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Abstract

The increasing interest of the oncology community in tumour classification and prediction of outcome to tar-
geted therapies has put emphasis on an improved identification of tumour types. Colorectal mucinous adeno-
carcinoma (MC) is a subtype that is characterized by the presence of abundant extracellular mucin that
comprises at least 50% of the tumour volume and is found in 10–15% of colorectal cancer patients. MC
development is poorly understood, however, the distinct clinical and pathological presentation of MC suggests
a deviant development and molecular background. In this review we identify common molecular and genetic
alterations in colorectal MC. MC is characterized by a high rate of MUC2 expression. Mutation rates in the
therapeutically important RAS/RAF/MAPK and PI3K/AKT pathways are significantly higher in MC compared
with non-mucinous adenocarcinoma. Furthermore, mucinous adenocarcinoma shows higher rates of microsa-
tellite instability and is more frequently of the CpG island methylator phenotype. Although the majority of
MCs arise from the large intestine, this subtype also develops in other organs, such as the stomach, pancreas,
biliary tract, ovary, breast and lung. We compared findings from colorectal MC with tumour characteristics of
MCs from other organs. In these organs, MCs show different mutation rates in the RAS/RAF/MAPK and PI3K/
AKT pathways as well, but a common mucinous pathway cannot be identified. Identification of conditions and
molecular aberrations that are associated with MC generates insight into the aetiology of this subtype and
improves understanding of resistance to therapies.
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Introduction

Rapid development of individualized therapy for can-

cer patients has led to an increased attention for

tumour subtypes. The search for therapeutically rele-

vant pathways has been ongoing and molecular clas-

sification of cancer has become an important

component in clinical decision making. Identification

of the molecular background of tumours is one of the

key challenges in cancer research, as it improves

understanding of tumour development and may pre-

dict responsiveness to therapies.
Annually, approximately 1.2 million patients

develop colorectal carcinoma (CRC) worldwide and

the non-mucinous adenocarcinoma (NMC) forms the
vast majority of these patients [1]. However, in
10–15% of cases, mucinous adenocarcinoma (MC) is
diagnosed. MC is a subtype that is characterized by
the presence of abundant extracellular mucin compris-
ing at least 50% of the tumour volume [2]. Compared
with NMC, MC is more frequently found in the proxi-
mal colon and has a higher stage at presentation [3,4].
Moreover, MCs have a distinct metastatic pattern and
are less responsive to palliative chemotherapy [5–8].
The relatively rare occurrence of colorectal MC ren-
ders it a less well-studied entity and MC development
is not well understood. Nevertheless, the distinct clini-
cal and pathological presentation suggests a deviant
development and molecular background.

Invited Review

VC 2014 John Wiley and Sons Ltd and The Pathological Society of Great Britain and Ireland J Path: Clin Res April 2014; 1: 3–17
This is an open access article under the terms of the Creative Commons Attribution NonCommercial License, which permits use, distribution
and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

The Journal of Pathology: Clinical Research

J Path: Clin Res April 2014; 1: 3–17

Published online 5 November 2014 in Wiley Online Library

(wileyonlinelibrary.com). DOI: 10.1002/cjp2.1

http://creativecommons.org/licenses/by/3.0/


Although the majority of MCs arises from the
gastrointestinal tract, they are also found in various
other organs. Overexpression of MUC2 is a com-
mon finding in MCs, but it does not explain the
distinct biology of these tumours [9]. Identification
of conditions and molecular aberrations that are
associated with MC may generate insight into the
pathways leading to the development of this sub-
type and improves understanding of resistance to
therapies. In this review, we identify common
molecular and epigenetic alterations in colorectal
MC and compare findings with MCs from other
organs.

