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How does intestinal-type intraductal papillary mucinous neoplasm
emerge? CDX2 plays a critical role in the process of intestinal
differentiation and progression
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Abstract

Intestinal-type intraductal papillary mucinous neoplasm (IPMN) of the pancreas is clinicopathologically distinctive. Our research
aimed to elucidate the molecular mechanism of the development and progression of the intestinal-type IPMN. In 60 intestinal-
type IPMN specimens, histological transitions from gastric-type epithelia to intestinal-type epithelia were observed in 48 cases
(80%). CDX2/MUC2/alcian blue triple staining indicated that CDX2 appeared to precede MUC2 expression and subsequent
alcian blue-positive mucin production. Expression of p21 and Ki-67 seemed to be accelerated by CDX2 expression (p = 6.02¢e-13
and p = 3.1e-09, respectively). p21/Ki-67 double staining revealed that p21 was mostly expressed in differentiated cells in the
apex of papillae, while Ki-67 was expressed in proliferative cells in the base of papillae. This clear cellular arrangement seemed to
break down with the progression of atypical grade and development of invasion (p = 0.00197). Intestinal-type IPMNs harbored
frequent GNAS mutations (100%, 25/25) and RNF43 mutations (57%, 8/14) and shared identical GNAS and KRAS mutations
with concurrent gastric-type IPMNs or incipient gastric-type neoplasia (100%, 25/25). RNF43 mutations showed emerging or
being selected in intestinal-type neoplasms along with B-catenin aberration. Activation of protein kinase A and extracellular-
regulated kinase was observed in CDX2-positive intestinal-type neoplasm. These results suggest that gastric-type epithelia that
acquire GNAS mutations together with induction of intrinsic CDX2 expression may evolve with clonal selection and additional
molecular aberrations including RNF43 and B-catenin into intestinal-type IPMNs, which may further progress with complex
villous growth due to disoriented cell cycle regulation, acceleration of atypical grade, and advance to show an invasive

phenotype.
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Introduction

Intraductal papillary mucinous neoplasms of the pancreas
(IPMNs) include several distinct histopathological subtypes,
namely, gastric, intestinal, pancreatobiliary, and oncocytic
[1-3]. These subtypes are characterized by their morphologic
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features and the expression of distinct mucin proteins, which
are known to be relevant to patient prognosis [4]. Intestinal-
type IPMNss are characterized by intestinal-type papillac com-
posed of tall columnar cells with cigar-shaped nuclei and
abundant cytoplasm that is stained with alcian blue.

Cells of intestinal-type IPMNs specifically express mucin 2
(MUC2) in the cytoplasm [5, 6] and caudal-type homeobox 2
(CDX2) in nuclei [7]. MUC2 is a major gel-forming mucin
encoded by the MUC?2 gene, and its expression is prominent
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in the intestinal tract, where it is retained in apical cytoplasm
and secreted into the lumen to serve as a mucosal protective
barrier [5, 8]. CDX2 is encoded by the CDX2 gene, one of the
caudal-related homeobox transcription factor genes and is
well known as a major regulator of intestine-specific gene
expression associated with cell growth and differentiation [9,
10]. CDX2 interacts with the MUC2 promoter and activates
MUC? transcription in the differentiation of the goblet cells in
the intestinal tract [11]. Simply put, CDX2 is the most likely
candidate for a coordinator of the intestinal differentiation in
IPMNS. The intestinal-type IPMNs are often concurrent with
gastric-type IPMNs; therefore, the gastric-type IPMNS are as-
sumed to be the origin of intestinal-type IPMNs. However, the
mechanism of change of the epithelial type from gastric to
intestinal, along with an apparent simultaneous increase of
dysplastic grade from low to high, has not been explained.

In our study, we investigated the associations between
intestinal-type IPMNs and concurrent gastric-type epithelia
by means of detailed immunohistochemical examinations, in-
cluding CDX2/MUC2/alcian blue triple staining and p21/Ki-
67 double staining, and targeted amplicon sequencing in mi-
crodissected tissues for known driver genes for IPMNs, in-
cluding KRAS, GNAS, RNF43, CTNNBI1, TP53, CDKN2A,
and SMAD4 [12], and immunohistochemical analysis of (3-
catenin, p53, pl6, and SMAD4 to elucidate the mechanism
of the development and progression of intestinal-type [PMNs
and to establish the molecular progression model.

