Cancer and Metastasis Reviews (2019) 38:237-257
https://doi.org/10.1007/510555-019-09781-w

NON-THEMATIC REVIEW

@ CrossMark

Mucin glycoproteins block apoptosis; promote invasion, proliferation,
and migration; and cause chemoresistance through diverse pathways
in epithelial cancers

lan S. Reynolds '@ - Michael Fichtner? - Deborah A. McNamara '~ - Elaine W. Kay*” - Jochen H.M. Prehn? -
John P. Burke'

Published online: 24 January 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Overexpression of mucin glycoproteins has been demonstrated in many epithelial-derived cancers. The significance of this
overexpression remains uncertain. The aim of this paper was to define the association of mucin glycoproteins with apoptosis,
cell growth, invasion, migration, adhesion, and clonogenicity in vitro as well as tumor growth, tumorigenicity, and metastasis
in vivo in epithelial-derived cancers by performing a systematic review of all published data. A systematic review of PubMed,
Embase, and the Cochrane Central Register of Controlled Trials was performed to identify all papers that evaluated the associ-
ation between mucin glycoproteins with apoptosis, cell growth, invasion, migration, adhesion, and clonogenicity in vitro as well
as tumor growth, tumorigenicity, and metastasis in vivo in epithelial-derived cancers. PRISMA guidelines were adhered to.
Results of individual studies were extracted and pooled together based on the organ in which the cancer was derived from. The
initial search revealed 2031 papers, of which 90 were deemed eligible for inclusion in the study. The studies included details on
MUCI1, MUC2, MUC4, MUCSAC, MUCS5B, MUC13, and MUC16. The majority of studies evaluated MUC1. MUCI over-
expression was consistently associated with resistance to apoptosis and resistance to chemotherapy. There was also evidence that
overexpression of MUC2, MUC4, MUCS5AC, MUC5B, MUC13, and MUCI16 conferred resistance to apoptosis in epithelial-
derived cancers. The overexpression of mucin glycoproteins is associated with resistance to apoptosis in numerous epithelial
cancers. They cause resistance through diverse signaling pathways. Targeting the expression of mucin glycoproteins represents a
potential therapeutic target in the treatment of epithelial-derived cancers.
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1 Introduction balancing cell death and survival and occurs in normal cells
during development and in adulthood. Depending on the types

Programmed cell death (PCD) refers to all types of cell death  of intracellular signaling pathways activated, PCD may lead to
activated by intracellular death programs. PCD is importantin  the activation of apoptosis, autophagic cell death, or a pro-
grammed form of necrosis termed ‘necroptosis’ [1]. In cancer

cells, a disturbance in the equilibrium of any of these pro-
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aggregate to form the death-inducing signaling complex
(DISC). DISC goes on to activate pro-caspase-8 which trig-
gers the activation of pro-caspase-3, an enzyme that is funda-
mental in the apoptotic process [5]. Apoptosis via the internal
pathway is under control of mitochondrial proteins of the
BCL-2 family. In this pathway, pro-apoptotic Bcl-2 proteins
Bax and Bak permeabilize outer mitochondrial membranes to
release cytochrome C into the cytosol. Cytochrome C recruits
the adaptor protein Apaf-1 and pro-caspase-9 to generate the
apoptosome, which triggers a caspase-9/3 signaling cascade,
culminating in apoptosis [6]. Death receptor-induced apopto-
sis also engages the intrinsic or mitochondrial apoptosis path-
way through caspase-8-mediated cleavage of the Bax- and
Bak-activating protein Bid. There is evidence that abnormal
expression of some of the key regulatory factors in these pro-
cesses may lead to cancer progression and resistance and
cross-resistance of cancer cells to chemo- and radiotherapy.

Mucins (MUC) are high molecular weight O-glycoproteins
that are typically expressed at the apical surface of epithelial
cells [7-9]. Expression of mucins is tissue specific and these
glycoproteins participate in essential functions such as protec-
tion, lubrication to epithelial cells, maintenance of epithelial
characteristics, cellular adhesion, differentiation, and immuni-
ty [10-16]. The expression of mucin glycoproteins has been
shown to be altered in many pathological conditions such as
inflammatory bowel disease and neoplasia [17-28]. In some
of these conditions, mucin overexpression predominates,
while in others, downregulation of mucins can be observed.
For example, MUC4 has been shown to be overexpressed in
pancreatic, breast, and gastric cancer [29-31], while its ex-
pression is reduced in prostatic and urothelial cancers [32,
33]. It is very plausible that mucin glycoproteins may play a
key role in the setting of epithelial neoplasia. We hypothesize
that mucin glycoproteins may exert anti-apoptotic effects and
hence induce chemoresistance in epithelial malignancies.

The aim of this study was to identify and summarize all the
studies to date examining the effects of mucin glycoproteins
on apoptosis, cell growth, invasion, migration, adhesion, and
clonogenicity in vitro as well as tumor growth, tumorigenicity,
and metastasis in vivo in epithelial-derived cancers.

2 Materials and methods
2.1 Literature search and study selection

This systematic review adhered to the recommendations of the
PRISMA (Preferred Reporting Items of Systematic Reviews
and Meta-analysis) statement [34]. A systematic search of
PubMed, Embase, and the Cochrane Central Register of
Controlled Trials was performed for all studies that investigat-
ed the role of mucin glycoproteins in apoptosis, cell growth,
invasion, migration, adhesion, and clonogenicity in vitro as
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well as tumor growth, tumorigenicity, and metastasis in vivo
in epithelial-derived cancers. The following search terms were
used in the search algorithm: (mucin OR mucinous) AND
(apoptosis OR necrosis OR cell death) AND (proliferation
OR migration OR invasion OR tumorigenicity OR resistance)
AND (cancer OR adenocarcinoma). A second search strategy
was also used to identify manuscripts detailing the role of
mucin glycoproteins in stem cells: (Mucins) AND (cancer
stem cells). The latest search was performed on the 10
December 2018. Two authors (I.S.R and J.P.B) independently
examined the title and abstract of citations, and the full texts of
potentially eligible studies were obtained; disagreements were
resolved by discussion or if needed by a third author (D.A.M).
The reference lists of all articles that were retrieved were fur-
ther screened for additional eligible publications.

2.2 Eligibility criteria

All studies that investigated the role or association of mucin
glycoproteins with apoptosis, cell growth, invasion, migra-
tion, adhesion, and clonogenicity in vitro as well as tumor
growth, tumorigenicity, and metastasis in vivo in epithelial-
derived cancers were eligible for inclusion. In order to be
eligible, studies had to be performed on cell lines or animal
models. Any studies using patient samples were not included.
Papers pertaining to ovarian cancer were excluded. There
were no language restrictions.

2.3 Data extraction and outcomes

The following information regarding each eligible study was
recorded: authors’ names, journal, year of publication,
country/countries in which the study was undertaken, the mu-
cin glycoprotein that was under investigation, and the method
used to define each mucin glycoprotein’s role in apoptosis.

2.4 Analysis

The results of all eligible studies were grouped together by the
organ involved. The association between apoptosis, cell
growth, invasion, migration, adhesion, and clonogenicity
in vitro as well as tumor growth, tumorigenicity, and metasta-
sis in vivo and each mucin glycoprotein investigated have
been described. Where relevant, the signaling pathways in-
volved have also been described.