Methods

Review of literature

The literature was searched with a Boolean search
term combination until December 2013, using
PubMed and EMBASE. Titles and abstracts were
evaluated to identify relevant studies, which were
assessed in full text. Reference lists of retrieved stud-
ies were explored for further relevant publications.
Only studies that contained data on molecular or
genetic characteristics and that compared MC and
NMC (at least five patients per subtype) were
selected. Studies that did not adhere to the definition
of MC as reported in the guidelines of the World
Health Organization (WHO) were excluded from the
analyses [2]. Overlap between study populations was
assessed, and in case of overlap, only the most
recent data were used for analysis. Differences
between categorical outcomes were calculated using
the risk ratio (RR) and corresponding 95% confi-
dence interval (CI). Heterogeneity was assessed by
means of the I2 statistic. The existence of publication
bias in the meta-analyses was assessed using funnel
plots.

The Cancer Genome Atlas project

The Cancer Genome Atlas (TCGA) project was
established to profile genomic changes in different
cancer types. Data on 32 somatic recurrently mutated
genes in CRC were published in 2012 by the TCGA
group, and data from this study were available online
[10]. Data on somatic mutations that were involved
in the RAS/RAF/MAPK and PI3K/AKT pathways
were downloaded on 22 December 2013. We only
selected samples that were designated as either MC
or NMC. A total of 28 MCs and 160 NMCs were
identified from the TCGA dataset of this publication.

Fisher’s exact test was used for comparing mutation
rates between MC and NMC. Statistical analyses
were two-sided and p values <0.05 were considered
significant.

Molecular determinants in MC

In CRC development, acquisition of mutations leads
to abnormal cell division and uncontrolled cell
growth. There are several well-recognized molecular
pathways in CRC development [11]. Chromosomal
instability (CIN), microsatellite instability (MSI) and
hypermethylation of CpG islands are genetic instabil-
ity pathways involved in carcinogenesis. Mutations in
targets of the RAS/RAF/MAPK and PI3K/AKT path-
ways are common findings in CRC. These important
drivers of cancer development are of prognostic and
predictive importance and are being explored for tar-
geted therapies.

MUC2

Secreted gel-forming mucins are epithelial glycopro-
teins that play a role in physiological processes of
the gastrointestinal tract. They are encoded by the
MUC2, MUC5AC, MUC5B and MUC6 genes on
chromosome 11p15.5 [12]. MUC2 is of particular
interest with regard to its role in CRC as the expres-
sion of MUC2 is generally decreased in CRC [13].
Interestingly, an increase of MUC2 has been
observed in MCs, which also explains the mucinous
appearance of these tumours [14–16]. A meta-
analysis by Li et al demonstrated a higher rate of
MUC2 positivity in MC compared with NMC (RR
2.10, 95% CI 1.30–3.40) [17]. Overexpression of
MUC2 was one of the first molecular aberrations that
distinguished MC from NMC and is related to the
low methylation status of the promoter of the MUC2
gene in MC [18].

Microsatellite instability

Loss of mismatch repair (MMR) mechanisms causes
MSI, which is the hallmark of Lynch syndrome-
associated tumours. Lynch syndrome (previously
known as hereditary non-polyposis colorectal cancer)
is an autosomal dominantly inherited cancer predis-
position syndrome, caused by germline mutations in
MMR genes. MC accounts for 22–40% of Lynch
syndrome-associated CRCs [19]. MSI is also found
in approximately 12% of CRC patients who do not
suffer from a hereditary predisposition [20]. The
prevalence of MC has been reported to be 11–77% in
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sporadic MSI CRC patients (weighted average of
34%, Table 1) [21–34]. Studies that directly com-
pared sporadic MSI and Lynch syndrome-associated
CRCs found a higher rate of MC in sporadic MSI
CRCs than in Lynch syndrome-associated CRCs
[24,35]. A better survival in MC patients has been
reported for tumours exhibiting MSI compared with
microsatellite stable tumours [36–38]. However, com-
parison of MSI rates between studies is difficult, as a
wide variety of markers for determining MSI status
is used.