Methods
Materials

Formalin-fixed and paraffin-embedded (FFPE) tissue samples
of 60 consecutive intestinal-type IPMNs operated upon at the
Tohoku University Hospital from January 2010 to January
2019 were obtained. Seventy-nine high-grade gastric,
pancreatobiliary, and oncocytic-type IPMNs were also obtain-
ed for validation analysis. This study was approved by the
Institutional Review Board of Tohoku University, Graduated
School of Medicine (#2018-1-752).

Histological evaluation

Intestinal-type IPMNs were characterized by villous papillae
consisting of tall columnar cells with pseudostratified elongat-
ed nuclei and basophilic cytoplasm with variable amounts of
apical mucin. The gastric-type neoplastic component was de-
fined by low papillary to flat epithelium consisting of innoc-
uous cells with basally oriented small round nuclei and abun-
dant pale eosinophilic cytoplasm, reminiscent of the gastric
foveolar epithelium (Fig. 1a—c). Pathological assessment of
the subtypes and grades was conducted by two pathologists
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(Y. Omori and T.F.) according to criteria described previously
[1,2,13].

Immunohistochemical analysis

Protein expression was examined by immunohistochemistry
using the following antibodies on the 60 intestinal-type
IPMNSs: anti-CDX2 (DAK-CDX2, 1:50; DAKO/Agilent,
Santa Clara, CA, USA), anti-MUC2 (CCP58, 1:200; Leica
Biosystems, Nussloch, Germany), anti-MUCS5SAC (CLH2,
1:200; Leica Biosystems), anti-p21 (12D1, 1:100; Cell
Signaling Technologies, Danvers, MA, USA), anti-Ki-67
(MIB-1, 1:100; DAKO/Agilent), anti-MutL Protein
Homolog 1 (MLHI1) (ES05, ready-to-use; DAKO/Agilent)
as primary antibodies, and Histofine Simple Stain MAX-PO
(Nichirei Biosciences, Tokyo, Japan) as a secondary antibody.
Triple staining for CDX2, MUC2, and alcian blue was carried
out on the 60 intestinal-type IPMNs and double immunostain-
ing for p21 and Ki-67 was carried out on 43 intestinal-type
IPMN:S as described in the supplemental method. Protein ex-
pressions using the following antibodies: anti-(3-catenin (14,
1:500; BD Transduction Laboratories, Lexington, K, USA),
anti-p53 (DO-7, 1:100; DAKO/Agilent), anti-pl6 (E6H4,
ready-to-use; Roche, Heidelberg, Germany), and anti-Sma
and Mad homolog 4 (SMAD4) (B-8, 1:100; Santa Cruz
Biotech, Santa Cruz, CA, USA), anti-phospho-(Ser/Thr)
cAMP-dependent protein kinase (PKA) substrate (#9621,
1:200; Cell Signaling Technologies), and anti-phospho-
extracellular-regulated kinase 1/2 (ERK1/2) (D13.14.4E,
1:100; Cell Signaling Technologies) were assessed in 25
IPMNS subjected for mutation analysis.

Each CDX2 and MUC?2 in a single immunostaining was
quantitatively scored on the percentage of immunoreactivity
in the neoplastic cells and classified as less than 5%, 5-50%,
51-90%, and more than 90%. Labeling indices of Ki-67 and
p21 were counted manually. The distribution and association
of the CDX2, MUC?2, and alcian blue triad, and the p21 and
Ki-67 dyad were analyzed in accordance with tumor grades
and change in epithelial morphologic types. The nuclear and
cytoplasmic stain of 3-catenin, overexpression and complete
loss of expression of p53, loss of expression of p16, loss and
reduced expression of SMAD4, and loss of expression of
MLHI1 were assessed as aberrant. Histo-score of phospho-
PKA substrate and labeling index of phospho-ERK1/2 was
assessed in accordance with epithelial type.