3 Results
3.1 Literature review

The initial search yielded 2031 papers; this was reduced to
1297 after duplicates were removed with a further 1115 papers
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excluded by title and abstract alone leaving 182 manuscripts
for full-text review; 92 articles were deemed ineligible after
full-text review and the remaining 90 articles were deemed
suitable for inclusion in the systematic review [30, 31,
35-122]. Of note, one of these articles investigated the role
of apoptosis in two separate epithelial cancers [63]. The rea-
sons as to why the articles were excluded are listed in the
PRISMA flow diagram (Fig. 1). The details of the papers that
were included in the review are available in Table 1.

3.2 Appendiceal tumors
One study looked at the association of MUC2 expression and

apoptosis in an appendiceal tumor model [35]. Dilly et al. used
an in vitro and an in vivo patient-derived xenograft (PDX)

model to determine the significance of MUC2 expression
and apoptosis in appendiceal pseudomyxoma peritonei.
Celecoxib was used to reduce MUC2 mRNA and MUC2
protein expression. Reduced expression of MUC2 was asso-
ciated with significantly increased apoptosis when compared
to the nontreated cell line and PDX model.

3.3 Breast cancer

Twenty papers were available that investigated the link be-
tween mucin glycoproteins and breast cancer [30, 3641, 62,
65-76]. MUCI1 was the glycoprotein of interest in 10 of the 20
available papers. Li et al. found that MUC1-cytoplasmic do-
main (CD) overexpression was associated with significantly
reduced apoptosis. The MUC1-CD transgenic mice in this

Fig. 1 PRISMA flow diagram
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database searching
(n=2,031)
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Embase (1,227)
Cochrane (0)

Records after duplicates
removed
(n=1,297)

Full text articles assessed for
eligibility
(n=182)

Articles excluded by title & abstract
(n=1,115)

Review articles (67)

Clinical studies (62)

Therapeutic studies (186)

Not related to mucin

glycoproteins (332)

e Ovarian cancer articles (231)

e Articles about non-epithelial
tumours (91)

e Articles about benign
conditions (111)

e Articles not related to
apoptosis, proliferation,
invasion etc (35)

Studies included in systematic review

(n=90)

Appendiceal (1)

Breast (20)

Cervical (1)

Colorectal (7)

Esophageal (2)

Gastric (5)

Head & Neck (1)

Hepatocellular (3)

Lung (8)

Multiple (1)

o Colorectal & cervical (1)

Pancreas (31)

Renal (3)

Cancer Stem Cells (7)

Full text articles excluded (n=92)

e Mucin expression not
described (16)

e Therapeutic study (12)

e Apoptosis, proliferation,
invasion etc not described
(42)

e Clinical study (22)

@ Springer



240

Cancer Metastasis Rev (2019) 38:237-257

Table 1

Characteristics of the studies included

1st author

Year

Country

Cancer

MUC

Model used

Outcome

Dilly A K.
LiY.

Zhao Q.
Hattrup C.L.
Schroeder J.A.
Fessler S.P.

Maeda T.
Alam M.

Raina D.

Kharbanda A.

Uchida Y.

Astashchanka A.

Rowson-Hodel
AR.
Mukhopadhyay P.

Chen A.C.

Workman H.C.
Garcia E.P.

Valque H.

Liu Q.

Lakshmanan 1.

Reinartz S.

Jin W.
Chen Q.

Raina D.
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2017

2018

2014

2006

2004

2009

2018

2014

2014

2013

2013

2018

2018

2013

2012

2009

2016

2012

2016

2012

2012

2017

2013

2006

USA

China

UK, USA, and Netherlands
USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA
Uruguay

France

China

USA

Germany

China
China

USA

Appendix
Breast
Breast
Breast
Breast
Breast

Breast

Breast

Breast

Breast

Breast

Breast

Breast

Breast

Breast

Breast
Breast

Breast

Breast

Breast

Breast

Cervical
Colorectal

Colorectal

MuUC2

MUC1

MUCI1

MUCI

MUCI1

MUCI*

MUCI1-C

MUCI-C

MUCI-C

MUCI-C

MUCI1-C

MuC2

MUC4

MUC4

MUC4

MUC4

MUCSB

MUCSB

MUC16

MUC16

MUCI16

MUCI

MUCI

MUCI1

In vitro and in vivo
Transgenic mice
In vitro

In vitro
Transgenic mice
In vitro

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro and in vivo

In vivo

In vitro and in vivo

In vivo

In vitro
In vitro

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro

In vitro
In vitro

In vitro

MUC?2 expression inhibits
apoptosis

MUCI1 expression inhibits
apoptosis

MUCI1 expression inhibits
apoptosis

MUCI knockdown increases
apoptosis

MUCI expression inhibits
apoptosis

MUCI* causes resistance to
trastuzumab

MUCI!-C downregulation
suppresses PD-L1
expression in TNBC cells

MUCI-C is important for
breast cancer cell growth
in vitro and in vivo

MUCI1-C induces resistance
to trastuzumab

MUCI1-C induces resistance
to tamoxifen through
upregulation of p-AKT

MUCI1-C blocks the
apoptotic response

MUC?2 inhibits apoptosis,
increases proliferation,
decreases sensitivity to
chemotherapy, and
facilitates metastasis

MUCH4 facilitates metastasis

MUC4 promotes
proliferation, growth,
migration, invasion,
tumorigenesis, and
metastasis

MUCH4 causes resistance to
endocrine and
HER2-targeted therapies

MUCH4 expression inhibits
apoptosis

MUCSB causes
chemoresistance

MUCSB promotes
proliferation and invasion
in vitro and enhances
growth and cell
dissemination in vivo

MUC16 promotes
proliferation, migration,
and invasion in vitro.
MUCI16 enhances
tumorigenesis and
metastasis in vivo

MUC16 expression inhibits
apoptosis

MUCI16 promotes
proliferation and inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis
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Table 1 (continued)

1st author

Year

Country

Cancer

MUC

Model used

Outcome

Ren J.

Das S.

Zhu X.
Sheng Y.H.

Gupta B.K.

Gronnier C.

Bruyere E.

Deng M.
Costa N.R.
Shi M.

Senapati S.

Lahdaoui F.

Macha M.A.

YIFET.
Yuan H.
LiQ.
XuT.
Xu X.
Gao J.

Raina D.

Majhi P.D.
Lakshmanan 1.

Kanwal M.

Lakshmanan 1.

