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Tiivistelmä – Referat – Abstract
The motivation of this study was to find new treatment options for the rare cancer pseudomyxoma peritonei (PMP). PMP is a slowly
progressing mucinous adenocarcinoma that originates from the appendix and disseminates into the peritoneum where the cancer
cells secrete large amounts of MUC2, the main component of intestinal mucus, into the peritoneum. The disulfide isomerase AGR2
helps MUC2 with forming the correct intramolecular disulfide bonds prior secretion, and is essential to MUC2 protein production.
The mucus build-up into the peritoneum causes stress on vital organs, and eventually death. Therefore, inhibiting MUC2
production in PMP cancer cells might slow down the disease progression significantly. MAPK/ERK and cAMP/PKA signaling
pathways stimulate MUC2 production, and activating mutations in KRAS and GNAS of these pathways are common in PMP.
The aim of this study was to elucidate how MUC2 and AGR2 affect each other’s expression levels, and how the MAPK/ERK
pathway and the cAMP/PKA pathway targeting substances caffeine, theophylline, cromolyn, fudosteine, octreotide, and lanreotide,
affect MUC2 expression in vitro. This study was conducted on human colorectal adenocarcinoma cell lines LS174T, LoVo, and
HT29 that all produce large amounts of MUC2. In addition, LS174T and LoVo cell lines carry activating heterozygous mutations in
their KRAS genes. MUC2 and AGR2 expression levels were measured on mRNA level with real-time quantitative reverse
transcriptase polymerase chain reaction.
The effects of MUC2 on AGR2 expression, and vice versa, were tested by silencing each at a time with the appropriate siRNA.
MUC2 siRNA suppressed both MUC2 and AGR2 mRNA levels down to 50 % in LS174T cells and down to 40 % in LoVo cells in
respect to their control groups. AGR2 siRNA suppressed AGR2 mRNA levels down to 50 % in LS174T cells and even down to 30
% in LoVo cells in respect to their control groups, while there were no statistically significant changes in MUC2 mRNA levels.
Caffeine and theophylline inhibit phosphodiesterase of the cAMP/PKA signaling pathway, and in consequence, the hydrolysis of
the secondary messenger cAMP, prolonging the activation of the pathway. Caffeine stimulated MUC2 production in LS174T and
LoVo cells. In addition, AGR2 mRNA levels increased in LoVo cells, in which the fold change in MUC2 mRNA levels was much
greater. Theophylline, a compound found in tea, and used for the treatment of asthma, did not affect MUC2 production.
PMP cancer cells express protein S100P. Cromolyn is a pharmaceutical substance used for the treatment of asthma, and it inhibits
S100P, and thereby S100P/RAGE signaling -dependent activation of MAPK/ERK pathway. Fudosteine, on the other hand, is a
mucoactive pharmaceutical substance that lowers the production of MUC5AC, the main component of lung mucus. Since
activating GNAS mutation stimulates the production of both MUC2 and MUC5AC in HT29 cells, the expression of both must be at
least partially controlled by same mechanisms. In addition, Somatostatin analogues octreotide and lanreotide inhibit ERK1/2 of the
MAPK/ERK pathway, as well as protein kinase A of the cAMP/PKA pathway, and hence cAMP production. However, none of these
four tested pharmaceutical substances were able to inhibit MUC2 production in the cell lines used this study in vitro.
In conclusion, MUC2 clearly has control over AGR2 expression as silencing MUC2 lowers AGR2 expression, and the strong
stimulation of MUC2 expression by caffeine also stimulates AGR2 expression. However, according to this study, AGR2 levels do
not affect MUC2 expression.
The finding that caffeine stimulates MUC2 production may be very significant if the effects of caffeine consumed in drinks and
foods is similar in the cancer cells of PMP patients. However, further in vivo studies are required to determine whether caffeine has
these effects in PMP patients or not.
The inability of cromolyn, fudosteine, lanreotide, and octreotide to inhibit MUC2 expression might be due to the extensive crosstalk between MAPK/ERK and cAMP/PKA pathways, in addition to other factors affecting MUC2 expression that were not affected
by the tested substances. It appears that inhibiting one signaling pathway is insufficient to inhibit MUC2 production, and that further
studies using combination of two or more pharmaceutical substances might prove to be more effective.
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Tiivistelmä – Referat – Abstract