Mutation analysis

FFPE tissue samples were sectioned at 12-um thickness, and
the intestinal-type and the gastric-type neoplastic components
were separately microdissected with help of immunostaining
(Supplementary Fig. S1). Neoplastic cellularity in each sam-
ple was estimated at more than 80%. Genomic DNA was
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Fig. 1 Mucins and CDX2 expression in intestinal-type intraductal papil-
lary mucinous neoplasm. Intestinal-type intraductal papillary mucinous
neoplasm (IPMN) concurrent with gastric-type component (a—¢, hema-
toxylin and eosin staining, the intestinal-type component is shown in
upper left of a and b, and the gastric-type component is shown in lower

extracted using GeneRead DNA FFPE Kit (Qiagen, Hilden,
Germany). Mutations in codons 12, 13, and 61 of KRAS and
codon 201 of GNAS were analyzed in 25 IPMNs, of which 14
by targeted amplicon sequencing using lon S5 System
(Thermo Fisher Scientific, Waltham, MA, USA) and 11 using
digital PCR (QX200 Droplet Digital PCR System; Bio-Rad,
Hercules, CA, USA), as previously described [14]. Mutations
of RNF43, CTNNBI1, TP53, CDKN2A, and SMAD4 were an-
alyzed in 14 IPMNs by targeted amplicon sequencing using
the custom panel covering the whole exon regions, as previ-
ously described [14].

Statistical analysis

Categorical variables were assessed using Fisher’s exact test.
Continuous variables were assessed using the paired 7 test and
one-way ANOVA. The correlation was evaluated by the
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part of a and ¢). Intestinal-type IPMNs had alcian blue-positive mucin (d,
alcian blue and periodic acid-Schiff’s stain, and e, alcian blue stain), while
the entire IPMN had periodic acid-Schiff-positive mucin (f). Intestinal-
type IPMNs expressed CDX2 (g) and MUC2 (h), while the entire [IPMN
expressed MUCSAC (i)

Pearson correlation coefficient. p values < 0.05 were consid-
ered statistically significant. Statistical analysis was performed
using R (version 3.3.2; The R Foundation).

Results

Association of intestinal-type IPMNs and concurrent
gastric-type neoplasms

We studied 60 cases of intestinal-type IPMNS, including those
with low-grade dysplasia (n=4), high-grade dysplasia (n=
42), and an associated invasive colloid carcinoma (n = 14).
Most of these intestinal-type IPMNs contained low-grade gas-
tric-type neoplastic components.

Histologically, there were visible transitions from gastric-
type neoplastic components to intestinal-type components in
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80% (n =48) of the examined cases (Fig. 2). During the tran-
sition, intestinal features appeared to emerge gradually in
gastric-type neoplastic components of IPMNs (n =30,
50.0%) or minute PanIN-like lesions (n=18, 30.0%)
(Supplementary Fig. S2). Goblet cell metaplasia was observed
in concurrent gastric-type [IPMNs prominently in 33.3% (n =
10), slightly in 23.3% (n ="7), and not at all in 44.3% (n = 13).
In contrast, the goblet cell metaplasia was rarely observed in
concurrent minute PanIN-like lesions.

We evaluated the frequency of cells expressing CDX2,
MUC2, and/or alcian blue-positive mucin. IPMNs basically
express periodic acid-Schiff-positive mucin and MUCSAC,
while typical intestinal-type IPMNs express alcian blue-
positive cytoplasmic mucin, CDX2, and MUC2 (Fig. 1). In
95% (n=57), CDX2 expression was observed in over 90% of
neoplastic cells, and the intensity and abundance of CDX2
expression were slightly higher than those of MUC2. The

Fig. 2 Intestinal features emerged
gradually in gastric-type IPMNs.
HE staining (a, ¢, and e) and triple
staining for CDX2 (nuclear
brown staining), MUC2 (cyto-
plasmic red staining), and alcian
blue (b, d, and f) of intestinal-type
intraductal papillary mucinous
neoplasm with gastric-type com-
ponent. CDX2 appeared to ex-
press in gastric-type cuboidal ep-
ithelium with round nuclei (white
arrow head) prior to MUC2 ex-
pression (gray arrow head, e and
). MUC2-positive neoplastic
cells showed nuclear elongation,
high-columnar epithelia, and nu-
clear stratification (gray arrow-
head to black arrowhead, e and f).
Cytoplasmic alcian blue-positive
mucin and papillary growth be-
came prominent as MUC2 ex-
pression increased (a—d)
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amount of alcian blue-positive mucin production varied
(Supplementary Fig. S3).