2004

2016

2016

2017

2014

2014

2011

2013

2011

2013

2008

2017

2015

2017

2015

2014

2017

2014

2009

2011

2013

2016

2018

2017

USA

USA

China
Australia

USA

France

France

China
Portugal and USA
China

USA

France

USA

China
China
China
China
USA
USA

USA

USA
USA

China

USA

Colorectal

Colorectal

Colorectal
Colorectal

Colorectal

Esophageal

Esophageal

Gastric
Gastric
Gastric

Gastric

Gastric

Head and neck

Hepatocellular
Hepatocellular
Hepatocellular
Lung
Lung
Lung

Lung

Lung
Lung

Lung

Lung

MUCI

MUC4

MUCSAC

MUCI3

MUCI13

MUCI1

MUC4

MUCI

MUCI

MUC4

MUC4

MUCSB

MUC 4

MUCI

MUCI

MUCI1

MUCI1

MUC1

MUCI1

MUCI-C

MUC4

MUCSAC

MUC16

MUCl16

In vitro and in vivo

In vivo

In vitro

In vitro and in vivo

In vitro

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro and in vivo

In vitro

In vitro

In vitro and in vivo

In vitro and in vivo

MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCH4 increases tumor
burden and the percentage
of Ki67* nuclei

MUCSAC expression
inhibits apoptosis

MUC13 expression inhibits
apoptosis

MUCI13 promotes cell
growth, colony formation,
migration, and invasion
in vitro

MUCTI increase proliferation,
migration, and invasion
in vitro and increases
tumor size in vivo

MUCH4 increases
proliferation, migration,
and tumor growth

MUCI causes resistance to
trastuzumab

MUCI expression inhibits
apoptosis

MUCH4 causes resistance to
trastuzumab

MUCH4 increases cell motility
in vitro and
tumorigenicity in vivo

MUCSB increases
proliferation, migration,
and invasion

MUCH4 increases growth
in vitro and in vivo
decreases cell senescence

MUCT expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCT expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI1 expression inhibits
apoptosis

MUCI1-C promotes cell
growth in vitro and tumor
growth in vivo

MUCH4 decreases
proliferation

MUCSAC plays a role in cell
migration

MUCI16 promotes growth,
migration, invasion, and
resistance to cisplatin

MUCI6 increases growth
rate, migration, and
resistance to cisplatin and
gemcitabine in vitro and
increases tumor growth
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Table 1 (continued)

1st author

Year

Country

Cancer

MUC

Model used

Outcome

Yin L.

Grover P.
Zhao P.
Trehoux S.

Trehoux S.

Nath S.

Roy L.D.

Jahan R.

Pai P.

Lahdaoui F.

Lakshmanan 1.

Seshacharyulu P.

Skrypek N.

Momi N.

Rachagani S.
Jonckheere N.

Wissniowski T.T

Senapati S.

Torres M.P.
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2003

2018

2017

2015

2015

2013

2011

2018

2016

2015

2015

2014

2013

2013

2012

2012

2012

2012

2010

USA

USA
China
France

France

USA

USA

USA

USA

France

USA

USA

France

USA

USA

France and USA
Germany

USA

USA

Multiple
(colorectal and
cervical)

Pancreatic

Pancreatic
Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic

Pancreatic
Pancreatic

Pancreatic

Pancreatic

MUC1

MUCI

MUCI

MUCI

MUCI

MUCl1

MUCI

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

MUC4

In vitro

In vitro

In vitro

In vitro

In vitro and in vivo

In vitro

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro and in vivo

In vitro

In vitro and in vivo

In vitro and in vivo

In vitro

In vitro

In vitro and in vivo

In vitro

in vivo
MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI expression inhibits
apoptosis

MUCI increases
proliferation, migration,
and invasion in vitro and
increases tumor size
in vivo. It also increases
resistance to gemcitabine

MUCI induces resistance to
chemotherapy

MUCI enhances
invasiveness by inducing
epithelial to mesenchymal
transition

MUC4/X increases
proliferation, invasion,
migration, clonogenicity,
and adhesion in vitro.
MUC4/X increases tumor
size in vivo

MUC4 increases migration
in vitro. In vivo, it results
in increased primary
tumor size and metastases

MUCH4 increases
proliferation and cell
migration in vitro and
increases tumor size
in vivo

HER3 and MUC4 interact to
promote proliferation in
pancreatic cancer cells

MUCH4 increases
proliferation, migration,
and survival in vitro and
increases tumor burden
and metastasis in vivo

MUC4 inhibits apoptosis and
decreases sensitivity to
gemcitabine

MUCH4 increases cell
migration

MUCH4 increases motility and
invasion in vivo and
tumorigenicity and
metastasis in vivo

MUC4 does not inhibit
apoptosis

MUCH4 expression increases
resistance to gemcitabine

MUC4-NIDO domain
promoted breaching of
basement membrane
integrity and enhances
invasiveness
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Table 1 (continued)

1st author Year Country Cancer MUC Model used Outcome

MUCH4 decreases apoptosis
and increases motility and
migration of pancreatic

cancer cells

Bafna S. 2009 USA Pancreatic MUC4 In vitro MUC4 expression inhibits
apoptosis

Chaturvedi P. 2007 USA Pancreatic MUC4 In vitro MUCH4 expression inhibits
apoptosis

Moniaux N. 2007 USA Pancreatic MUC4 In vitro and in vivo MUC4 increases growth,

motility, and invasiveness.
MUC4 enhances
tumorigenicity in vivo

Singh A.P. 2004 USA Pancreatic MuUC4 In vitro and in vivo MUC4 increases growth,
clonogenic ability, and
motility in vitro. MUC4
enhances growth and
metastatic properties
in vivo

Hoshi H. 2013 Japan Pancreatic MUCSAC In vitro MUCS5AC expression
inhibits apoptosis

Hoshi H. 2011 Japan Pancreatic MUCSAC In vitro and in vivo MUCSAC promotes
tumorigenicity and growth
in vivo

Yamazoe S. 2010 Japan Pancreatic MUCS5AC In vitro MUC5AC promotes
adhesion and invasion of
pancreatic cancer cells
in vitro

Chauhan S.C. 2012 USA Pancreatic MUCI13 In vitro and in vivo  MUCI13 promotes motility,
invasion, proliferation,
and clonogenicity in vitro.
MUCI13 promotes tumor
growth and decreases
survival in vivo

Muniyan S. 2016 USA Pancreatic MUCI16 In vitro and in vivo  MUCI 6 increases
proliferation, colony
formation, and migration
in vivo. MUC16 increases
tumor formation and
metastasis in vivo

Das S. 2015 USA Pancreatic MUC16 In vitro and in vivo  MUC16-Cter inhibits
apoptosis
Shukla S.K. 2015 USA Pancreatic MUC16 In vitro MUCI16 increases migration

and invasion through
interaction with mTOR

Shimizu A. 2012 Japan Pancreatic MUCI16 In vitro MUCI6 increases migration
and invasion of pancreatic
cells in vitro

LeeJ. 2016 Korea Pancreatic MUCSB and MUC16  In vitro MUCSB and MUC16
promote migration and
survival of pancreatic
cancer cells in vitro

Bouillez A. 2014 France RCC MUC1 In vitro MUCI increases migration
and cell viability
Aubert S. 2009 France RCC MUCI1 In vitro MUCI increases migration

and invasion of renal
cancer cells in vitro

Sheng Y. 2017 Australia RCC MUCI13 In vitro MUCI13 expression inhibits
apoptosis
Wang R. 2018 China Cancer stem cells MUCI In vitro MUCI promotes

proliferation, self-renewal,
and invasion of breast
cancer stem cells

Hiraki M. 2017 USA Cancer stem cells MUCI1 In vitro
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Table 1 (continued)

1st author Year Country Cancer

MUC Model used Outcome

Huang W.C. 2016 Taiwan Cancer stem cells

Zhou N. 2015 China Cancer stem cells

Alam M. 2013 USA Cancer stem cells

Engelmann 2008 USA Cancer stem cells

Mimeault M. 2010 USA Cancer stem cells

MUCI promotes BMI11
transcription and inhibits
BMI1 downregulation

MUCI promotes
tumor-associated
macrophage-induced lung
cancer stem cell
progression

