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RNF43 (E3 ubiquitin-protein ligase RNF43 or
RING-type E3 ubiquitin transferase RNF43) and
related ZNRF3 belong to a small set of proteins,
members of Goliath and Godzilla families, which
bear the characteristic sequence of an ubiquitin
ligase and of a transmembrane region.1
RNF43 and ZNRF3 comprise a moderate
sequence conservation of 39% identity between the
two proteins.2
RNF43 functions as a tumour suppressor that
inhibits Wnt/β-catenin signalling by ubiquitinating
Frizzled receptor and targeting it to the lysosomal
pathway for degradation.

RNF43 resembles a type I transmembrane
receptor with an N-terminal region with a signal
peptide and an extracellular domain, followed by a
single membrane spanning region and a C-terminal
region, which includes the intracellular RING-type
E3 ligase domain (figure 2).
The extracellular domain comprises a single globular domain of 150 amino acids. This domain is a
variant of the protease-associated (PA) domain fold,
and it has been identified in various proteases families and in a variety of receptors involved in protein
trafficking both in plants and animals. Several
studies have shown that the PA fold is a putative
protein recognition domain in a distinctive set of
transmembrane ubiquitin ligases, which function in
the endocytic pathway and at the cell surface.1
The extracellular domain appears to be the prime
candidate for a role in the targeting of the Wnt
receptor Frizzled for ubiquitination by interaction
with the N-terminal cysteine-rich domain of Frizzled with Dishevelled as adaptor protein.7
This extracellular domain is also involved in the
removal of RNF43 from the cell surface and consequent increase in Wnt activity.1
The cytoplasmic RING domain of E3 ubiquitin
transferase functions as a protein ubiquitylation and
serves as a mediator bringing the ubiquitin-charged
E2 ubiquitin-conjugating enzyme and the acceptor
protein together to enable the direct transfer of
ubiquitin.8

Structure

Localisation

Abstract
RNF43 (E3 ubiquitin-protein ligase RNF43 or RINGtype E3 ubiquitin transferase RNF43) functions as a
tumor suppressor, by exerting a predominant negative
feedback mechanism in the Wnt/β-catenin signaling
pathway. RNF43 inhibits Wnt/beta-catenin signaling by
ubiquitinating Frizzled receptor and targeting it to the
lysosomal pathway for degradation. Loss of function of
RNF43 results in decrease/lack of degradation of Frizzled
with enhancement of Wnt/β-catenin signaling pathway.
Mutations of RNF43 have been reported in different
cancers. We describe the structure of RNF43, its function
and most frequent mutations in different cancers.

Introduction

The RNF43 gene is highly conserved in vertebrates
(chimpanzee, Rhesus monkey, dog, cow, mouse, rat
and chicken); it is mapped to the long arm of chromosome 17 at position 23.2 (17q23.2). The peptide
sequence of the gene is encoded by 11 exons spanning 60 kb.3
A regulatory region containing two Wnt-responsive elements (WREs) has been identified in intron2
(figure 1). The expression of RNF43 is regulated
by the canonical Wnt/β-catenin pathway through
binding of the WREs with T cell factor 4 (TCF4)/βcatenin complex.4
The protein has two isoforms. Isoform 1 has two
variants: variant 1 represents the longest transcript
and encodes the longer isoform; variant 2 uses an
alternate splice site in its 5′ UTR compared with
variant 1. Both variants 1 and 2 encode the same
protein.5 Isoform 2, variant 3, has multiple differences, compared with variant 1. These differences
result in a distinct 5′ UTR and cause translation
initiation at a downstream start codon, compared
with variant 1. The encoded protein has a shorter
N-terminus, compared with isoform 1.5
The protein consists of 783 amino acids and has
a molecular mass of 90 kD.6

Endogenous RNF43 is found in the nucleus of
human intestinal crypt and colon cancer cells.9
It has been shown to reside in the inner nuclear
membrane, the nuclear periphery and nucleoplasm,10 the endoplasmic reticulum6 and on the
surface cell membrane where it interacts with Frizzled.8 The presence of the signal peptide determines the distribution of RNF43 to the plasma
membrane, while its lack results predominantly in
the cytoplasmic dislocation.8
RNA-seq performed on human tissue samples
showed RNF43 gene expression in several
normal non-neoplastic organs, with high levels
in duodenum, small bowel, colon and prostate
samples11 (figure 3).