MSI can also occur through hypermethylation of
the hMLH1 promoter region, which is seen in CRCs
that display the CpG island methylator phenotype
(CIMP). CIMP is characterized by hypermethylation
of CpG islands in the promoter region of genes
involved in carcinogenesis, leading to epigenetic
silencing [25,39–41]. Studies found 36–41% of MCs
to be CIMP positive, compared with only 12–18% in
NMC (supplementary material, Figure S1) [25,33,42–
44]. Tanaka et al demonstrated that MCs more fre-
quently have MSI or CIMP or BRAF mutations than
NMCs (54% versus 28%) and as the various charac-
teristics are correlated, this is indicative for MC aris-
ing from an alternative oncogenic pathway [40]. The
sequence of these mechanisms is not yet completely
understood.

KRAS

Mutations in KRAS lead to an epidermal growth fac-
tor receptor (EGFR)-independent disturbance of the

RAS/RAF/MAPK pathway, that regulates cell prolif-
eration and survival and is a prognostic factor in
CRC [45,46]. Conflicting results have been reported
in the literature regarding the incidence of KRAS
mutations in MC. Rates of mutant KRAS are varying
between 7–65% in MC versus 5–50% in NMC.
Often, results were not statistically significant, possi-
bly due to lack of power. Eighteen studies were
included in an analysis on KRAS status in MC and
NMC and KRAS mutations were found in MC more
frequently (RR 1.27, 95% CI 1.14–1.41; Figure 1)
[6,33,47–62].

BRAF

Mutated BRAF is another molecular aberration that is
more frequently found in MC patients. BRAF is the
downstream effector of KRAS and is also involved in
the RAS/RAF/MAPK pathway. In various studies,
mutational BRAF was found in 0–46% of MC
patients, whereas 6–25% of NMC tumours displayed
mutated BRAF (RR 2.04, 95% CI 1.67–2.51; Figure
2) [6,33,42,48,50,56–59,63]. BRAF mutations lead to
constitutive activation of the RAS/RAF/MAPK sig-
nalling pathway [64]. A hotspot for BRAF mutations
involves replacement of a single amino acid, V600,
located within the kinase domain and accounts for
80% of BRAF mutations in CRC [65]. BRAF muta-
tions are highly correlated with CIMP, with approxi-
mately 60–80% of CIMP tumours having BRAF
mutations [40,50,66,67]. BRAF mutations are also
frequently found in sporadic MSI CRC but not in
Lynch syndrome-associated CRC [66–69].

PIK3CA

Activating mutations in PIK3CA occur in approxi-
mately 13% of CRCs (Figure 3). PIK3CA encodes a
catalytic subunit of PI3K and is a positive regulator
of the PI3K/AKT pathway, which is involved in cell
growth, survival, proliferation and motility [70]. The
PI3K pathway is normally inhibited by tumour sup-
pressor gene PTEN. PIK3CA is more commonly
mutated in MC (9–50%) than in NMC (7–12%) and
a RR of 1.79 (95% CI 1.46–2.19) was found for
MC in an analysis on mutational PIK3CA status
[34,58,59,71–74]. Also, PIK3CA mutations occur
more frequently in tumours that are localized in the
proximal colon, as are MCs [3,4,34,73]. PIK3CA
mutations are commonly found in combination with
KRAS mutations and are associated with high levels
of CIMP, which are both linked to MC [51,72,73].
An association between PIK3CA mutation and MSI
has not been demonstrated [72]. In the literature,