In vitro and in vivo Cancer stem-like cells are
associated with increased
MUCI expression

MUCI promotes activity in
breast CSC

Breast cancer stem cells
express MUC1

MUCH4 increases
proliferation and invasion.
It reduces
gemcitabine-induced
apoptosis

MUCI1 In vitro

MUC1

MUCI1 In vitro

MUCI1 In vitro

MUC4 In vitro

RCC, renal cell carcinoma; CSC, cancer stem cells

study had increased expression of the anti-apoptotic protein
Bcl-xL and alterations in NF-«kB signaling. Similarly,
Schroeder et al. showed that MUC1 overexpression resulted
in a reduced rate of apoptosis in transgenic mice and was
integral in the formation of mammary gland tumors. Hattrup
et al. demonstrated that MUCI1 gene silencing of breast cancer
cell lines using small interfering RNA (siRNA) resulted in
increased apoptosis, again demonstrating an inverse relation-
ship between MUCI1 expression and apoptosis. Zhao et al.
demonstrated that MUC1-positive transfectants of human
breast HBL-100 epithelial cells showed 6.1 times less apopto-
sis compared to the same cell line not overexpressing MUCI.
Fessler et al. very nicely demonstrated that antagonists of the
cleaved MUCI protein, MUC1#, can overcome the resistance
to trastuzumab seen in cell lines overexpressing MUCI*.
Maeda et al. showed that targeting the MUC]1 subunit,
MUCI1-C, suppresses PD-L1 expression in TNBC cells and
results in an increase in CD8" T cells and tumor cell killing
in vivo. Alam et al. demonstrated that breast cancer cells are
dependent on MUCI1-C for growth in vitro and in vivo.
Kharbanda et al. found that oncogenic MUC1-C promotes
tamoxifen resistance through upregulation of p-AKT. Raina
et al. showed that silencing of MUCI-C reversed resistance to
trastuzumab resistance and that MUC1-C contributed to the
constitutive activation of the HER2 pathway. Uchida et al.
found that MUCI1-C blocks the apoptotic response and this
blockade could be overcome with a MUCI1-C inhibitor.
Astashchanka et al. showed that MUC2 knockdown cell
lines had increased apoptosis and decreased proliferation com-
pared to the wild-type cell lines. Furthermore, the authors
demonstrated that decreased MUC?2 levels increases sensitiv-
ity to chemotherapy. They also showed that metastatic cells
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may be dependent on MUC2 using an in vivo mouse model.
Workman et al. studied the association between MUC4 and
apoptosis in a breast cancer cell line. They established that
MUC4 expression was negatively correlated with apoptosis.
They showed that the anti-apoptotic effect of MUC4 was de-
pendent on ErbB2 signaling in a breast cancer cell line.
Rowson-Hodel et al. demonstrated that MUC4 knockout re-
duced lung metastasis in an in vivo model. The authors sug-
gested that MUC4 might facilitate metastasis by promoting
the association of circulating tumor cells with blood cells that
appear to augment tumor cell survival in circulation.
Mukhopadhyay et al. showed that MUC4 promotes prolifera-
tion and growth in triple negative breast cancer (TNBC) cell
lines; furthermore, it upregulates the EGFR family of proteins
and downstream signaling associated with these proteins. The
authors also showed that MUC4 enhances migratory and in-
vasive potential. In an in vivo model, MUC4 was shown to
promote tumorigenesis and metastasis. Chen et al. found that
MUC4 overexpression was associated with resistance to en-
docrine and HER2-targeted therapies in vivo. Garcia et al.
used short hairpin RNA (shRNA) to knockdown the expres-
sion of MUCS5B in a breast cancer cell line. They showed that
reduced expression of MUCS5B decreased cell adhesion, cell
growth, and clonogenic ability of breast cancer cells but does
not increase apoptosis. They also showed that MUCS5B was
associated with a worse response to chemotherapy and reduc-
ing the expression of MUC5B increases chemosensitivity.
Valque et al. highlighted how MUCS5B leads to aggressive
behavior in breast cancer cells. They showed that MUCS5B
promoted the proliferation and invasion in vitro and enhanced
growth and cell dissemination in vivo. Lakshmanan et al.
showed that MUC16 expression inhibited TRAIL-mediated
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apoptosis in a breast cancer cell line. Downregulation of
MUCI16 resulted in increased apoptosis via the extrinsic apo-
ptotic pathway. Reinartz et al. demonstrated that MUC16 gene
silencing results in induction of apoptosis and suppression of
proliferation in SKBR-3 breast cancer cell. Liu et al. found
that MUC16 promotes migration, invasion and proliferation
of breast cancer cells in vitro. They also found that MUC16
enhances tumorigenesis and metastasis in vivo.

3.4 Cervical cancer

Two papers were identified that looked at the role of mucin
glycoproteins in cervical cancer [42, 63]. Jin et al. demonstrat-
ed that shRNA-based silencing of MUCI in cervical cancer
cells resulted in increased apoptosis when compared to control
cells in response to paclitaxel. Yin et al. demonstrated that
MUCI overexpression in HeLA cells reduced the apoptotic
response to H,O,.

3.5 Colorectal cancer

The literature review identified eight papers that studied
the link between mucin glycoproteins and colorectal can-
cer [43-46, 63, 64, 77, 78]. Four of the eight papers fo-
cused on the role of MUCI. Chen et al. demonstrated that
MUCI expression blocked the apoptotic response through
the JNK1 pathway in an in vitro model. The anti-
apoptotic effects of MUC1 were reversed by reducing
MUCI expression. Ren et al. showed that MUC1 expres-
sion attenuated apoptosis induced by activation of both
the intrinsic and extrinsic pathways. Downregulation of
MUCI1 was shown to sensitize cancer cells to apoptosis
induced by chemotherapy both in vitro and in vivo. Yin
et al. demonstrated that H,O,-induced apoptosis was sig-
nificantly reduced in MUC1-positive compared to MUC1-
negative HCT116 cells. Raina et al. showed that MUCI1
overexpression in HCT-116 cells attenuated the internal
apoptotic pathway when compared to HCT-116 empty
vector-transfected control cells. Das et al. showed that
MUC4 ™~ mice had significantly reduced tumor burden
compared to wild-type mice and a decreased percentage
of Ki67" nuclei suggesting that MUC4 was critical to
intestinal cell proliferation during tumorigenesis. Zhu
et al. focused on MUCS5AC in a colon cancer cell line.
The authors demonstrated that expression of MUCSAC
resulted in low levels of apoptosis. Inhibition of
MUCSAC using siRNA enhanced apoptosis and arrested
the cell cycle in G1. Sheng et al. studied the effects of
MUCI13 in in vitro and in vivo models. They demonstrat-
ed that MUCI13 inhibited intrinsic and extrinsic apoptosis
by promoting the NF-kB pathway. Silencing of MUCI13
using siRNA resulted in increased apoptosis in the in vivo
model. Gupta et al. explored the role of MUCI13 in a

colon cancer cell line and found that MUCI13 increased
cell growth, colony formation, migration, and invasion.
MUCI13 overexpressing cells showed increased HER2
and P-Erk expression, and they also demonstrated that
MUCI13 expression was increased via activation of the
JAK2/STATS signaling pathway.