Function

RNF43 is associated with the Wnt receptor
complex and inhibits Wnt signalling by promoting
the turnover of Frizzled. Wnt proteins are secreted
glycoprotein ligands, which control cell proliferation, migration, cell fate specification and polarity
formation. The canonical Wnt signalling pathway
regulates gene expression modulating the transcription cofactor β-catenin. Wnt proteins can also
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regulate the β-catenin-independent planar cell polarity pathway.
Frizzled proteins serve as a core receptor of Wnt proteins in both
these pathways. The Wnt proteins interact with different coreceptors to activate downstream signalling pathways. They bind to
coreceptor low-density lipoprotein receptor-related protein 5 or
6 (LRP5/6) in the Wnt/ β-catenin pathway. Several mechanisms
are involved in the regulation of the Wnt pathway and RNF43
adds furthermore control and is itself subject to modulation.1
RNF43 plays a role in mediating the ubiquitination, endocytosis
and subsequent degradation of Wnt receptor complex components
Frizzled. It interacts with the Frizzled family forming a specific
complex with Frizzled and LRP5/6 receptors, mediating ubiquitination of specific lysine residues in the cytoplasmic loops of these
receptors. The ubiquitination results in the removal of Wnt receptors from the cell surface with consequent downregulation of Wnt
signalling (figure 4).
RNF43 can itself be targeted for removal from the cell surface
by interacting with the ligand Respondin, a secreted protein
agonist of the canonical Wnt signalling, and forming a tertiary
complex with leucine-rich repeat containing G protein-coupled receptor 4/5 (LGR4/5), which induces autoubiquitination
and membrane clearance of RNF43, resulting in increased cell
surface level of Frizzled. The removal of RNF43 results in reaccumulation of Wnt at the cell surface with consequent enhancement of Wnt signalling (figure 5).
The PA domain of RNF43 would be involved in the interaction with Respondin.
It has been shown that RNF43 physically interacts with
TCF4 in cells and tethers TCF4 to the nuclear membrane, thus
silencing TCF4 transcriptional activity even in the presence of
constitutively active mutants of β-catenin.9
RNF43 interacts with NEDD-4-like ubiquitin-protein
ligase-1 (NEDL1) and regulates p53-mediated transcription.

Figure 2 Diagram of RNF43 protein. RNF43 protein includes an
extracellular domain with signal peptide (SP) and protease-associated
(PA) domain, a transmembrane domain and an intracellular RING-type
E3 ligase domain (R). Two hot spots mutations are indicated on the
right.
2

Function of RNF43 in cancer

RNF43 affects a prevailing negative feedback mechanism
in the Wnt/β-catenin signalling pathway. Activation of Wnt
pathway results in the expression of RNF43, which turns into
the degradation of Wnt receptors on the cell surface, resulting
in the inactivation of Wnt/β-catenin signalling pathway. In
cancer cells, a possible way to have a permanent activation
of the Wnt/β-catenin signalling pathway is by inactivation of
RNF43 through mutations. Loss of function of RNF43 results
in decrease/lack of degradation of Frizzled with enhancement of
Wnt/β-catenin signalling pathway. Another possible mechanism
of the RNF43-mediated inhibition has been proposed. RNF43
is located on the nuclear membrane and tethers TCF4 to the
nuclear membrane, thus silencing TCF4 transcriptional activity.9
Mutations of RNF43 would release TCF4 allowing acting as a
transcription factor.