Table 1. Reports on MC among patients with sporadic colorectal
cancer with MSI

Study Year

Patients with

MSI in study % MC

Kim [21] 1994 18 33.3

Bocker [22] 1996 11 36.4

Gaf�a [23] 2000 44 36.4

Young [24] 2001 42 42.9

Hawkins [25] 2002 43* 41.9

Shia [26] 2003 35* 11.4

Sarli [27] 2004 22 77.3

Mori [28] 2004 14 28.6

Chang [29] 2006 19* 31.6

Meng [30] 2007 12* 50.0

Ashktorab [31] 2008 6 33.3

Kim [32] 2010 135* 15.6

Kakar [33] 2012 14 50.0

Day [34] 2013 134* 43.3

Total 549 34.1†

*Bethesda panel was used for determination of MSI status.
†Overall weighted average according to the number of patients in each
study.
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conflicting results have been published regarding
PTEN. A study by Day et al that analysed mutational
status of PTEN found a higher frequency of PTEN
mutations in MC (10% in MC versus 5% in NMC);
however, studies that analysed cytoplasmic expres-
sion of PTEN did not always find a difference
between MC and NMC [34,58,74,75].

TCGA

Besides findings from the literature, also unpublished
data collected by TCGA offers possibilities to com-

pare mutation rates in CRC. In 188 CRCs (28 MC
and 160 NMC), the mutational status of genes
involved in the RAS/RAF/MAPK and PI3K/AKT
pathway was assessed (Figure 4). Also data on MSI
were available. In concordance with the literature,
MCs more often displayed MSI and a higher rate of
BRAF and PIK3CA mutations was found in MC.
Mutation rates for other genes were not significantly
different. Inclusion of TCGA data into the analyses
on mutational status did not significantly alter risk
ratios for BRAF (RR 2.24, 95% CI 1.84–2.72), KRAS
(RR 1.26, 95% CI 1.13–1.40) and PIK3CA (RR 1.82,

Figure 1. Relative risk for KRAS mutation in studies comparing colorectal MC and NMC.

Figure 2. Relative risk for BRAF mutation in studies comparing colorectal MC and NMC.
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95% CI 1.50–2.20). Mutations in ERBB2 (which enc-
odes HER-2) are considered uncommon in CRC and
were found in only 7.1% and 6.3% of MC and NMC
samples, respectively. In conclusion, data from
TCGA confirmed differences in mutation rates
between MC and NMC of several genes that were
also reported in the literature.

Mucinous colorectal pathway

Findings from the literature and TCGA suggest that
MC and NMC differ on a molecular basis (Figure 5).
An increased rate of mutations is seen in MC in the
RAS/RAF/MAPK and PI3K/AKT pathways. KRAS,
BRAF and PIK3CA are more frequently mutated in
MC compared with NMC, leading to constitutive
activation of these pathways. No differences in
expression of the cell surface receptors EGFR or
HER-2, that are upstream of these pathways, have
been reported between MC and NMC in the
literature.

Although MSI, CIMP and activation of the RAS/
RAF/MAPK and PI3K/AKT pathways are distinctive
features of MC, the relationship between these char-
acteristics and mucin production has not yet been
elucidated. There is no data on a molecular link
between MSI or CIMP and overexpression of MUC2.
However, various in vitro studies demonstrated that
both the RAS/RAF/MAPK and PI3K/AKT pathway
are involved in MUC2 upregulation in colon cancer
cell lines and indicated that MUC2 production can be
inhibited by a MEK inhibitor [76–79]. In another cell
line, however, upregulation of MUC2 was considered
independent of MAP kinase [80]. Recently, Walsh
et al reported data on 722 CRC patients, which sup-
ported the association between overexpression of
MUC2 and activation of the RAS/RAF/MAPK path-
way via BRAF and KRAS mutations [81]. They also

found that MUC2 overexpression was associated with
a deficient MMR system and CIMP. Especially the
latter is surprising, as it indicates an increase in pro-
tein expression in an environment in which excessive
silencing of gene promoters is present. These find-
ings strongly suggest that overexpression of MUC2
in MCs is related to other molecular aberrations, but
further evaluation is needed.