Tämän tutkimuksen motivaatio tulee pyrkimyksestä löytää uusia hoitokeinoja harvinaisen pseudomyksooma peritonei (PMP)
syövän hoitoon. PMP on musinoottinen, umpilisäkkeestä lähtöisin oleva hitaasti etenevä adenokarsinooma, jonka solut leviävät
vatsaonteloon. Nämä syöpäsolut tuottavat suuria määriä limaa, jonka pääkomponentti on massiivinen MUC2 glykoproteiini. AGR2
on proteiini disulfidi isomeraasi, joka avustaa MUC2:n intramolekulaaristen rikkisiltojen muodostumisessa ennen proteiinin eritystä,
ja on välttämätön MUC2:n tuotossa. Liman erittyminen ja kertyminen vatsaontelon sisään PMP:ssä aiheuttaa painetta sisäelimille,
ja johtaa lopulta kuolemaan. MUC2:n tuoton estäminen saattaisi siis hidastaa taudin etenemistä merkittävästi. MAPK/ERK ja
cAMP/PKA signalointireitit stimuloivat MUC2:n tuottoa, ja aktivoivat mutaatiot niiden KRAS ja GNAS geeneissä ovat yleisiä
PMP:ssä.
Tämän tutkimuksen tavoite oli selvittää miten MUC2 ja AGR2 vaikuttavat toistensa ilmentymistasoihin, sekä mikä vaikutus
MAPK/ERK ja cAMP/PKA signalointireitteihin vaikuttavilla aineilla kofeiinilla, teofyllinillä, cromolynillä, fudosteinella, oktreotidilla ja
lanreotidilla, on MUC2:n ilmentymiseen in vitro. Tutkimuksessa käytettiin kolorektaalisen adenokarsinooman solulinjoja LS174T,
LoVo ja HT29, jotka erittävät suuria määriä MUC2:ta. Lisäksi LS174T ja LoVo soluilla on aktivoiva heterotsygoottinen KRAS
mutaatio. MUC2:n ja AGR2:n ilmentymistä mitattiin mRNA tasolla kvantitatiivisella tosiaika-polymeraasiketjureaktiolla.
MUC2:n vaikutusta AGR2:n tuottoon, sekä vastaavasti AGR2:n vaikutusta MUC2:n tuottoon tutkittiin hiljentämällä vuorollaan
molempia vastaavalla siRNA:lla. MUC2 siRNA:lla sekä MUC2 että AGR2 mRNA tasot laskivat 50 prosenttiin LS174T soluissa ja 40
prosenttiin LoVo soluissa kontrolliryhmiinsä nähden. AGR2 siRNA:lla AGR2 mRNA tasot laskivat niin ikään 50 prosenttiin LS174T
soluissa ja jopa 30 prosenttiin LoVo soluissa kontrolliryhmiinsä nähden, mutta MUC2 mRNA tasot eivät näissä muuttuneet
tilastollisesti merkittävästi.
Kofeiini ja teofylliini estävät cAMP/PKA signalointireitin fosfodiesteraasia, joka hydrolysoi toisiolähetti cAMP:tä AMP:ksi, ja näin
ollen pitävät cAMP/PKA signalointireittiä aktiivisena pidempään. Sekä LS174T että LoVo soluissa kofeiini stimuloi MUC2:n tuottoa.
LoVo soluissa, joissa MUC2:n tuotto kasvoi huomattavasti enemmän, myös AGR2:n ilmentymistasot nousivat. Teestä löytyvällä
teofyllinillä, jota myös käytetään lääkkeenä astman hoidossa, ei ollut vaikutusta MUC2:n tuottoon.
PMP syöpäsolut ilmentävät S100P proteiinia. Cromolyn on astmalääke, ja sen tiedetään sitoutuvan S100P proteiiniin ja siten
estävän S100P:n ja RAGE:n interaktiot, joka puolestaan estää RAGE:a aktivoimasta MAPK/ERK signalointireittiä. Fudosteine
puolestaan on mukoaktiivinen lääke, joka vähentää keuhkojen liman pääkomponentin MUC5AC:n tuottoa. Aktivoiva GNAS
mutaatio lisää niin MUC2:n kuin MUC5AC:n tuottoa HT29 soluissa, joten molempien ilmentymistä säädellään ainakin osittain
samoilla tavoilla. Lisäksi somatostatiinianalogit oktreotidi ja lanreotidi estävät MAPK/ERK signalointireitin ERK1/2 kinaasia, sekä
cAMP/PKA signalointireitin proteiini kinaasi A:ta, joka ei tällöin pysty tuottamaan cAMP:tä. Mikään näistä neljästä lääkeaineesta ei
kuitenkaan pystynyt estämään MUC2:n tuottoa missään tässä tutkimuksessa testatuissa solulinjoissa in vitro.
MUC2 selvästi säätelee AGR2:n ilmentymistä, sillä MUC2:n hiljentäminen laski myös AGR2:n ilmentymistasoja, ja kofeiinin
MUC2:n ilmentymistä stimuloiva vaikutus stimuloi myös AGR2:n ilmentymistä. AGR2:lla ei näiden kokeiden perusteella ole
kuitenkaan vaikutusta MUC2:n ilmentymiseen.
Kofeiinin MUC2:n tuottoa stimuloiva vaikutus on merkittävä löytö mikäli ruuassa ja juomissa nautittuna sillä on samankaltainen
vaikutus PMP potilaiden syöpäsoluihin. Tästä tutkimuksesta ei kuitenkaan voida tehdä päätelmiä kofeiinin vaikutuksista elimistössä
vaan aihe kaipaa jatkotutkimuksia in vivo.
Cromolynin, fudosteinen, lanreotidin ja oktreotidin kyvyttömyys estää MUC2:n ilmentymistä voinee selittää monet MAPK/ERK ja
cAMP/PKA:n signalointireittien väliset vaikutukset toisiinsa, sekä mahdolliset muut MUC2:n ilmentymiseen vaikuttavat tekijät, joihin
testatut lääkeaineet eivät vaikuttaneet. Yhden signalointireitin estäminen saattaa siis olla riittämätöntä estämään MUC2:n tuottoa,
ja näin ollen jatkotutkimukset useamman lääkeaineen kombinaatioista saattaisivat tuottaa toivottuja tuloksia.
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Cover Illustration: Immunofluorescence images of MUC2 protein in human colorectal
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1. INTRODUCTION