3.6 Esophageal cancer

Two papers were identified that investigated the role of mucin
glycoproteins in esophageal cancer [79, 80]. Gronnier et al.
used MUC1 knockdown esophageal cancer cells to demon-
strate that increased MUCT levels were associated with pro-
liferation, migration, and invasion iz vitro and increased tumor
size in vivo. Bruyére et al. showed that an esophageal cancer
cell line with MUC4 knockout had less proliferation and mi-
gration than the wild-type cell line; furthermore, using an
in vivo model, they showed that there was a significant de-
crease in tumor size in cells not expressing MUC4.

3.7 Gastric cancer

Five papers were identified that studied the effects of mucin
glycoprotein expression on gastric cancer [31, 41, 47, 81-83].
Using a human cell line from a diffuse type gastric cancer,
Costa et al. found that MUC1 expression decreased apoptosis.
They used shRNA to decrease the expression of MUCI and
this resulted in increased apoptosis when compared to the
control cell line. Deng et al. showed that silencing the expres-
sion of MUCI in a gastric cancer cell line can overcome re-
sistance to trastuzumab. Senapati et al. ectopically expressed
MUCH4 in a poorly differentiated gastric nonsignet ring cell
line. MUC4 overexpressing cells showed a significant in-
crease in cell motility and a decrease in cellular aggregation
when compared to the vector-transfected cells. Animals
transplanted with the MUC4 overexpressing cells had a great-
er incidence of tumors in comparison to an empty vector con-
trol. Shi et al. found that MUC4 was upregulated by
catecholamine-induced B2-adrenergic receptor activation via
activation of STAT3 and ERK and this prevented trastuzumab
from recognition of and binding to Her2. Lahdaoui et al. used
the human gastric cancer cell line KATO-III to demonstrate
that MUCS5B knockdown led to decreased proliferation, mi-
gration, and invasion properties of the cell line. Using an
in vivo xenograft, the authors also showed that MUC5B-
deficient cells had decreased tumor growth when compared
with MUCS5B-expressing cells.

3.8 Head and neck cancer
A single article was identified that investigated the role of

mucin glycoproteins in head and neck cancer [84]. Macha
et al. first demonstrated that MUC4 was upregulated in 78%
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of head and neck squamous cell (HNSCC) tissues compared
with 10% positivity in benign samples. MUC4 knockdown in
two HNSCC cell lines resulted in growth inhibition in vitro
and in vivo and increased cell senescence. Nude mice im-
planted with knockdown cells into the floor of the mouth
had significantly smaller tumors when compared to those im-
planted with control cells.

3.9 Hepatocellular carcinoma

Three articles that evaluated the association between MUC1
and apoptosis in hepatocellular carcinoma (HCC) were
deemed eligible for inclusion in the study [48-50]. Yi et al.
demonstrated that MUC1 was upregulated in HCC cells fol-
lowing irradiation. This overexpression inhibited irradiation-
induced apoptosis by > 60%. They showed that MUC1 over-
expression inhibited apoptosis through activation of JAK2/
STAT3. Yuan et al. showed that MUC1 expression inhibited
apoptosis in a HCC cell line. Using siRNA to silence MUCI,
they showed that decreasing the expression of MUC1 induced
apoptosis through mitochondrial and death receptor apoptotic
pathways. Similarly, Li et al. used siRNA to silence MUC1
expression in a HCC cell line. They found that knockdown of
MUCI induced apoptosis and altered the (3-catenin signaling
pathway by blocking {3-catenin translocation to the nucleus.

3.10 Lung cancer

Eight articles investigating the association between mucin gly-
coproteins and lung cancer were eligible for inclusion in the
review [51-53, 85-89]. Xu et al. used siRNA to silence the
expression of MUCI in a nonsmall cell lung cancer (NSCLC)
cell line. They showed that MUC1 downregulation promoted
apoptosis. They also showed that MUC1 downregulation sup-
pressed the AKT and MAPK signaling pathways. Similarly,
Xu et al. demonstrated that MUC1 overexpression in lung
cancer cell lines led to apoptotic resistance and
chemoresistance. Using siRNA to silence MUCI1 expression
helped to overcome apoptosis and chemoresistance. Gao et al.
also used a NSCLC cell line. They showed that MUCT1 silenc-
ing using siRNA increased the levels of apoptosis and sensi-
tized the cells to treatment with cisplatin. Raina et al. showed
that lung cancer cells were dependent on MUC1-C for growth
and treatment with a MUCI-C inhibitor in vivo resulted in
tumor regression. Majhi et al. showed that MUC4 expression
in lung cancer cell lines was associated with less proliferation
and a less metastatic phenotype. Cells expressing MUC4 had
upregulation of p53 leading to an accumulation of cells at the
G2/M phase of cell cycle progression. In keeping with this
finding, the authors demonstrated a decrease in MUC4 expres-
sion with increasing tumor stage in their patient cohort.
Lakhsmanan et al. demonstrated that MUCS5AC knockdown
cells had significantly decreased migration in two lung cancer
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cell lines when compared to the scramble cells. The authors
concluded that MUCSAC interacts with integrin (34 and this
interaction plays a role in lung cancer cell migration. In a
separate paper, Lakshmanan et al. also used shRNAs to
knockdown MUCI6 in lung cancer cell lines. The authors
demonstrated that MUC16 increased growth rate and migra-
tion in vitro and increased in vivo tumor growth. MUC16 also
induced cisplatin and gemcitabine resistance by downregula-
tion of p53. Kanwal et al. showed that MUC16 overexpres-
sion in lung cancer cell lines resulted in increased growth,
migration, invasion, and increased resistance to cisplatin.

3.11 Pancreatic cancer

Thirty-one papers that elucidated an association between mu-
cin glycoproteins and pancreatic cancer were included in the
review [54-60, 99-122]. Grover et al. showed that MUC1
overexpressing pancreatic cancer cells were completely
protected from TGF-f31-induced apoptosis when compared
to a control cell line. Zhao et al. showed that silencing of
MUCI using siRNA in a pancreatic cancer cell line induced
apoptosis. Trehoux et al. used a retroviral infection to silence
MUCI expression in a pancreatic cancer cell line. They
showed that MUCI gene silencing increased apoptosis and
conferred sensitivity to gemcitabine and FOLFIRINOX when
compared to the MUCI expressing cell line. Trehoux et al.
also used miRNAs to regulate the expression of mucin glyco-
proteins. They decreased the expression of MUC1 using miR-
29a and miR-330-5p in pancreatic cancer cells. This inhibited
cell proliferation, migration, and invasion, as well as this also
sensitized pancreatic cancer cells to gemcitabine chemothera-
py. In their in vivo studies, intratumoral injection of these two
miRNAs in xenografted pancreatic tumors led to reduced tu-
mor growth. Nath et al. found that MUCI induced resistance
in pancreatic cancer cells to gemcitabine and etoposide
through enhanced expression of multidrug resistance genes
such as ABCCI1, ABCC3, and ABCCS5. Roy et al. found that
MUCI enhances invasiveness of pancreatic cancer cells by
inducing epithelial to mesenchymal transition.