RNF43 in serrated colorectal lesions

There have been several recent studies exploring the role of
RNF43 in sessile serrated adenomas (SSA) and traditional
serrated adenomas (TSA).
Yan et al13 explored serrated polyposis families and showed
that 25% of families with this syndrome harboured germline
mutations in RNF43. Somatic mutations, on the other hand,
were noted in 34% of sporadic SSA and TSA. None of the
hyperplastic polyps examined in this study displayed RNF43
mutations. Furthermore, there was a strong association with
RNF43 mutations in MLH-1 methylated microsatellite unstable
colorectal cancers, with 85% of such cases showing RNF43
mutations. In contrast, this dropped to only 33% in the MLH-1
non-methylated cancer cases.13
The study by Tsai et al14 examined RNF43 mutations in both
SSA and TSA. In this study only 2 of 20 (10%) of SSA and 10 of
36 TSA without dysplasia (27.8%) harboured RNF43 mutations.
In addition, 7/36 (19.4%) of TSA with ‘cytological dysplasia’
also showed RNF43 mutations. They also examined a cohort
of BRAF mutated, microsatellite stable colorectal cancers and
found 9 of 31 cases (29%) to be RNF43 mutated.14 By way of
comparison, none of the tubular or tubulovillous adenomas
examined showed any RNF43 mutations. This study concluded
that RNF43 and BRAF mutations were closely associated, while
RNF43 was inversely related to KRAS mutations in TSA with
and without dysplasia.14 They further concluded that RNF43
mutation is an early and specific molecular event in the serrated
pathway, in particular in TSA and BRAF-mutated microsatellite
stable colorectal cancers.14
Using targeted next-generation sequencing, Hashimoto
and colleagues15 examined SSA with (46 cases) and without
dysplasia (45 cases). A striking disparity was found: in SSA with
dysplasia RNF43 truncating mutations were found in 58% of
cases, while only 7% of SSA without dysplasia contained RNF43
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Figure 1 Diagram of the RNF43 gene. WRE1 and WRE2 are two Wntresponsive elements (WREs) identified in intron2.

RNF43 also interacts with p53 and suppresses transcriptional activity of p53. 12 It may also be involved in cell
growth control potentially through the interaction with
HAP95, 6 a chromatin-associated protein interfacing the
nuclear envelope.
In the liver, metabolic zonation requires a Wnt/β-catenin
signalling gradient, and the Respondin-LGR4/5-RNF43
module functions as a master regulator of Wnt/β-catenin-mediated metabolic liver zonation and is a hepatic
growth/size rheostat during development, homeostasis and
regeneration. 13
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mutations.15 These changes were linked to the Wnt signalling
pathway as the SSA with dysplasia also showed nuclear expression of β-catenin and overexpression of myc proteins.15 Additionally, MLH-1 protein was lost in 14/46 (30%) of SSA with
dysplasia, and in these 14 cases, 86% had frameshift mutations
of RNF43.15 The authors concluded that Wnt pathway genes, in

particular RNF43, are responsible for dysplasia in SSA and are
associated with loss of MLH-1 as a result of MLH-1 promoter
methylation (table 1).
Sekine et al16 used targeted next-generation sequencing and
reverse transcriptase in a series of TSA and found that 24%
showed RNF43 mutations.

Figure 4 Diagram representing the interaction between RNF43 and Frizzled, which results in ubiquitination, endocytosis and subsequent
degradation of Wnt receptor complex components Frizzled. The Wnt proteins interact with the Frizzled and LRP5/6 to activate Wnt/β-catenin
signalling. β-catenin enters the nucleus where it interacts with TCF4 and induces the expression of RNF43 (A). RNF43 migrates to the surface
membrane where it interacts with Frizzled and Dishevelled (B) and induces ubiquitination and degradation of Frizzled (C). LRP5/6, low-density
lipoprotein receptor-related protein 5 or 6; TCF4, T cell factor 4.
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Figure 3 RNF43 tissue-specificity expression by RNA-seq performed on tissue samples from 95 human individuals representing 27 different tissues.
RPKM, reads per kilobase of transcript per million mapped reads).
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In summary, RNF43 mutations are important in the serrated
pathway, with SSA and TSA harbouring inactivating mutations.
More specifically, RNF43 mutations are associated with the
advent of dysplasia in these serrated polyps. RNF43 mutations
are not present in hyperplastic polyps, sporadic tubular or tubulovillous adenomas. In colorectal carcinoma, RNF43 is associated with BRAF mutations and more prevalent in microsatellite
unstable cases with loss of MLH-1 protein expression from
MLH-1 promoter methylation.
RNF43 is exclusively and frequently altered in Lynch
syndrome-associated adenomas (52%). In addition, Lynch
syndrome-associated adenomas show variable mutation profiles
depending on the mismatch repear (MMR) status. RNF43 mutations are exclusive to MMR-deficient adenomas (66%) and are

