PKA can induce GLI2 processing and degra-

dation [35]. Further epigenetic and proteomic studies are

required to uncover the tumor-suppressing functions gov-

erned by oncogenic GNAS.

We demonstrated that oncogenic GNAS negatively

regulates NOTCH signaling in a PKA-dependent manner;

however, the precise mechanism underlying the inhibitory

pathway remains to be determined. AMPK appears to be

inhibited by PKA, which associates with and phosphory-

lates AMPKa1 at Ser-173 to impede threonine (Thr-172)

phosphorylation, resulting in the inactivation of AMPKa1

during lipolytic signals [36]. NOTCH and its interaction

with ubiquitin ligases have often been shown to be influ-

enced by regulators, such as NUMB, which suppresses

NOTCH signaling by recruiting Itchy E3 ubiquitin-protein

ligase (ITCH) and facilitating the degradation of NICD

[37]. Under hypoxic conditions, AMPK impairs the inter-

action between NICD and ITCH via tyrosine kinase Fyn,

thus stabilizing the cleaved NOTCH by reducing its ubiq-

uitination and degradation in breast cancer cells [38].

Therefore, the PKA-AMPK axis may facilitate NOTCH

degradation through NUMB/ITCH. Furthermore, NUMB is

an essential regulator of acinar cell differentiation and

viability during acinar-to-ductal metaplasia, which results

in PanIN in the context of oncogenic KRAS in mice [39].

However, more in-depth analysis is required to fully

determine the role of PKA in NOTCH in human pancreatic

tumors and how the crosstalk between KRAS and GNAS

may affect the fate of tumor progression.

MUC5AC facilitates migration and invasion by regu-

lating the function of E-cadherin in pancreatic cancer cells

[40]. MUC5B can also promote cell proliferation and

invasion of breast cancer cells when overexpressed [41]. In

contrast, upregulation of another gel-forming mucin,

MUC6, in early lesions associated with pancreatic cancer

can inhibit the invasion of PanIN lesions through the

basement membrane of the pancreatic duct, which slows

the development of infiltrating carcinoma, whereas MUC6

expression is lost later in tumor progression [42]. However,

in the current study, knockdown of MUC2 or MUC5B did

not significantly affect the invasive property of tumor cells

(Fig. S2c). We did not perform a double knockdown of

these gel-forming mucins simultaneously. Nonetheless, a

significant reduction in mucin production in the IPMN

organoid and xenograft was observed upon MUC5B

knockdown. Given the much higher copy number of

MUC5B relative to that of MUC2 (Fig. S3), MUC5B might

be more crucial to the enlargement of the cyst size during

IPMN progression although previous literature demon-

strates that MUC2 plays a critical role in inducing the

histological character associated with the intestinal-type

IPMN [12]. A recent study demonstrated that analysis of

MUC5AC expression in circulating extracellular vesicles is

practical for discriminating high-grade-IPMN from inva-

sive carcinoma associated with IPMN to low-grade-IPMN

and healthy subjects [43]. MUC5B may also be a useful

marker if it can be feasibly detected in serum and pan-

creatic juice.

Our study has several limitations. First, we performed

CRISPR/Cas9-mediated gene editing using a single line of

human IPMN-derived cells harboring a heterozygous

mutation in GNAS R201H. In addition, we used organoid

culture and conditional reprogramming methods combined

with PDXs to generate a panel of primary cell lines derived

from surgical specimens of different grades of IPMN and

associated pancreatic ductal adenocarcinoma [18, 44].

However, a limited number of lines harboring mutant

GNAS could be established, and many of them could not be

well tolerated during the genome editing process. Thus, in

addition to providing essential insights into IPMN biology,

upgrading human cell resources will provide a platform for

further studies to define the molecular features predicting

whether IPMNs have indolent versus aggressive potential.

Second, although RNA-seq data suggest the antagonistic

effect of mutant GNAS on the KRAS path, we identified the

only NOTCH that can be affected differently between the

two oncogenes. Oncogenic GNAS can also accelerate

tumor-promoting pathways, such as MAPK and WNT
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signaling [45, 46]; thus, complex crosstalk may indepen-

dently exhibit tumor phenotypes. More detailed analyses

using a larger number of patient’s cellular resources from

distinct stages of a tumor will be required to fully under-

stand the interactions.

Oncogenic GNAS and its linked signaling circuitry may

represent therapeutic cancer prevention and treatment tar-

gets [47]. However, GTPases remain undruggable because

of the difficulty of displacing high-affinity guanine

nucleotides and the lack of other drug-binding sites. In

addition to these challenges, the results of our study and

previous reports showing the tumor inhibitory role of

GNAS-PKA signaling cause concerns for unconditional

targeting of GNAS as chemotherapy. Given the significant

tumor-initiating role of oncogenic GNAS, specific inhibi-

tion of the GNAS-PKA axis can help prevent tumor initi-

ation and progression [48]. However, similar interventions

may enhance tumor invasion and ultimate metastatic dis-

semination in later stages. A previous study also demon-

strated that agents that elevated cellular cAMP levels and

activated PKA markedly diminished the migration and

Matrigel invasion of human pancreatic cancer cells by

inhibiting RhoA and RhoC activity [49]. Exchange protein

directly activated by cAMP (EPAC) is another intracellular

receptor that mediates the effects of second messenger

cAMP induced by mutant GNAS [50], and EPAC1 has been

represented as a potential target for novel therapeutic

strategies to develop anti-metastasis agents for pancreatic

cancer [51]. Therefore, selective inhibition of downstream

molecules of mutant GNAS, which eliminates deleterious

tumor-promoting, but not tumor-suppressing, effects,

would be an ideal targeted therapy. Considering the

development of several promising compounds targeting

NOTCH intracellular domain [52], combinations with such

inhibitors may be alternatively considered when PKA

signaling needs to be directly targeted to suppress onco-

genic GNAS.

In conclusion, oncogenic GNAS induces unique mucin-

producing properties in pancreatic tumor cells but attenu-

ates their invasiveness. The latter ‘‘tumor-suppressive’’

effect is mediated by blocking NOTCH signaling. Enlarged

cyst size in IPMN of the pancreas due to abundant mucin

production may not always indicate an aggressive tumor,

but somewhat biologically limited aggressiveness.
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