Pseudomyxoma peritonei (PMP) is a mucinous adenocarcinoma that originates from the
appendix and disseminates into the peritoneum. The cancer cells secrete large amounts of
mucin 2 (MUC2) protein, which is the main component of the mucus that builds up into the
peritoneum, causing stress on vital organs, and eventually death. (Amini et al., 2014)
Patients treated with cytoreductive surgery (CRS) combined with hyperthermic
intraperitoneal chemotherapy (HIPEC) have a mean survival rate of 16 years (Chua et al.,
2012). While not all PMP patients are eligible to undergo this radical treatment, it is the
only available curative treatment for PMP at this time (Nummela et al., 2016).

MUC2 is a large, heavily glycosylated protein normally secreted by intestinal goblet cells
into the intestine, where it forms a protective mucus lining that gets constantly renewed as
new MUC2 is secreted, and old MUC2 proteins are degraded with the help of gut
microbiota (Arike & Hansson, 2016). However, in PMP the MUC2 proteins secreted into
the peritoneum do not get degraded, and hence mucinous ascites build up into the
peritoneum. Since this is the main cause of morbidity and mortality in PMP, finding a way
to inhibit MUC2 expression, while not a curative treatment, could potentially alleviate
symptoms, render the cancer cells susceptible to chemotherapy and ultimately increase
the mean survival rate. (Amini et al., 2014)