Compare and contrast

Besides the colorectal variant, MC is also found in
tumours originating from other organs. MC has been
described in patients suffering from carcinoma of the
oesophagus, stomach, small intestine, pancreas, bili-
ary tract, gall bladder, ovary, endometrium, urinary
bladder, breast and lung. It is unknown whether MCs

Figure 3. Relative risk for PIK3CA mutation in studies comparing colorectal MC and NMC.

Figure 4. Rates of mutations and microsatellite instability in
colorectal carcinoma: 28 MC and 160 NMC samples from the
TCGA project. MSI testing was performed for 159 NMC samples;
*p< 0.05, **p< 0.01.
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Figure 5. EGFR, HER-2 and ER with downstream the RAS/RAF/MAPK and PI3K/AKT pathway. (A) Mutation rates of KRAS, BRAF and PIK3CA
are different between MC and NMC in colorectal cancer. (B) An increase or decrease in mutation or expression rates of components of the
RAS/RAF/MAPK and PI3K/AKT pathway has been observed in MC when compared with NMC in different tumour types.
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from different organs share common molecular char-
acteristics. Hanski et al previously demonstrated that
overexpression of the MUC2 gene was found in MCs
from different organs [9]. The rare occurrence of MC
in most organs is reflected by the limited number of
studies regarding this subtype. In this section, MCs
from variant organs are described, dependent on
availability in the literature.

Mucinous gastric carcinoma

MC is one of the five main subtypes in the WHO
classification system of gastric adenocarcinomas and
comprises approximately 2–5% of all gastric cancers
[28,82–84]. As most studies use the Laur�en classifi-
cation system, which divides gastric carcinoma in an
intestinal and diffuse subtype, there is little data on
gastric MC. Identical to colorectal MC, gastric ade-
nocarcinoma is designated mucinous if more than
50% of the tumour consists of extracellular mucin
[2]. Gastric MCs are more often diagnosed at a more
advanced stage of disease than NMC, resulting in a
poorer outcome [82,83,85].

Similar to colorectal MC, gastric MC is also associ-
ated with MUC2 overexpression [86,87]. Also, a
higher rate of MSI is found in MC when compared
with NMC (average of 14% versus 11%, RR 1.51,
95% CI 1.03–2.21; supplementary material, Figure S2)
[86,88–91]. Similar to CRC, MSI has been associated
with a better prognosis in gastric carcinoma [92,93].
HER-2 overexpression and ERBB2 gene amplification
are less common in MC than in NMC (1% versus 6%)
[86,94]. A higher rate of 18qLOH, which is associated
with adverse outcome, has been reported for gastric
MC compared with NMC (52% versus 21%) [89].
Expression of PTEN seems to be less altered in gastric
MC, compared with NMC; Kang et al found that 27%
of NMCs displayed loss of PTEN whereas none of the
MCs did [95]. Gastric MC is associated with lower
rates of EGFR overexpression compared with NMC
(5–11% versus 26–31%) [86,94,96]. Conversely, one
small study by Liu et al found an EGFR mutation in
two of the seven MCs [97]. Additionally, this study
found no KRAS mutations in MC, while 12% of
NMCs had a KRAS mutation.

Mucinous noncystic pancreas carcinoma

Mucinous noncystic carcinoma of the pancreas is a
variant of ductal adenocarcinoma and is usually
referred to as colloid carcinoma. In pancreatic colloid
carcinoma, mucin accounts for more than 50% of the
tumour [2]. It is considered an uncommon subtype
and arises almost exclusively from the intraductal

papillary mucinous neoplasm (IPMN). The rare occur-
rence is a limiting factor on knowledge of the molec-
ular background of colloid carcinoma, but Adsay et al
demonstrated a low mutational rate of KRAS (25%) in
a small colloid carcinoma cohort, whereas KRAS is
mutated in >90% of ductal adenocarcinomas [98,99].
As in colorectal MC, colloid carcinoma of the pan-
creas is associated with a high expression frequency
of MUC2 compared with ductal adenocarcinomas
[98,100]. However, in contrast with colorectal MC,
MSI is not a common finding in colloid carcinoma of
the pancreas. L€uttges et al found only one case of
MSI among 12 colloid carcinomas [101].