Table 1

mostly frameshift mutations affecting mononucleotide repeats.
These MMR-deficient adenomas harbour frequently APC frameshift mutation. On the other hand, MMR-proficient adenomas
show more frequently APC or CTNNB1 mutations, which are
indistinguishable from those present in sporadic adenomas.17
Lynch syndrome-associated adenocarcinomas frequently have
RNF43 mutation profile similar to adenomas.17 Frameshift
mutations are consistent with the consequence of MMR deficiency. These RNF43 mutation patterns have also been reported
in sporadic MMR-deficient colorectal adenocarcinomas18
(table 1).
RNF43 mutations are found in 9 of 24 (37.5%) Lynch
syndrome colorectal adenocarcinomas. The majority of mutations were frameshift deletions (p.Gly659fs) (29%); two cancers

Mutations in RNF43

Lesion
Sessile serrated adenoma

Mutation
frequency (%)

Mutation
p.Gly659fs

Type

Rate (%)

Reference
15

72.7

With dysplasia and loss of MLH1

Frameshift mutations

34.4

72.7

With/without dysplasia and retained MLH1 Various

Frameshift and AA substitution
mutations
No host spot

65.6

Lynch syndrome adenomas

52

MMR-deficient

Frameshift mutations

66

17

Colorectal adenocarcinoma

18.9

18

p.Arg117fs/
p.Gly659fs

MSI-H

p.Gly659fs

Frameshift mutations

41.7

MSI-H

p.Arg117fs

Frameshift mutations

8.3
80

Colorectal adenocarcinoma

87

BRAF mutant/MSI

p.Gly659fs

Frameshift mutations

Gastric adenocarcinoma

54.6

MSI-H

p.Gly659fs

Frameshift mutations

4.8

MSS

Various

Various

Endometrial carcinomas

18.1

MSI-H

p.Gly659fs

Frameshift mutations

47.3

18.1

MSI-H

p.Arg117fs

Frameshift mutations

3.6

50

N/A

Various

Frameshift
Missense
Nonsense mutations
No hot spot

IPMN

20
21 22

18

25

IPMN, intraductal papillary mucinous neoplasm; MMR, mismatch repear; MSI-H, microsatellite high; MSS, microsatellite stable.
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Figure 5 Diagram representing the removal of RNF43 from the cell surface by interacting with the ligand Respondin (R) and LGR4/5, which induces
ubiquitination (A) and degradation of RNF43 (B). LGR4/5, leucine-rich repeat containing G protein-coupled receptor 4/5.
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RFN43 in gastric adenocarcinomas

RNF43 mutations have been reported in 3 of 37 (8.1%) gastric
adenocarcinomas21; however, they are more frequent id MSI in
comparison to microsatellite stable (MSS) (54.6% vs 4.8%22 and
33% vs 3%23) (table 1).

RNF43 in pancreatic cystic lesions and
adenocarcinoma

A series of cystic lesions of the pancreas were examined
for RNF43 mutations. 24 Inactivating mutations, including
loss of heterozygosity, were found in six of seven (85.7%)
intraductal papillary mucinous neoplasms (IPMN). RNF43
mutations were identified in 21% and 18% of non-invasive
and invasive IPMNs, respectively.25 In pancreatic mucinous
cystic neoplasms (MCN), four of eight cases (50%) displayed
intragenic mutations (three cases), and one case showed loss
of heterozygosity. None of the serous cystadenomas or solid
pseudopapillary neoplasms examined in this series showed
RNF43 mutations. 24
Jiang et al26 concluded that mutational inactivation of RNF43
in pancreatic adenocarcinoma cell lines confers Wnt dependency
in these cancers, and hence Wnt pathway members, including
RNF43, could serve as biomarkers for Wnt pathway inhibition.

RNF43 in ovarian mucinous tumours

In a similar fashion to MCNs of the pancreas, Ryland et al27
showed that 2 of 22 (9%) of borderline mucinous ovarian
tumours and 6 of 29 (20.7%) of mucinous cystadenocarcinomas
contained RNF43 mutations.

RNF43 in endometrial adenocarcinomas

RNF43 is frequently mutated in endometrial adenocarcinomas
in 18.1%. Truncating mutations are more frequent, with the

Take home messages
►► RNF43 exercises a powerful negative feedback on the Wnt/

β-catenin signalling pathway.

►► Mutations of RNF43 result in enhancing this signalling

pathway.