We performed triple staining for CDX2, MUC2, and alcian
blue to visualize in detail the associations between those fea-
tures so as to estimate the timing of the intestinal phenotype
emergence (Supplementary Fig. S4). The results revealed that
CDX2 expression appeared to precede MUC2 expression and
morphological changes into intestinal-type neoplasms from
gastric-type epithelia (Figs. 2 and 3). In detail, CDX2 expres-
sion was observed in gastric-type cuboidal cells with round
nuclei without MUC2 expression (Figs. 2e, f and 3d, 1). In
adjacent cells showing features typical for morphological tran-
sition into intestinal-type cells, such as nuclear elongation,
high-columnar epithelia, and nuclear stratification, MUC2 ex-
pression became obvious (Figs. 2e, f and 3e, m). In further
continuous cells, cytoplasmic alcian blue-positive mucin and
papillary growth seemed to become prominent as MUC2
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Fig. 3 Intestinal features emerged gradually in PanIN-like gastric-type
epithelium. HE staining (a, c—f), triple staining for CDX2 (nuclear brown
staining), MUC2 (cytoplasmic red staining), and alcian blue (b, k—n), and
MUCSAC immunostaining (g—j). CDX2 appeared to express in the
gastric-type cuboidal epithelium with round nuclei (d, h, and 1) without
MUC2 expression (I). MUC2-positive neoplastic cells showed nuclear
elongation, high-columnar epithelia, and nuclear stratification (e and
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m). Cytoplasmic alcian blue-positive mucin and papillary growth become
prominent as MUC2 expression increased (f and n). The results of muta-
tion analysis on TU 114 IPMN are shown (0). KRAS G12V and GNAS
R201C were detected in all stages of tumor development, from gastric-
type PanIN-like lesions without CDX2 expression to intestinal-type
IPMNs with papillary growth. The variant allele frequencies escalated
with tumor maturation
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expression increased (Fig. 2a—d and 3f, n). One or more tran-
sition sites were observed in the analyzed section. The transi-
tions showed gastric-type epithelia in flat shape connected to
intestinal-type epithelia in flat or low papillary shape, even in
the case with marked papillary growth of intestinal neoplasm.
In the case of an IPMN with prominent goblet metaplasia, the
triple staining led to the same results: CDX2 expression ap-
peared to precede MUC?2 expression and the subsequent emer-
gence of alcian blue-positive mucin (Supplementary Fig. S5).

Expression patterns of p21 and Ki-67
in intestinal-type IPMNs

Next, we evaluated the associations of the expression of p21, a
cell cycle arrest protein, and Ki-67, a cell proliferation marker,
with the subtypes and neoplastic grades. Both seemed to be
accelerated by CDX2 expression as follows (Fig. 4a, b, e, ):
the labeling index of p21 was 10.0+9.7% in gastric-type
IPMN components (z=20) and 51.7+20.4% in intestinal-
type IPMN components (n =54, p=6.02e-13). The labeling
index of Ki-67 was 3.3 £2.4% in gastric-type IPMN compo-
nents and 29.5+ 17.2% in intestinal-type IPMN components
(p=3.1e-09). This phenomenon seemed specific for
intestinal-type IPMNs, compared with IPMNs of high-grade
gastric, oncocytic, and pancreatobiliary subtypes
(Supplementary Fig. S6).