Mucinous carcinoma of the gall bladder and
extrahepatic bile ducts

MCs of the gall bladder and biliary ducts contain
more than 50% extracellular mucin by definition of
the WHO classification system [2]. In a population-
based study on biliary tract cancers, MC was found
in 5% of cases [102]. This study by Rashid et al also
found a higher rate of MSI in MCs (33%) from the
biliary tract, compared with NMCs (2%). A recent
study by Dursun et al on 606 gall bladder carcinomas
reported MC in 2.5% cases [103]. MUC2 expression,
which is typically negative in NMC of the gall blad-
der, was positive in 86% of MCs. However, none of
the MCs displayed MSI in this study.

Mucinous ovarian carcinoma

NMC of the ovary forms the majority of ovarian carci-
nomas and mainly consists of serous, clear cell and
endometrioid carcinomas. MC is diagnosed in approxi-
mately 11–14% of ovarian carcinomas [104,105]. MC
is more frequently found in an early stage of disease
and is associated with a better survival than NMC
[106–108]. Compared with CRC, the ovarian variant
of MC is an ill-defined entity and is usually classified
as MC when the tumour has an ‘intestinal’ or ‘cervical
gland-like’ phenotype. Unlike in the colon, ovarian
carcinoma is labelled mucinous when either intracellu-
lar or extracellular mucin is present, without requiring
any strict quantification of the mucin component [109].
Practically, this means that the group of ovarian MC
comprises those phenotypes that are defined as both
NMC and MC in the colon. In the literature, presence
of either intracellular or extracellular mucin is gener-
ally neither mentioned nor quantified.

In ovarian cancer, KRAS is more frequently
mutated in MC (10–71%), than in NMC (2–25%,
supplementary material, Figure S3) [110–119]. BRAF
mutations are rare in ovarian carcinoma, with only
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0–9% of MC and 0–4% of NMC showing this muta-
tion [112,117,118]. There seems to be no significant
role for MSI in the mucinous differentiation, with
MSI in 0–55% of MC and in 2–62% of NMC (sup-
plementary material, Figure S4) [120–124]. For
PIK3CA and PTEN, literature is limited. Campbell
et al reported that 8% of NMCs exhibited a PIK3CA
mutation, whereas none of the MCs did [125]. PTEN
mutations were found in up to 10% of ovarian carci-
nomas, but this was not different between histologi-
cal subtypes [126,127]. ERBB2 amplification does
occur in ovarian carcinoma, but no obvious differen-
ces between MC (28%) and NMC (19%) have been
found [116]. CIMP has been examined to a limited
extent in ovarian carcinoma.

The interpretation of data concerning ovarian MC
is further complicated by the fact that a considerable
part of MC consists of metastases from primary
tumours originating elsewhere in the body, mainly
from the gastrointestinal tract [128–131]. Because
differentiation between a primary MC and metastasis
is difficult, it is possible that a proportion of carcino-
mas that are considered ovarian MC are in fact meta-
static CRC. This might impede interpretation of the
reported data, but it could also explain the high fre-
quency of KRAS mutations in MC.