►► Hot spot mutations, mainly frameshift (p.Arg117fs and

p.Gly659fs), are found in MMR-deficient colorectal SSA,
adenomas and adenocarcinomas.
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p.Gly659fs variant accounting for 47.3% and the p.Arg117fs
variant for 3.6% of the alterations. The frequency of RNF43
mutations is higher in MSI-H adenocarcinomas (50.7%).18

Other cancers

RNF43 mutations are found in 9.3% of the liver fluke-associated
cholangiocarcinoma.28
RNF43 mutations have not been reported in melanoma,29
breast cancer,30 or head and neck malignancies.31
Handling editor Cheok Soon Lee.
Competing interests None declared.
Provenance and peer review Commissioned; internally peer reviewed.
© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

References

1 Zebisch M, Jones EY. ZNRF3/RNF43-A direct linkage of extracellular recognition
and E3 ligase activity to modulate cell surface signalling. Prog Biophys Mol Biol
2015;118:112–8.
2 Zebisch M, Xu Y, Krastev C, et al. Structural and molecular basis of ZNRF3/RNF43
transmembrane ubiquitin ligase inhibition by the Wnt agonist R-spondin. Nat
Commun 2013;4:2787.
3 Yagyu R, Furukawa Y, Lin YM, et al. A novel oncoprotein RNF43 functions in an
autocrine manner in colorectal cancer. Int J Oncol 2004;25:1343–8.
4 Takahashi N, Yamaguchi K, Ikenoue T, et al. Identification of two Wnt-responsive
elements in the intron of RING finger protein 43 (RNF43) gene. PLoS One
2014;9:e86582.
5 Min BH, Hwang J, Kim NK, et al. Dysregulated Wnt signalling and recurrent
mutations of the tumour suppressor RNF43 in early gastric carcinogenesis. J Pathol
2016;240:304–14.
6 Sugiura T, Yamaguchi A, Miyamoto K. A cancer-associated RING finger protein,
RNF43, is a ubiquitin ligase that interacts with a nuclear protein, HAP95. Exp Cell Res
2008;314:1519–28.
7 Jiang X, Charlat O, Zamponi R, et al. Dishevelled promotes Wnt receptor degradation
through recruitment of ZNRF3/RNF43 E3 ubiquitin ligases. Mol Cell
2015;58:522–33.
8 Hao HX, Xie Y, Zhang Y, et al. ZNRF3 promotes Wnt receptor turnover in an R-spondinsensitive manner. Nature 2012;485:195–200.
9 Loregger A, Grandl M, Mejías-Luque R, et al. The E3 ligase RNF43 inhibits Wnt
signaling downstream of mutated β-catenin by sequestering TCF4 to the nuclear
membrane. Sci Signal 2015;8:ra90.
10 Miyamoto K, Sakurai H, Sugiura T. Proteomic identification of a PSF/p54nrb
heterodimer as RNF43 oncoprotein-interacting proteins. Proteomics
2008;8:2907–10.
11 Fagerberg L, Hallström BM, Oksvold P, et al. Analysis of the human tissue-specific
expression by genome-wide integration of transcriptomics and antibody-based
proteomics. Mol Cell Proteomics 2014;13:397–406.
12 Shinada K, Tsukiyama T, Sho T, et al. RNF43 interacts with NEDL1 and
regulates p53-mediated transcription. Biochem Biophys Res Commun
2011;404:143–7.
13 Planas-Paz L, Orsini V, Boulter L, et al. The RSPO-LGR4/5-ZNRF3/RNF43 module
controls liver zonation and size. Nat Cell Biol 2016;18:467–79.
14 Tsai JH, Liau JY, Yuan CT, et al. RNF43 Is an early and specific mutated gene in the
serrated pathway, with increased frequency in traditional serrated adenoma and Its
associated malignancy. Am J Surg Pathol 2016;40:1352–9.
15 Hashimoto T, Yamashita S, Yoshida H, et al. WNT Pathway gene mutations are
associated with the presence of dysplasia in colorectal sessile serrated adenoma/
polyps. Am J Surg Pathol 2017;41:1188–97.
16 Sekine S, Yamashita S, Tanabe T, et al. Frequent PTPRK-RSPO3 fusions and
RNF43 mutations in colorectal traditional serrated adenoma. J Pathol
2016;239:133–8.
17 Sekine S, Mori T, Ogawa R, et al. Mismatch repair deficiency commonly precedes
adenoma formation in Lynch Syndrome-Associated colorectal tumorigenesis. Mod
Pathol 2017;30:1144–51.
18 Giannakis M, Hodis E, Jasmine Mu X, et al. RNF43 is frequently mutated in colorectal
and endometrial cancers. Nat Genet 2014;46:1264–6.
19 Fennell LJ, Clendenning M, McKeone DM, et al. RNF43 is mutated less frequently in
Lynch syndrome compared with sporadic microsatellite unstable colorectal cancers.
Fam Cancer 2017.
20 Bond CE, McKeone DM, Kalimutho M, et al. RNF43 and ZNRF3 are commonly altered
in serrated pathway colorectal tumorigenesis. Oncotarget 2016;7:70589–600.