Anterior gradient 2 (AGR2) is a protein disulfide isomerase (PDI), which assists MUC2 with
forming correct intramolecular disulfide bonds, and hence with its correct folding in the
endoplasmic reticulum (ER). It is associated with a number of cancers, and is indeed
highly expressed in PMP. Inhibition of AGR2 inhibits MUC2 production, but whether MUC2
levels affect AGR2 expression is not known. (Park et al., 2009) The expression levels of
the two proteins tend to, however, correlate with each other in PMP, according to
microarray data analysis (P. Nummela, personal communication, April 18, 2018).

7

Mitogen-activated protein-kinase/extracellular-signal-regulated kinase (MAPK/ERK) and
cyclic AMP/protein kinase A (cAMP/PKA) cell signaling pathways are known to stimulate
MUC2 production, and these pathways are also commonly mutated in PMP as activating
KRAS and GNAS mutations are found in the majority of patients (Dilly et al., 2016;
Nishikawa et al., 2013). Hence, these pathways are potential therapeutic targets for MUC2
inhibition.

8

2. REVIEW OF THE LITERATURE

2.1. PSEUDOMYXOMA PERITONEI
Pseudomyxoma peritonei is a rare mucinous adenocarcinoma with an approximate
incidence of 1-2 per million per year. The average age at diagnosis is 53, and PMP is
typically diagnosed after the age of 40. (Chua et al., 2012) PMP starts as a mucinous
neoplasm of low malignant potential of the appendix, where neoplastic transformation of
goblet cells gives rise to the mucus secreting primary tumor that forms a mucocele. Once
the mucocele ruptures, the cancer cells disseminate into the peritoneal cavity, where
mucinous ascites then accumulate and form a so-called “jelly belly”. The accumulating
mucus in the peritoneum causes increasing pressure on vital organs, promoting
inflammatory and fibrotic responses, and furthermore, is the major cause of morbidity and
mortality in PMP, typically by causing inoperable bowel obstruction. (Amini et al., 2014)

While most PMP cases are primary appendiceal mucinous neoplasms, ovarian origin has
also been described, although whether this is a true origin of PMP remains under debate
(Baratti et al., 2016; Panarelli & Yantiss, 2011). In any case, mucinous ovarian tumors are
found in 20-30 % of female PMP patients (Amini et al., 2014).

In the World Health Organization classification, PMP is described as mucinous
adenocarcinoma of either low-grade or high-grade based on histological criteria (Carr et
al., 2012). The high-grade tumors are more aggressive and can invade organs and even
metastasize (Nummela et al., 2016). The 5-year survival rates of low-grade and high-grade
PMP were 63 % and 23 %, respectively, in a retrospective study of 274 patients (Carr et
al., 2012).

2.1.1. CRS & HIPEC
The standard course of treatment for PMP is cytoreductive surgery combined with
hyperthermic intraperitoneal chemotherapy. According to a retrospective study of 2,298
9

PMP patients from 16 specialized units, the mean survival rate of patients treated with
CRS and HIPEC is 16.3 years, the median progression-free survival rate 8.2 years, and
the 10- and 15- year survival rates are 63% and 59%, respectively. Treatment-related
mortality was 2 % in this study, and 24 % of patients experienced major operative
complications. (Chua et al., 2012)

The CRS aims for complete removal of cancerous tissue, which may require partial or
complete removal of several organs. HIPEC is performed to get rid of all the remaining
cancerous cells in order to prevent recurrence of the cancer, and is performed only if
complete CRS has been successful. (Amini et al., 2014) Only approximately 60-70 % of
PMP patients are suitable candidates for CRS and HIPEC, hence other treatment options
are badly needed (Nummela et al., 2016).

2.1.2. Genetic Background
KRAS mutations have been found to occur in 72-100 %, and GNAS mutations in 44-74 %
of PMP patients (Figure 2), and their co-occurrence rate is 62-87 % (Alakus et al., 2014;
Gleeson et al., 2017; Noguchi et al., 2015; Nummela et al., 2015; Pietrantonio et al.,
2016).