We performed double immunostaining for p21 and Ki-67
to visualize the associations of cells with those markers simul-
taneously and found that p21-positive cells tended to distrib-
ute in the apex, while Ki-67-positive cells did so in the base of
papillae, which resembles their distribution in the normal in-
testinal mucosa (Fig. 4b, f, and inset). This organizational
trend seemed to break down with the progression of grade
and occurrence of invasion (Fig. 4c, d, g, h). p21 labeling
indices of low-grade intestinal-type IPMNs (60.6 +22.1%),
n=17) were higher than those of high-grade IPMNs with a
statistical trend (47.2+18.2%, n =36, p=0.05002) or those
of invasive cancers with statistical significance (16.3 £9.5%,
n =06, p=3.0e-06). Moreover, Ki-67 labeling indices of low-
grade intestinal IPMNs (13.6 £9.4%) were lower than those
of high-grade IPMNs with statistical significance (37.4 =
14.5%, p = 5.6e-09). However, there was no statistical signif-
icance observed regarding the above in invasive cancers (25.0
+17.6%, p=0.262). Labeling index of p21 tended to be
higher than that of Ki-67 in intestinal-type IPMNs with low-
grade dysplasia (Fig. 4f, j), but this trend was reversed with
malignant progression to high-grade and invasive cancer
(Fig. 4g-1). The Ki-67/p21 labeling index ratio increased with
the malignant progression with statistical significance (Fig. 41,
low-grade intestinal IPMN, 0.23 £0.19, high-grade intestinal-
type IPMN, 1.13 +1.07, invasive cancer, 1.53+1.13, one-
way ANOVA, p=0.00197, paired ¢ test, low-grade
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intestinal-type IPMN versus high-grade intestinal-type
IPMN, p =0.005, and versus invasive cancer, p =0.013).

Mutation analysis of KRAS and GNAS
in intestinal-type IPMNs

We further examined the mutations of KRAS and GNAS in
microdissected neoplastic lesions. All the intestinal-type
IPMNs concurrent with gastric-type IPMNs (n = 18) or incip-
ient PanIN-like lesions (n =7) shared identical KRAS and
GNAS profiles with the gastric-type epithelia
(Supplementary Tables S1 and S2). Intestinal-type IPMNs
seemed to arise from gastric-type IPMNs with both KRAS
and GNAS mutations (n = 14, 78%) or those with GNAS mu-
tations only (7 =4, 22%). Furthermore, intestinal-type IPMNs
seemed to arise from PanIN-like lesions, namely incipient
IPMNSs, with both KRAS and GNAS mutations (n =4, 57%),
and those with GNAS mutations only (n =3, 43%). In fact, all
the 25 intestinal-type IPMNs analyzed harbored GNAS
mutations.

We evaluated the variant allele frequencies (VAFs) of mu-
tant GNAS and KRAS under estimation of the same neoplastic
cellularity, more than 80%, in the examined microdissected
tissues. VAFs of GNAS and KRAS increased with the transi-
tion from gastric-type IPMNs into intestinal-type IPMNs as
follows: VAFs of GNAS in gastric-type IPMNs and intestinal-
type IPMNs were 20.8 £ 15.3% and 40.2 £ 18.4% (n=18,p =
0.00156, Supplementary Table S1 and Supplementary Fig.
S7B), respectively. VAFs of KRAS in gastric-type IPMNs
and intestinal-type IPMNs were 23.1+12.1% and 33.8 +
12.4% (n=14, p=0.0284, Supplementary Table S1 and
Supplementary Fig. S7A), respectively. Greater than or equal