Jonckheere et al. investigated the association between
MUCH4 expression and apoptosis in pancreatic cancer cell
lines. MUC4 knockdown cells were obtained by retroviral
infection with a plasmid. They found no difference in apopto-
sis between MUC4 expressing and MUC4 knockdown pan-
creatic cancer cells. MUC4 knockdown cells did, however,
show decreased proliferation; in contrast to this, they were
significantly more invasive. Bafna et al. found the opposite
to be true with regard to MUC4. MUC4 was silenced in a
pancreatic cancer cell line using siRNA. The MUC4-
silenced cells showed increased apoptosis in response to
gemcitabine treatment when compared to the MUC4-
expressing cells. The authors provided evidence that MUC4
blocked the intrinsic apoptotic pathway. Chaturvedi et al.
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similarly showed that silencing of MUC4 using siRNA result-
ed in an increase in apoptosis in pancreatic cancer cells.
Skrypek et al. demonstrated that MUC4 knockdown pancre-
atic cancer cells were more sensitive to gemcitabine chemo-
therapy when compared to wild-type pancreatic cancer cells.
The authors showed that MUC4 knockdown pancreatic cells
had decreased activation of the MAPK, JNK, and NF-kB
pathways. Lahdaoui et al. used miR-219-1-3p to negatively
regulate MUC4 expression, and this resulted in a decrease in
cell proliferation and migration. Interestingly, when miR-219-
1-3p was injected into xenografted pancreatic tumors in mice,
it resulted in decreased tumor growth and MUC4 expression.
Jahan et al. showed that MUC4/X, a MUC4 splice variant,
overexpression resulted in enhanced pancreatic cell prolifera-
tion, invasion, migration, clonogenicity, and adhesion. The
authors also demonstrated that MUC4/X-overexpressing tu-
mors implanted into the pancreas of athymic nude mice were
significantly larger than wild-type tumors at 50 days post-im-
plantation. Seshacharyulu et al. used the pan-EGFR inhibitors,
canertinib and afatinib, to reduce MUC4 expression and its
oncogenic functions in pancreatic cancer cells in vitro and in
an in vivo model. Reduced expression of MUC4 resulted in
decreased proliferation, migration, and survival of pancreatic
cancer cells and reduced tumor burden and metastasis in the
in vivo model. Lakshmanan et al. demonstrated that
HER3/MUC4 had a positive role in HER2 low pancreatic
cancer cells. Knockdown of HER3 using siRNA led to de-
creased proliferation leading the authors to conclude that
HER3 interacts with MUC4 to promote proliferation in
HER?2 low pancreatic cancer cells. Pai et al. were able to
demonstrate that (3-catenin directly governs MUC4 in pancre-
atic cancer cells. Knockdown of (3-catenin in pancreatic can-
cer cell lines resulted in reduced MUC4 transcript and protein.
The knockdown cell lines showed decreased migration
in vitro. After orthotopic implantation, the nude mice that
were implanted with the knockdown cells had reduced prima-
ry tumor sizes and metastases compared to those mice im-
planted with the scrambled control cells. Rachagani et al.
showed that MUC4 promotes invasion and metastasis by
FGFRI1 stabilization through N-cadherin upregulation.
MUC4 knockdown cells were associated with downregulation
of FGFR1 and this led to a decrease in motility and invasion
in vitro and decreased tumorigenicity and metastasis in vivo
when compared with scramble vector—transfected cells. Momi
et al. explored the interaction between nicotine, cigarette
smoke, and pancreatic cancer. They demonstrated that ciga-
rette smoke and nicotine upregulate MUC4 expression in pan-
creatic cancer cells. Nicotine-induced MUC4 expression in-
creased the migratory potential of pancreatic cancer cells. In a
mouse model, cigarette smoke increased pancreatic tumor
weight and potentiated tumor metastasis. Moniaux et al.
engineered a MUC4 complementary DNA construct called
mini-MUC4 whose deduced protein is comparable with that

of wild-type MUC4. Expression of this protein resulted in
increased growth, motility, and invasiveness of pancreatic
cancer cells in vitro. Furthermore, these cells were found to
have enhanced tumorigenicity in an orthotopic xenograft nude
mouse model. Senapati et al. demonstrated the importance of
the nidogen-like (NIDO) domain of MUC4. The in vitro stud-
ies carried out by the authors showed that the NIDO domain
contributes to the protein—protein interaction of MUC4 and
thus promotes breaching of basement membrane integrity
and spreading of cancer cells. Cells expressing MUC4 dem-
onstrated enhanced invasiveness; interestingly, the absence of
the NIDO domain had no effect on cell growth and motility.
The authors concluded that the MUC4-NIDO domain signif-
icantly contributes to the MUC4-mediated metastasis of pan-
creatic cancer cells. Singh et al. silenced MUC4 expression in
an aggressive and highly metastatic pancreatic cancer cell line.
Decreased MUC4 expression resulted in diminished growth
and clonogenic ability as well as motility in vitro and de-
creased tumor growth and metastatic properties in vivo.
MUC4 downregulation correlated with reduced expression
of Her2/neu. Torres et al. treated pancreatic cancer cells
with thymoquinone, and this resulted in downregulation of
MUCH4 expression through the proteasomal pathway. This
downregulation of MUC4 was associated with increased
apoptosis, decreased motility, and decreased migration of
pancreatic cancer cells. Wissniowski et al. showed that si-
lencing of MUC4 increased the sensitivity of pancreatic
cancer cells to gemcitabine.

Hoshi et al. found that MUCSAC expression resulted in
less apoptosis in response to TRAIL when compared to the
same cell line with MUCS5AC knocked down using siRNA. In
a separate study, Hoshi et al. demonstrated that MUCS5AC
knockdown cells resulted in less tumorigenicity and growth
in vivo when compared to the wild-type cells. Yamazoe et al.
used siRNA to knockdown MUCSAC in two pancreatic can-
cer cell lines. The knockdown cells showed significantly low-
er adhesion and invasion to extracellular matrix components
compared to the wild-type cell lines. Furthermore, the expres-
sion of genes associated with adhesion and invasion such as
integrins, matrix metalloproteinase-3, and VEGF was down-
regulated in MUCSAC-suppressed cells. Chauhan et al. inves-
tigated MUC13 in the setting of pancreatic cancer and dem-
onstrated that MUC13 enhances motility, invasion, prolifera-
tion, and clonogenicity in vitro, while in vivo, it promotes
tumor growth and reduces survival. MUCI13 expression is
positively correlated with upregulation of Her2, ERK, and
PAK1 and downregulation of p53.

Das et al. determined that the carboxyl-terminal domain of
MUCI16 promotes G2/M block with apoptotic resistance in
pancreatic cancer cells, and this is a property commonly as-
cribed to cancer stem cells. Muniyan et al. demonstrated that
MUC16 knockdown cells have less proliferation, colony for-
mation, and migration when compared to wild-type cells.
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MUCI16 knockdown was shown to decrease tumor formation
and metastasis in an orthotopic xenograft mouse model.
Shukla et al. studied the role of MUC16 in pancreatic cancer
and determined that MUC16 increases migration and inva-
sion. MUC16 knockdown cells have reduced lactate secretion
and supplementing the culture media with lactate restored the
migration and invasion potential. The authors also demon-
strated reduced mTOR activity in MUC16 knockdown cells,
and this led to reduced expression of c-MYC, a downstream
target of mTOR and a key player in cellular growth, prolifer-
ation, and metabolism. Ectopic expression of c-MYC in
MUCI16 knockdown cells restored the altered cellular physi-
ology. Shimizu et al. showed that downregulation of MUC16
and inhibition of MUC16 binding resulted in reduced invasion
and migration of pancreatic cancer cells in vitro. Lee et al.
showed that transfection with siRNA for MUC5B and
MUCI16 inhibited the migration and survival of pancreatic
cancer cells in vitro.