The most commonly mutated gene in PMP, the proto-oncogene KRAS, is an up-stream
stimulatory enzyme of the MAPK/ERK pathway, and a member of the Ras family of
GTPases. The somatic mutations occurring in this gene in PMP are hotspot mutations
either in codon 12 or codon 13, and they result in the protein being constitutively active
without an outside stimulus, enabling it to continuously activate downstream proteins
through phosphorylation. (Alakus et al., 2014; Noguchi et al., 2015; Nummela et al., 2015;
Pietrantonio et al., 2016) Mutations in KRAS are also common in such mucinous colorectal
carcinomas (CRCs) that are resistant to epidermal growth factor receptor (EGFR) inhibitor
drugs (Nummela et al., 2015). Furthermore, mutations in KRAS have been associated with
poorer prognosis in patients treated with CRS and HIPEC (Pietrantonio et al., 2016).
10

Somatic hotspot mutations in GNAS codon 201 are the second most common mutations
occurring in PMP. GNAS codes for the stimulatory subunit, Gαs, of a GTP-binding protein
(G protein) of the cAMP/PKA pathway. An activated seven-transmembrane G proteincoupled receptor (GPCR) causes the Gαs subunit to exchange its bound GDP to GTP and
subsequently to get released from the rest of the G protein, resulting in the activation of
the downstream protein adenylyl cyclase (AC), and hence elevated cyclic AMP (cAMP)
levels. The GNAS mutations found in PMP result in this pathway to be constitutively
activated. (Alakus et al., 2014; Noguchi et al., 2015; Nummela et al., 2015; Pietrantonio et
al., 2016)

In addition to the commonly found mutations in KRAS, mutations in BRAF and NRAS of
the MAPK/ERK pathway have been identified in few PMP patients (Gleeson et al., 2017;
Noguchi et al., 2015; Nummela et al., 2015). Also mutations in the stimulators of the
MAPK/ERK pathway, the receptor tyrosine kinases (RTKs) PDGFRA, RET, and FGFR3,
have been identified in some patients (Noguchi et al., 2015; Pietrantonio et al., 2016).

CAMP/PKA pathway is highly active in PMP patients that carry an activating GNAS
mutation, and even in some cases that do not have the mutation. In one such PMP case, a
mutation in PRKACA of the cAMP/PKA pathway was identified. (Alakus et al., 2014). Also
in a recent study, mutations in OXTR, EDNRA, PRKAR1A, RYR2, GUSB, GRIA2, and
CNGB1 of the cAMP/PKA pathway were identified in 4/9 PMP cases, out of which three
had wild type GNAS. All together 5/9 cases had an activating GNAS mutation, and hence
8/9 cases had some oncogenic mutation in the cAMP/PKA pathway. (Saarinen et al.,
2017)

Mutations in the transforming growth factor beta (TGF-β) pathway also occur in PMP, with
SMAD4 mutations having been reported in 3-30 % of PMP cases. (Alakus et al., 2014;
Gleeson et al., 2017; Noguchi et al., 2015; Nummela et al., 2015; Pietrantonio et al., 2016)
In addition, mutations in LTBP1, THBS1, TGFBR1, TGFBR2, PPP2R1B, ACVR1B,
11

SMAD2, and SMAD3 of the TGF-β pathway have been identified (Alakus et al., 2014;
Saarinen et al., 2017). The PI3K/AKT pathway is also sometimes mutated in PMP, with
mutations identified in PIK3CA, AKT1, LKB1, and TP53. Finally, rare mutations in ATM,
VHL, APC, MLH1, cMET, CSF1R, CTNNB1, HNF1A, SMO, CDH1, FAT4, and DUSP22
are occasionally found. (Alakus et al., 2014; Gleeson et al., 2017; Noguchi et al., 2015;
Nummela et al., 2015; Pietrantonio et al., 2016; Saarinen et al., 2017)

PMP patients typically exhibit stable microsatellite status, and good mismatch repair
proficiency (Gleeson et al., 2017; Nummela et al., 2015).