Fig. 4 Expression pattern of p21 and Ki-67 in intestinal IPMNs. HE P>
staining and double immunostaining for p21 (nuclear red staining) and
Ki-67 (nuclear green staining) in intestinal-type intraductal papillary mu-
cinous neoplasms: low-grade dysplasia (b and f), high-grade dysplasia (¢
and g), invasive carcinoma (d and h), and a concurrent gastric-type com-
ponent (a and e). Expression of p21 and Ki-67 seemed to be accelerated
by CDX2 expression (e versus f or g). p21-positive cells mostly distribute
in the apex, while Ki-67-positive cells do so in the base of papillae (f),
which resembles normal intestinal mucosa (f, inset). Ki-67/p21 labeling
index ratio (i) increased with malignant progression (one-way ANOVA,
p=0.00197, paired ¢ test, low-grade intestinal-type IPMN versus high-
grade intestinal-type IPMN, *p =0.005, and versus invasive cancer,
**p=0.013). Scatter plots are showing the distribution of p21 and Ki-
67 labeling index according to tumor grades (j, k, and ). Labeling index
of p21 tended to be higher than that of Ki-67 in intestinal-type IPMNs
with low-grade dysplasia, but this trend was reversed with malignant
progression. Phospho-PKA substrate Histo-score (m) increased in
intestinal-type IPMNs (paired 7 test, p = 4.11e-06). Phospho-ERK1/2 la-
beling index (n) increased in intestinal-type IPMNs (paired ¢ test, p =
0.00291). Scatter plot shows relationship of phospho-PKA substrate
and phospho-ERK1/2 (r=0.166, 95% CI —0.254-0.534, p=0.437).
LG, low-grade dysplasia; HG, high-grade dysplasia; INV, invasive cancer
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to 2.0-fold increase of VAFs was observed in 9 IPMNs for
GNAS (2.2-60.7-fold increase) and 5 IPMNs for KRAS (2.0—
3.4-fold increase). Some intestinal-type IPMNs seemed to har-
bor GNAS mutations with loss of heterozygosity or

amplification because their VAFs were over 50%. Moreover,
VAFs of GNAS and KRAS escalated during the transition from
gastric-type incipient IPMN foci (7.5 +6.9% and 3.5 +3.7%)
to mature intestinal-type IPMNs with papillary growth (47.1
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+16.1% and 42.8 £ 13.0%, n="7 and n=3, p=0.000102 and
p=0.0702, respectively, Supplementary Table S2 and
Fig. 30).

Mutation and immunohistochemical analysis
of tumor suppressor molecules in intestinal-type
IPMNs

We examined mutations of RNF43, CTNNBI, TP53,
CDKNZ2A, and SMAD4 by means of targeted amplicon se-
quencing in 14 intestinal-type IPMNs and protein expressions
of (-catenin, p53, pl6, and SMAD4 in 25 [IPMNs. RNF43
mutations were frequently observed, i.e., 9 (64%) of the 14
cases harbored mutations (Supplementary Table S1). Among
them, 10 mutations including 2 compound mutations were
found in 8 of 14 intestinal-type components (57%), in which
5 mutations were newly emerged in the intestinal-type com-
ponents compared with concurrent gastric-type components.
Moreover, the remaining 5 mutations showed increasing of
VAF in intestinal-type components compared with concurrent
gastric-type components. All nonsense and missense RNF43
mutations were considered pathogenic based on COSMIC
(https://cancer.sanger.ac.uk/cosmic), ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar/), and/or SIFT/PROVEAN (http:/
provean.jcvi.org/).

Four TP53 mutations were detected in 3 of the 14
intestinal-type IPMNs (21%) and 1 CDKNZ2A splice site mu-
tation in 1 intestinal-type IPMNSs (7%), and none was detected
in concurrent gastric-type components. RNF43 mutation was
not detected in those 4 IPMNs harboring 7P53 or CDKN2A
mutations. No CTNNBI and SMAD4 mutation was detected in
our cohort. Aberrant protein expression of (3-catenin, p53,
pl16, and SMAD4 was observed in 20 cases (80%), 4 (16%),
12 (48%), and 0 (0%), respectively (Supplementary Table S1
and Table S2).

Mechanism of induction of intrinsic CDX2
in intestinal-type IPMN

We performed immunohistochemical analysis for phospho-
PKA substrate and phospho-ERK1/2 and evaluated their ex-
pression distinguishing the epithelial types in 25 IPMNs.
Histo-score of phospho-PKA substrate was increased in
intestinal-type IPMN (162.54 +77.08) than gastric type
(59.05 £45.08) with statistical significance (p =4.11e-06,
Fig. 4m). The labeling index of phospho-ERK1/2 was in-
creased in intestinal-type IPMN (19.57 +20.04%) than gastric
type (4.25 + 8.92%) with statistical significance (p =0.00291,
Fig. 4n). Expression of phospho-ERK1/2 was frequently ob-
served in the transition site from gastric to intestinal type and
base of papillae. Expression of phospho-PKA substrate and
phospho-ERK1/2 seemed to gradually increase with CDX2
expression in some IPMNs (Supplementary Fig. S8), though
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the correlation between phospho-PKA substrate and phospho-
ERK1/2 was not evident in this cohort (r=0.166, 95% CI —
0.254-0.534, p =0.437, Fig. 40).