3.12 Renal cell carcinoma

Three papers were identified that evaluated the role of mucin
glycoproteins in renal cell carcinoma (RCC) [61, 90, 91].
Bouillez et al. correlated MUC1 overexpression with an in-
crease in migration and cell viability and a resistance to
anoikis. Aubert et al. showed that MUC1 knockdown induced
a significant reduction of invasion and migration in renal can-
cer cells. Using an RCC cell line, Sheng et al. silenced
MUCI13 using siRNA. The silencing of MUC13 was associ-
ated with an increase in apoptosis induced by sorafenib or
sunitinib. They demonstrated that MUC13 promotion of cell
growth and migration was dependent on activation of NF-«B.

3.13 Cancer stem cells

Seven papers were identified that investigated the association
between mucin glycoproteins and cancer stem cells [92-98].
Alam et al. demonstrated that MUCT activates a signaling path-
way involving ALDH1A1 which in turn promotes the induc-
tion of ALDH activity in breast cancer cells. ALDH activity is
used as a marker of breast cancer stem cells, and hence, MUC1
has a positive effect on these cells. Huang et al. demonstrated
that MUC 1 -silenced M2 tumor-associated macrophages
(TAM) exhibited a significantly lower ability to promote lung
cancer stem cell generation suggesting that MUCI plays an
important role in TAM-induced lung cancer stem cell genera-
tion. Wang et al. used a flavonoid named quercetin to reduce
breast cancer stem cell proliferation, self-renewal, and invasive-
ness. The authors showed that downregulation of MUCI1 was
one of the mechanisms used by quercetin against breast cancer
stem cells. Hiraki et al. found that BMI1 is overexpressed in
breast and several other cancers and promotes self-renewal in
cancer stem-like cells. The authors showed that MUC1-C
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drives BMI1 transcription by a MYC-dependent mechanism
and blocks miR-200c-mediated downregulation of BMI1 ex-
pression thus linking MUC1-C to self-renewal in human carci-
noma cells. Zhou et al. showed that tumor-associated macro-
phages exposed to apoptotic breast cancer cells induce an in-
crease in cancer stem-like cells and their proliferative ability
accompanied with an increase in MUCI expression.
Engelmann et al. showed that MUC1 is expressed in cancer
stem/progenitor cells found in the MCF7 breast cancer cell line,
and hence, these cells would be targets of MUCI -directed im-
munotherapy. Mimeault et al. showed that MUC4 expression in
pancreatic cancer cells was associated with a higher resistance
to the antiproliferative, anti-invasive, and apoptotic effects in-
duced by gemcitabine. They also showed that MUC4 is
expressed in the small CD133" cell progenitor subpopulation
as well as in their differentiated CD133" progenies. MUC4
downregulation may partially reverse the resistance of
CD133" initiating cells to gemcitabine treatment.

4 Discussion

Our literature review identified 90 papers that looked at the
association between mucin glycoproteins and epithelial can-
cers. The majority of these papers studied mucin glycoproteins
in a cell culture setting; however, 40 had an in vivo component.
MUCT was the focus of 38 studies, MUC4 was the focus of 27
studies, MUC16 was the focus of 10 studies, MUCS5AC was the
focus of 5 studies, MUC5B and MUC13 had 4 studies devoted
to their role in the apoptotic process, while MUC2 was ana-
lyzed in 2 studies. Firstly, our findings show that mucin glyco-
proteins appear to play a significant role in apoptosis, cell
growth, invasion, migration, adhesion, and clonogenicity
in vitro as well as tumor growth, tumorigenicity, and metastasis
in vivo in epithelial-derived cancers. All 39 papers focusing on
MUCI1 demonstrated that overexpression of MUCI either
inhibited the apoptotic process when compared to the same cell
lines not overexpressing MUC1 or enhanced proliferation, mi-
gration, invasion, and tumorigenicity. Furthermore, there was
overwhelming evidence that MUC] resulted in resistance to
chemotherapy across many different cancer subtypes. The ma-
jority of the studies (25/27) evaluating MUC4 showed that in a
similar fashion to MUC1, MUC4 appears to inhibit apoptosis
and enhance proliferation, migration, and invasion. There is
also strong evidence that MUC4 promotes resistance to chemo-
therapy. Interestingly, there was a single study that was unable
to demonstrate a difference in apoptosis between MUC4-
overexpressing cells and MUC4 knockdown cells and a second
study that showed that MUC4 expression resulted in decreased
cell proliferation. MUC2, MUC5AC, MUC5B, MUCI13, and
MUCI16 expression was shown to inhibit apoptosis and pro-
mote invasion, migration, adhesion, and chemoresistance.
Based on our findings, it appears that there is strong evidence
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to show that aberrant mucin glycoprotein expression in cancer
increases resistance to apoptosis, promotes aggressive features
of malignant cells, and likely contributes to the chemoresistance
demonstrated by some cancers.

Mucin glycoproteins appear to inhibit apoptosis and induce
resistance to chemotherapy through diverse signaling pathways
(Fig. 2). In breast cancer cell lines, MUC4 overexpression was
shown to confer resistance to apoptosis through augmentation
of ErbB2 signaling to regulate anti-apoptotic Bcl-2 family pro-
teins and promote cellular survival under stressful conditions.
MUC16 has been shown to interact with JAK?2 in breast cancer
cells and result in downstream activation of STAT3 which in-
duces tumorigenesis. Interestingly, MUC1 has also been shown
to promote radioresistance through activation of JAK2/STAT3
signaling in hepatocellular carcinoma. Conversely, in the set-
ting of lung cancer, STAT3 has been shown to regulate the
expression of MUC1 which drives cell survival and colony
formation. In the setting of cervical cancer, MUCI has been
shown to enhance nuclear translocation of EGFR. In colorectal
cancer, MUC13 appears to protect cells from death by
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nuclear targeting of c-Abl in the apoptotic response to DNA
damage. In summary, these studies suggest that mucin glyco-
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phenotype in cancer cells. Aside from involvement with multi-
ple signaling pathways, mucin glycoprotein expression may
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and cell-matrix interactions [123], promotes metastasis [124],
confers tumor cell resistance to therapeutic antibodies [125,
126], and promotes the ability of tumor cells to evade immune
surveillance [127]. Mucin glycoproteins may prevent apoptosis
both by altering intracellular cell signaling and by forming a
physical barrier that may limit the capacity for chemotherapeu-
tics to reach the cell.