2.2. MUCINS
Mucins are large hydrophilic glycoproteins of 250 to 20,000 kDa in size, and they are the
main components of mucus (Gum, 1992). Humans have 20 different mucin proteins that
can be divided into gel-forming and non-gel-forming mucins, as well as secreted mucins
and non-secreted membrane-associated mucins. They are differentially expressed by the
epithelial cells of different organs, and the secreted mucins are specifically expressed by
secretory organs and cell types. (Amini et al., 2014)

2.2.1. MUC2
Mucin 2 is a gel-forming mucin secreted by the goblet cells of small intestine and colon,
and it forms two mucus layers along the intestinal wall (Amini et al., 2014). It is also
expressed in small amounts in the bronchus, trachea, mammary glands, gall bladder and
the cervix (Gum, 1992). The N-glycosylated MUC2 precursor is approximately 600 kDa in
size (Tytgat et al., 1994). In the final secreted glycoprotein, O-linked polysaccharide chains
make up about 80 % of the weight of the molecule, and the heavy O-glycosylation protects
the core protein from digestive proteases (Arike & Hansson, 2016).

The inner MUC2 layer acts as a physical barrier and mediates the local microenvironment
in terms of hydration, and ionic composition and concentration (Hollingsworth & Swanson,
12

2004). It is so dense that it keeps bacteria from coming in contact with the intestinal
epithelium. In the outer layer, MUC2 proteins have been proteolytically cleaved, so it is
less dense, and it serves as a habitat for intestinal bacteria. (Amini et al., 2014) The
double mucus layer is constantly renewed as the carbohydrate chains of MUC2 proteins
get enzymatically degraded by the intestinal bacteria that utilize the released
monosaccharides for energy, exposing the core protein to proteases, while newly
produced MUC2 proteins are secreted (Arike & Hansson, 2016). The protective role of the
intestinal MUC2 is highlighted by the fact that MUC2 knock-out mice develop inflammatory
bowel disease and intestinal adenomas (Choudry et al., 2012). In PMP, MUC2 may
similarly protect the cancer cells from chemotherapeutic agents and the immune response
(Hollingsworth & Swanson, 2004).

The MUC2 monomer consists of four complete and one partial von Willebrand domain
(vWD), two cysteine rich CysD domains, two PTS domains that contain irregular repeats
rich in proline, threonine and serine, and a cystine-knot (CK) domain (Figure 1;

vWD2

vWD3

PTS1

CysD2

vWD1

CysD1

N

vWD’

Recktenwald & Hansson, 2016).

PTS2

vWD4

CK

C

Figure 1. The MUC2 monomer domain structure. vWD, von Willebrand domain; CK, cystineknot. Modified from Recktenwald & Hansson (2016).

After translation, the MUC2 monomers get N-glycosylated, and subsequently dimerize by
forming disulfide bonds between their C-terminals in the ER. The PTS domains of the
MUC2 dimer then get heavily O-glycosylated in the Golgi apparatus, with 4-12 sugar units
in each carbohydrate chain. (Amini et al., 2014) The dimers trimerize via disulfide bonds
between their vWD3 domains, and form isopeptide bonds between the lysine and
glutamine side-chains between the three subunits in the

trans-Golgi network.

(Recktenwald & Hansson, 2016) The wWD domains allow MUC2 to further oligomerize via
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disulfide bonds, and hence form gel-like mucus after being secreted. Within the vWD4
domain, there is a GDPH motif, an autocatalytic protein-cleavage site, which results in a
subunit that appears to act like a linker protein. In the intestine, MUC2 proteins bind a
variety of biologically active molecules, such as trefoil factors. (Hollingsworth & Swanson,
2004)

2.2.2. MUC2 in PMP
MUC2 is the main component of the mucus formed and secreted into the peritoneal cavity
in PMP patients, with a mucin to cell ratio of approximately 10 to 1 (O'Connell, Hacker &
Barsky, 2002). The high level of MUC2 production in PMP patients is due to goblet cell
hyperplasia (Choudry et al., 2012). The MUC2 secreted into the peritoneal cavity
accumulates there, causing pressure on the surrounding organs, inflammatory and fibrotic
responses, often an inoperable bowel obstruction, and eventually death. The mucus also
surrounds the tumor cells, protecting them from immune responses and chemotherapy, as
well as allowing them to move around quite freely (Amini et al., 2014).