Mucinous lung carcinoma

Invasive mucinous adenocarcinoma (IMA) of the lung
(formerly mucinous bronchioalveolar carcinoma) was
separated from the non-mucinous subtype in the new
international multidisciplinary classification system
based on major clinical, pathological and genetic dif-
ferences between both the subtypes [132]. IMA, how-
ever, is not the pulmonary equivalent of MC from the
gastrointestinal tract, as mucin is found intracytoplas-
mic in this tumour. The colloid carcinoma, which is
characterized by abundant extracellular mucin, shows
more resemblance with colorectal MC. Pulmonary
colloid carcinoma is a rare subtype (found in less
than 0.5% of lung carcinomas) and is often found as
a mixture with other NMC subtypes [133]. KRAS and
EGFR mutations are the two most frequently mutated
proto-oncogenes in adenocarcinoma of the lung,
whereas BRAF mutations and MSI are rare in lung
carcinoma [134,135]. The pathogenic mechanisms
behind colloid carcinoma are largely unknown, but
MUC2 is found to be strongly expressed [133]. More-
over, a study by Liu et al found a higher rate of
KRAS mutations and a lower rate of EGFR mutations
in colloid tumours when compared with other sub-
types [136]. As EGFR tyrosine kinase inhibitors are
of particular interest for lung cancer treatment, more

insight into the molecular background of subtypes
could improve targeting therapy.

Mucinous breast carcinoma

According to the WHO classification system of
breast carcinomas, MC of the breast is found in 7%
of breast cancers and consists of clusters of tumour
cells floating in pools of extracellular mucin [109].
In the literature, a pure and mixed variant of MC
have been distinguished. Pure MC of the breast con-
sists exclusively of MC and represents approximately
2% of all breast cancers [109]. The mixed variant of
MC shows an admixture with another component
(usually infiltrating ductal carcinoma, IDC) [109].
Compared with IDC, pure MC is a less-aggressive
subtype that is rarely associated with lymph node
metastases [137–140].

Comparison at the molecular level shows that MC
is transcriptionally distinct from IDC [141,142]. MC
is more homogenous at the genetic level and shows
less genetic instability than most other types of breast
cancer [141,143,144]. MC of the breast is associated
with higher rates of MUC2 expression than IDC
[98,145]. MC also has a higher rate of oestrogen
receptor (ER) expression (73–94% versus 26–82%,
supplementary material, Figure S5) and is associated
with more progesterone receptor (PR) expression
(63–90% versus 47–74%, supplementary material,
Figure S6) [137–140,146–151]. For MC, less HER-2
overexpression has been reported compared with
NMC (0–14% versus 20–41%, supplementary mate-
rial, Figure S7) [139,140,146,147,149–151]. Studies
that included small numbers of MC demonstrated
that mutated PIK3CA, which is found in 16–33% of
IDCs, is not a common finding in MC (0–13%), sup-
plementary material, Figure S8 [125,152–157]. Muta-
tions of BRAF and KRAS are not common in breast
cancer (0–3% and 2–5%) and associations with MC
have not been studied [65,158,159]. Unlike in colo-
rectal MC, MSI is a rare phenomenon in MC of the
breast, occurring only sporadically (0–3%) [160–
165]. Studies evaluating EGFR mutations in breast
cancer have not focused on MC.

Comparison with CRC

A common mucinous pathway cannot be identified
for MC from different organs (Figure 5). However,
in general limited data is available for non-colorectal
MC. There are differences between MC and NMC in
mutation rates of targets of the RAS/RAF/MAPK and
PI3K/AKT pathways. Also differences in expression
of EGFR, HER-2, ER and PR have been found in
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non-colorectal MCs. The association between these
molecular characteristics and the mucinous phenotype
is not well studied in non-colorectal MC. However,
in vitro studies with lung cancer cell lines showed
that cell treatment with epidermal growth factor
resulted in an increased expression of MUC2 [166].
Conversely, blockage of the PI3K/AKT pathway in
gastric cancer cell lines resulted in an increase in
MUC2 expression, indicating the need for further
clarification of the regulatory mechanisms behind
MUC2 expression in MCs [167].

MSI is another distinctive tumour characteristic of
colorectal MC but has only been reported at a higher
rate in MCs from the stomach and biliary tract. As
various molecular characteristics have been associ-
ated with either worse or improved prognosis, differ-
ences in these pathways may explain deviant tumour
behaviour of MC in different organs.