These findings also indicate that mucin glycoproteins may
represent potential therapeutic targets. Drugs that decrease the
production or inhibit the actions of mucin glycoproteins may
potentially reverse the resistance to chemoradiotherapy found
in cancers that overexpress these proteins. Until recently, most
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research on MUCI as a target in colorectal cancer has been
focused on vaccine development. These vaccines have been
studied in mouse models and have been shown to cause rejec-
tion of tumor cells in the prophylactic setting and to reduce
tumor burden in the therapeutic setting [128]. Vaccines against
MUCI have been tested in patients with adenomas, but data on
the efficacy of these is still lacking [129]. MUCI contains CQC
residues in the cytoplasmic domain that are important for its
homodimerization and function as an oncoprotein [130]. In
keeping with this, direct inhibitors of MUC1-C such as GO-
201, GO-202, and GO-203 have been developed and work by
blocking the CQC motif [131]. These inhibitors have been
shown to arrest growth and induce cell death in breast cancer
cells in vitro and in vivo. GO-203 has been shown to inhibit cell
growth in MUCI -positive colorectal cancer cells; furthermore,
it has been shown to induce regression of colon tumors in
xenograft models [132]. Going forward, MUCI inhibitors ei-
ther alone or in combination with other chemotherapeutic
agents may be useful in the treatment of specific subtypes of
epithelial cancers. Vaccinating those with premalignant lesions
against MUC1 may also become an option to prevent progres-
sion to invasive disease. Both of these potential options require
more focused research efforts before their exact place, if any, in
the treatment of malignancies is determined.

This systematic review identified that there has been a strong
interest in MUCH4, particularly in the setting of pancreatic can-
cer [133-135]. MUCH4 is a member of the membrane-bound
mucin family [136-138]. There is good evidence that impli-
cates MUC4 in the pathogenesis of many types of cancer [33,
139-142], but particularly in the setting of pancreatic cancer
[13, 124, 143—-151]. Interestingly, the expression of MUCH4 is
undetectable in the normal pancreas [29, 152]; however, there is
a positive correlation between MUC4 expression and increas-
ing grade of pancreatic intraepithelial neoplasia and pancreatic
adenocarcinoma [153]. Silencing of MUC4 expression in pan-
creatic cancer cells has been shown to result in less cell prolif-
eration and migration [101]; furthermore, reducing the expres-
sion of MUC4 has also been shown to increase sensitivity to
gemcitabine [100]. MUC4 has been shown to interact with and
stabilize the HER2 oncoprotein, and silencing of MUC4 has
been shown to lead to the downregulation of HER2 with a
concomitant decrease in its phosphorylated form [154], and it
masks the antibody-binding epitope of ErbB2 leading to dimin-
ished trastuzumab binding in breast cancer [126]. MUC4 has
also been shown to be a transcriptional and post-transcriptional
target of K-ras oncogene in pancreatic cancer [155]. Clearly,
MUCH4 is a potentially attractive protein for diagnosis, progno-
sis, and treatment in those cancers with altered MUC4 expres-
sion [11, 12, 156-159]. Tumors that overexpress MUC4 have
already been shown to have a poorer prognosis [160], and pan-
creatic mucin MUC4 has been shown to be able to reliably
distinguish between pancreatic adenocarcinoma and pancreati-
tis [29]. The use of MUC4 vaccines in in vitro experiments has
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been reported, and these vaccines have been shown to have a
potent cytotoxic response that was specific to MUC4-
expressing cells [161, 162]. There is no doubt that the full
diagnostic, prognostic, and therapeutic potential of MUC4 is
yet to be reached.

MUCI16 is another member of the membrane-bound mucin
family and was found to be the third most researched mucin in
this systematic review. MUCI16 is an extremely large glyco-
protein (22,152 amino acids) and has been used clinically as
an ovarian cancer biomarker, CA125, for several decades
[163—-166]. MUCI16 is expressed in the epithelial lining of
several organs such as the ocular surface where it provides
hydration and lubrication, forms a disadhesive barrier, and
protects the cell surface from pathogen attack [167]. It has
been shown to be overexpressed in multiple tumor types
[168—171]. MUC16 has been shown to inhibit apoptosis and
to increase proliferation, migration, invasion, and colony for-
mation of pancreatic cancer cells in vitro. It has also been
shown to increase tumor growth and metastasis in vivo [104,
112, 115, 116]. A number of studies have examined the role of
carboxyl-terminal MUC16 and have found that it can reduce
TRAIL-induced apoptosis [172] and can also reduce sensitiv-
ity to cisplatin [173]. Antibodies against MUC16 such as
oregovomab and abagovomab that have been used to treat
patients with ovarian cancer have had limited success [174,
175]. It is believed that antibodies toward the carboxyl-
terminal MUC16 will prove to be useful for diagnostic and
therapeutic applications [163]. Preventing the cleavage of
MUCI6 is an alternative therapeutic strategy as it would in-
crease the cell surface representation of MUC16 and thus en-
hance the efficacy of antibody-based therapeutics [176].
Targeting the interacting partners of MUCI16 has also been
explored with some success involving mesothelin [177].
MUCI6 is another exciting potential target in the treatment
of epithelial-derived malignancies.

Our findings demonstrated that mucins play a clear role in
the proliferation and survival of cancer stem cells as well as in
promoting resistance against chemotherapy. In addition to
this, there are a number of publications highlighting the part
played by mucins in the epithelial to mesenchymal transition
(EMT). EMT is a reversible process associated with loss of
cell polarity, decreased surface expression of epithelial
markers, and increased expression of mesenchymal markers
[178, 179]. EMT plays a major part in metastatic tumor pro-
gression, drug resistance, and recurrence [180—-183]. MUCI,
MUC4, and MUCI16 appear to play a significant role in EMT;
however, the secretory mucins such as MUC5SAC may also
have a role in this process [184—186]. Roy et al. initially de-
scribed the association between aberrant expression of MUC1
and initiation of EMT phenotype in cancer cells. They
overexpressed MUCT in pancreatic cancer cells and highlight-
ed the direct association with EMT-related transcription fac-
tors such as SNAIL and SLUG [122]. MUC4 knockdown
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cells have been shown to have reduced expression of mesen-
chymal markers such as vimentin and vitronectin and in-
creased expression of the epithelial marker cytokeratin-18,
and these findings highlight the importance of MUC4 in the
acquisition of the EMT phenotype [30]. There is also evidence
to suggest that MUC4 can suppress EMT in lung cancer [187,
188], suggesting that MUC4 regulation of EMT is cellular
dependent. Interestingly, loss of MUC16 cell surface expres-
sion induces mesenchymal features, and MUCI16-deficient
cells display increased invasion and motility [189]; however,
other studies have demonstrated that overexpression of the
cytoplasmic portion of MUCI16 is associated with invasive
properties [190]. Mucins appear to play a key role in EMT
that is likely cellular dependent.

5 Conclusions

Overexpression of mucin glycoproteins, in particular MUCI,
MUC4, and MUC16, appears to confer resistance to apoptosis
and chemoradiotherapy as well as promoting invasion, migra-
tion, adhesion, and proliferation in many different epithelial-
derived cancers. Based on the findings from the studies above,
it appears that mucin glycoproteins interfere with key signal-
ing pathways. Reducing the expression of mucin glycopro-
teins restores the ability of cells to undergo apoptosis. More
focused research into the effects of targeting the expression of
mucin glycoproteins is needed to determine the possibility of
using MUC inhibitors in the clinical setting.
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