The cancer cells in PMP tend to proliferate and invade poorly, making PMP a slowly
progressing disease. As the cause of death in PMP is typically due to problems caused by
the secretion of MUC2, it might be beneficial for the patient’s survival if the production
and/or secretion of MUC2 by the cancer cells could be halted. (Amini et al., 2014)

MUC2 is commonly over-expressed in other mucinous carcinomas as well, such as
ovarian, breast, pancreatic, and mucinous CRCs (Kuracha et al., 2017). MUC2 expression
in CRCs, and pancreatic and hepatic tumors have been linked to lower metastatic potential
(Hanski et al., 1997; Yonezawa et al., 1997). Furthermore, MUC2 expressing human
colorectal adenomas and carcinomas express much lower levels of proliferationassociated protein Ki-67 than those not expressing MUC2 (Li et al., 2001). In fact, MUC2
has been shown to inhibit cell migration of CRC cell line HT29 (Hsu et al., 2017), as well
as cell migration and proliferation of CRC cell line LS174T (Bu et al., 2011) in vitro. MUC2
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also suppresses tumor growth in subcutaneous mouse LS174T xenograft model of PMP, in
which it was also observed to inhibit Ki-67 and invasion associated protein
metalloproteinase-9 (Bu et al., 2011). Therefore, it is possible that suppressing MUC2
production in PMP might make the cancer also more aggressive by allowing the cells to
proliferate at a faster rate and invade the surrounding tissues and to metastasize.

2.2.3. MUC5AC & MUC5B
Mucin 5AC (MUC5AC) and mucin 5B (MUC5B) are also secreted gel-forming mucins.
MUC5AC is expressed by tracheobronchial goblet cells and gastric epithelial cells, and is
the main component of stomach (Pelaseyed et al., 2014) and lung mucus (Choudry et al.,
2012). MUC5B is expressed by salivary glands, as well as tracheobronchial, esophageal,
pancreatobiliary and cervical epithelia (Amini et al., 2014). Both of these mucins are also
secreted by PMP cancer cells, albeit in much lower quantities than MUC2 (O'Connell,
Hacker & Barsky, 2002). MUC2, MUC5AC, and MUC5B genes are all located on
chromosome 11, on the p15 arm (Yamada et al., 2011).

2.3. AGR2
Anterior gradient 2 is a protein disulfide isomerase located in the ER. It is expressed by
epithelial secretory cells of the intestine, but not by non-secretory cells. (Park et al., 2009)
In addition to AGR2 being expressed in the intestinal tissues, it is strongly expressed in
other mucus secreting cells in the lungs and the stomach, as well as in the prostate
(Brychtova, Vojtesek & Hrstka, 2011).

2.3.1. Structure & Function
The gene coding for AGR2 is located on chromosome 7p21.3, has eight exons, and out of
its nine transcript variants, six are protein coding. The most common protein variant AGR2
001 is 175 amino acids long and has a molecular weight of 20 kDa. (Brychtova, Vojtesek &
Hrstka, 2011) AGR2 has a thioredoxin-like domain, and within it, a CXXS motif, which is
able to form a disulfide bond with other proteins, and through this interaction, isomerase
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disulfide bonds and keep incompletely folded proteins in the ER. With the cysteine residue
of its CXXS motif, AGR2 interacts with cysteine-rich regions of the amino and carboxyl
termini of MUC2. (Park et al., 2009)

AGR2 can also be secreted in its extracellular form (eAGR2), in which it lacks thioredoxinlike and ER-retention domains (Fessart et al., 2016). Extracellular AGR2 is found in the
intestinal mucus (Bengström et al., 2014).