Conclusions and implications

The era of personalized medicine has led to an emerg-
ing interest in tumour subtypes and the molecular
background of malignancies. The distinct clinicopatho-
logical presentation and the impaired response to sys-
temic therapies are suggestive of a different molecular
background of colorectal MC, but development of this
subtype is not well understood. This review recapitu-
lated alterations in several therapeutically important
pathways of CRC and compared findings with the lit-
erature regarding MCs from other organs.

Overexpression of MUC2, leading to abundant
mucin production, is a molecular key feature of MC,
but it does not explain the distinct clinical behaviour
of MC. Review of the literature demonstrated that
MC showed higher rates of mutations in BRAF,
KRAS and PIK3CA than NMC and higher rates of
CIMP and MSI were found in MC. Funnel plots did
not demonstrate publication bias (figures not shown).
These findings suggest that mutations in the RAS/
RAF/MAPK and PI3K/AKT pathways are involved
in MC development.

Previously, it has been reported that MC is more
commonly found in tumours arising under inflam-
matory conditions and in patients with a hereditary
predisposition for CRC. A higher rate of MC was
observed in patients suffering from inflammatory
bowel diseases or Lynch syndrome and in patients
who developed CRC following radiotherapy [19].
It is unknown to what extent these factors contrib-
ute to MC development, but they indicate that
epigenetic changes may well influence MC
development.

From a therapeutic perspective, colorectal MC has
a worse outcome than NMC when treated with pallia-
tive chemotherapy for advanced stage disease [5–7].
Interestingly, there is no difference in benefit from
adjuvant chemotherapy in MC patients [4,168]. MSI
tumours have been associated with less responsive-
ness to 5-fluorouracil (5-FU) chemotherapeutic treat-
ment [169], but this does not explain the discrepancy
between the adjuvant and palliative setting. In rectal
cancer, resistance of MC to radiotherapy or chemora-
diotherapy is suspected, given the poorer rate of
tumour downstaging [170,171]. Also, the metastatic
pattern is different between MC and NMC patients
[8]. This indicates that not only phenotype, but also
tumour behaviour is different between histological
subtypes.

As the definition of MC in CRC requires that at
least 50% of the tumour consists of mucin, it is not
inconceivable that tumour heterogeneity may have
influenced findings from the literature. It is possible
that molecular aberrations have remained unnoticed
due to dilution by non-mucinous tumour elements.
However, no study has attempted to address this
problem by focusing solely on pure MC samples in
CRC. Moreover, since CRC can develop via CIN and
MSI it would be interesting to analyse molecular
aberrations stratified by these different pathways.
Unfortunately, this was not feasible as insufficient
data were available in the literature.

This review also compared colorectal MC with
MCs from other organs. The definition of MC is not
unambiguous between different organs, as it some-
times refers to tumours containing abundant intracel-
lular mucin or a combination of intracellular and
extracellular mucin. MC is less prevalent in other
organs than in the colorectum, which was reflected
by the limited amount of literature on molecular dif-
ferences between subtypes in these tumours. A com-
mon mucinous pathway could not be identified, but
between MC and NMC, differences in mutation rates
of components of the RAS/RAF/MAPK and PI3K/
AKT pathways were found in most organs. Altera-
tions in these pathways may be associated with
MUC2 overexpression. Interestingly, the genetic
instability pathway of MSI, which is a predominant
characteristic of mucinous CRC, could not be linked
to MCs in every other organ.

Further identification of molecular aberrations may
lead to the development and implementation of tar-
geted therapies but could also explain resistance of
tumours to such therapies. Moreover, identification
of the molecular background of MC may improve
prognostication and could lead to a better prediction
of response to local and systemic therapies.
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(NMC) of the stomach.
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of the ovary.
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(NMC) of the ovary.
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noma (MC) of the breast.

Figure S6. Relative risk for progesterone receptor expression in studies comparing infiltrating ductal carcinoma (ICD) and mucinous adenocar-
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