5

J Clin Pathol: first published as 10.1136/jclinpath-2017-204763 on 10 October 2017. Downloaded from http://jcp.bmj.com/ on January 7, 2023 by guest. Protected by copyright.

(2/24, 8%) from one patient harboured frameshift mutations at
codon R117 (p.Arg117fs) within exon 3.19
RNF43 is a frequently mutated gene in sporadic colorectal
adenocarcinomas (18.9%). The mutations identified are small
insertions or deletions (p.Gly659fs and p.Arg117fs) typical
of MSI tumours. Truncating mutations of RNF43 are statistically linked to the microsatellite high (MSI-H) phenotype. In
this group of colorectal adenocarcinomas, RNF43 is mutated
in 79.7%.18 This association suggests that the MMR deficiency
provides a favourable environment for major RNF43 frameshift
mutations and confer a fitness advantage to the cancer cells in
which they occurred18 (table 1).
Additional data show that RNF43 is mutated in 47/54 (87%)
of BRAF mutant/MSI and 8/33 (24%) BRAF mutant/microsatellite stable adenocarcinomas compared with only 3/79 (4%) BRAF
wild-type adenocarcinomas (p<0.0001). The RNF43 frameshift mutation, p.Gly659fs, occurred in 80% BRAF mutant/MSI
cancers.20

Gene of the month

6

26 Jiang X, Hao HX, Growney JD, et al. Inactivating mutations of RNF43 confer
Wnt dependency in pancreatic ductal adenocarcinoma. Proc Natl Acad Sci U S A
2013;110:12649–54.
27 Ryland GL, Hunter SM, Doyle MA, et al. RNF43 is a tumour suppressor gene mutated
in mucinous tumours of the ovary. J Pathol 2013;229:469–76.
28 Ong CK, Subimerb C, Pairojkul C, et al. Exome sequencing of liver fluke-associated
cholangiocarcinoma. Nat Genet 2012;44:690–3.
29 Hodis E, Watson IR, Kryukov GV, et al. A landscape of driver mutations in melanoma.
Cell 2012;150:251–63.
30 Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast
tumours. Nature 2012;490:61–70.
31 Stransky N, Egloff AM, Tward AD, et al. The mutational landscape of head and neck
squamous cell carcinoma. Science 2011;333:1157–60.

Serra S, Chetty R. J Clin Pathol 2018;71:1–6. doi:10.1136/jclinpath-2017-204763

J Clin Pathol: first published as 10.1136/jclinpath-2017-204763 on 10 October 2017. Downloaded from http://jcp.bmj.com/ on January 7, 2023 by guest. Protected by copyright.

21 Wang K, Kan J, Yuen ST, et al. Exome sequencing identifies frequent mutation of
ARID1A in molecular subtypes of gastric cancer. Nat Genet 2011;43:1219–23.
22 Wang K, Yuen ST, Xu J, et al. Whole-genome sequencing and comprehensive
molecular profiling identify new driver mutations in gastric cancer. Nat Genet
2014;46:573–82.
23 Cancer Genome Atlas Research N. Comprehensive molecular characterization of
gastric adenocarcinoma. Nature 2014;513:202–9.
24 Wu J, Jiao Y, Dal Molin M, et al. Whole-exome sequencing of neoplastic cysts of
the pancreas reveals recurrent mutations in components of ubiquitin-dependent
pathways. Proc Natl Acad Sci U S A 2011;108:21188–93.
25 Tan MC, Basturk O, Brannon AR, et al. GNAS and KRAS mutations define separate
progression pathways in intraductal papillary mucinous neoplasm-associated
carcinoma. J Am Coll Surg 2015;220:845–54.