Expression of MLH1 was retained in all 60 [IPMNs and
microsatellite instability did not seem to be related with emer-
gence of intestinal-type IPMN.

Discussion

Tumorigenesis of IPMN is supposed to be initiated by gastric
metaplasia-like change of pancreatic duct cells, which is indi-
cated by common appearance of gastric foveolar features and
MUCSAC expression in low-grade small [IPMNs. Subsequent
acquirement of intestinal features might be the diverging point
in the development of intestinal-type IPMNs. Most of the
intestinal IPMNs in our cohort involved the main duct and
branch ducts. Most of the gastric-type components that
showed transition resided in branch ducts. Besides, gastric-
type IPMNs are known to involve preferentially branch ducts
[4]. These observations suggest that intestinal-type IPMN
may emerge from branch ducts and progress into the main
duct. Previously, the appearance of CDX2-positive neoplastic
cells in IPMNs coincided with that of MUC2-positive neo-
plastic cells was revealed by double immunostaining [15].
Our observation of CDX2 expression in gastric-type cells
without obvious intestinal phenotypes strongly suggests that
CDX2 may precede MUC2 expression and maturation of in-
testinal features, such as secretion of alcian blue-positive mu-
cin in the neoplastic cells. We also observed that intestinal
morphological features became obvious with MUC2 expres-
sion and that cytoplasmic mucin and papillary growth ap-
peared more prominent as MUC2 expression increased.
These results suggest that CDX2 may drive the characteristic
biochemical and morphological transition of the gastric-type
neoplastic component into the intestinal-type neoplastic com-
ponent while promoting the expression of MUC2.

We also observed that CDX2 seemed to accelerate the ex-
pression of both p21 and Ki-67 in intestinal-type IPMNs.
Interestingly, it has been reported that p21 is a transcriptional
target of CDX2, a likely reason for the acceleration of p21
expression in the intestinal-type IPMNs [16]. On the other
hand, the obvious increase of Ki-67-positive cell count sug-
gests that CDX2 may induce some proliferation-promoting
molecules in the intestinal-type IPMNs [10]. In our study,
double immunostaining for p21 and Ki-67 revealed that the
distribution of cells with p21 or Ki-67 in low-grade intestinal-
type IPMNs was reminiscent of that in normal intestinal mu-
cosa and colorectal serrated adenoma [17, 18], where the p21-
positive cells resided mostly in the apex of papillae, an as-
sumed differentiation zone, while the Ki-67-positive cells
did so mostly in the base of papillae, an assumed proliferative
zone. This suggests that the regulation mechanism of
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Fig. 5 Histologic and molecular Gastric type morphology
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proliferation and differentiation for intestinal crypts may also
be at work in the intestinal-type IPMNSs, and this apparent
regulation mechanism seems specific for the intestinal-type
IPMNs compared with [IPMNs of other subtypes. Hence,
intestinal-type IPMNs may have a unique adenomatous phase
with low-grade dysplasia, in which the balance of differentia-
tion in p21-positive cells, and proliferation in Ki-67-positive
cells, is regulated.

Furthermore, this regulated trend seemed to break down
with the progression of grade and development of invasion,
which is also observed in the process of colorectal tumorigen-
esis [18, 19]. RNF43 is an E3 ubiquitin ligase that acts as a
WNT inhibitor by targeting WNT receptors for degradation.
RNF43 is mutated and may play as a regulator of the DNA
damage response in the sessile serrated neoplasia pathway of
the colon, familial, and sporadic [20, 21]. RNF43 mutations
are found in 23% of IPMNs [22]. In our cohort, 10 RNF43
mutations including 4 nonsense mutations, 3 missense muta-
tions, and 3 frameshift mutations were detected in 8 (57%) of
14 intestinal-type IPMNs. Most of these RNF43 mutations
were observed as intestinal-type specific emergence or accom-
panied by increase of VAF in existing mutations that were
presumably due to loss of wild-type allele. These mutation
phenotypes suggest that loss of function mutations in
RNF43 may also play a driver role for the progression of the

Regulated cell growth

Disruption of the balance

gastric-type neoplasm into the intestinal-type neoplasm. The
aberrant expression of [3-catenin was observed in 80% of in-
testinal IPMNs with or without RNF43 mutation. Moreover,
in the 14 intestinal-type IPMNs, 4 7P53 missense mutations
were observed in 3 (21%) cases, | CDKN2A splice site muta-
tion was observed in 1 case (7%), and aberrant protein expres-
sions of p53 and p16 were observed in 16% and 48%, respec-
tively (Supplementary Table S1 and Table S2). Hence, aber-
rations of the WNT signaling pathway by alteration of RNF43
and other signaling molecules or those of cell cycle check-
points and apoptosis by 7P53 and CDKN2A alterations may
play an important role in dysregulation of p21 and Ki-67 ex-
pression and malignant progression in intestinal-type [IPMNs.
Intestinal-type IPMNs of the pancreas seemed to pursue
intestinal-type tumorigenesis that involves aberrations of mul-
tiple signaling pathways [23, 24].

In our study, all of the 25 examined intestinal-type IPMNs
remained genetically the same as the GNAS mutant gastric-
type epithelium, regardless of grossly evident IPMNs or in-
cipient lesions in size (Supplementary Table S1 and Table S2).
Activating GNAS mutations are suggested crucial in
intestinal-type IPMNs. However, at least in genetically
engineered mouse models, the presence of GNAS mutation
alone does not seem to induce the emergence of intestinal
features [25-27]. RNF43 mutations are significantly
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associated with GNAS mutations in IPMNs and are more fre-
quently detected in intestinal-type IPMNs than non-intestinal
types, even though statistically not significant [28]. We re-
vealed that PK A substrate and ERK1/2 were activated in some
intestinal-type IPMNs. The GNAS gene encodes the Gsx pro-
tein. The activated Gsoc transmits a stimulating signal to an
effector, adenylyl cyclase, which produces cyclic adenosine
monophosphate (cAMP). cAMP binds to cAMP-dependent
protein kinase A, thereby activating protein kinase A and the
downstream signaling cascades, including ERK1/2 [29-31].
Intrinsic CDX2 might be induced by activation of the PKA/
ERK axis in GNAS mutant intestinal [PMNs.

Among the morphologically and immunohistochemically
similar neoplastic cells of low grade, only a portion of the cells
seemed to harbor GNAS and KRAS mutations according to
their variant allele frequencies (Supplementary Tables S1
and S2). The number of cells with mutation seemed to in-
crease along with the phenotypic change from gastric to intes-
tinal, reaching nearly hundred percent in high-grade neoplasia
(Fig. 30 and Supplementary Fig. S7). The increase ratio
exceeded 2.0-fold in several cases, and some intestinal-type
IPMNs seemed to harbor GNAS mutations with loss of het-
erozygosity or amplification, as their VAFs were over 50%.
These results suggest a clonal selection of cells with mutations
during the progression from low-grade gastric-type neoplasms
to high-grade intestinal-type neoplasms.

Based on the results of our study, we propose a model for
the progression of gastric-type IPMNs into intestinal-type
IPMNs with emphasis on the timing of acquisition of intesti-
nal features apparently driven by CDX2, the clonal evolution
of GNAS mutant cells, acquisition and selection of RNF43
mutations, and the breakdown of cell cycle regulation during
the maturation of intestinal phenotype, progression of dysplas-
tic grade, and development of invasion (Fig. 5). Mutant GNAS
may induce CDX2 expression in conjunction with some other
molecules, e.g., RNF43 and activation of PKA and ERK1/2,
that might depend on certain yet unknown microenvironmen-
tal factors. How CDX2 is induced in GNAS mutant gastric-
type neoplasms remains a significant question for future
research.
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