2.3.2. AGR2 in Cancer
AGR2 is strongly expressed in PMP (Park et al., 2009). It is also linked to several other,
both hormone-dependent and hormone-independent cancers. There is some evidence of
AGR2 having prometastatic characteristics. It has been shown to interact with
prometastatic proteins C4.4A and α-dystroglycan. Furthermore, benign rat mammary cell
line gains metastatic phenotype through AGR2 transfection in vivo, and down regulation of
AGR2 in human non-small cell lung carcinoma cell line leads to smaller tumor xenograft.
(Brychtova, Vojtesek & Hrstka, 2011) In gastric cancer, AGR2 is associated with poorer
prognosis (Zhang et al., 2015).

AGR2 is also over-expressed in several non-mucinous adenocarcinomas, including those
of esophagus, pancreas, breast, and prostate. In these cancers, AGR2 has been indicated
in tumor growth, metastasis, and in increased chemotherapeutic drug resistance (Liu et al.,
2005; Ramachandran et al., 2008; Wang, Hao & Lowe, 2008). AGR2 expression is
stimulated by physiological stress induced either by serum or oxygen depletion in breast
cancer cells in vitro via ERK1/2-dependent pathway (Zweitzig et al., 2007), and it inhibits
the tumor suppressor protein p53 via DUSP10 activation and subsequently p38 MAPK in
human breast cancer cell lines in vitro, and improves the resistance of human primary
breast cancer cells to p53 activating chemotherapeutic agents (Hrstka et al., 2015).

Extracellular AGR2 has been detected in pancreatic and prostate cancer models, as well
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as in healthy intestinal mucus, hence AGR2 appears to have some other roles apart from
working as a PDI in the ER (Brychtova et al., 2015). It has recently been shown that
eAGR2 is a pro-oncogenic regulator of epithelial morphogenesis and tumorigenesis in
human lung adenocarcinoma cells in vitro and in vivo. It interacts with the extracellular
matrix, disrupts epithelial cell polarity, lumen formation and cell-cell adhesion, and controls
epithelial-mesenchymal transition in non-tumorigenic human bronchial epithelial cell
organoid model. (Fessart et al., 2016) AGR2 antibody inhibits tumor growth in AGR2
expressing mouse xenograft model of ovarian carcinoma (Guo et al., 2016), and
furthermore, in addition to AGR2 antibody, the cell surface AGR2 receptor C4.4A antibody
also inhibits tumor growth and metastasis in mouse xenograft models for pancreatic
cancer, indicating that it is the secreted AGR2 that is responsible for the tumorigenic
effects (Arumugam et al., 2015).

2.4. MECHANISMS OF MUC2 EXPRESSION
The expression of MUC2 is regulated in many ways, by proinflammatory cytokines IL-1β,
IL-6, tumor necrosis factor-α (TNF-α), and ILFγ, pleiotropic cytokines IL-4, IL-9, and IL-13,
some bacterial products (LPS, LTA), growth factors epidermal growth factor (EGF),
transforming growth factor alpha (TGF-α), and retinoids, as well as hormones, and the
methylation status of the MUC2 promoter. The MUC2 promoter has binding sites for
CACCC box specific proteins Sp1 and Sp3, p53, the homeodomain proteins CDX1 and
CDX2, cMyc, and the inflammation associated transcription factors activator proteins AP-1
and AP-2, nuclear factor NF-κB, glucocorticoid receptors, and cAMP response elementbinding protein (CREB) of the MAPK/ERK pathway. (Choudry et al., 2012)

Since activated MAPK/ERK and cAPM/PKA pathways are known to stimulate MUC2
expression, and these two pathways are commonly mutated in PMP patients, this study
will focus on the control of MUC2 expression via these pathways (Dilly et al., 2016;
Nishikawa et al., 2013).

17

2.4.1. MAPK/ERK & cAMP/PKA Pathways
MAPK/ERK and cAMP/PKA pathways cross-talk in complex ways. Whether the cross-talk
occurs, and whether it is stimulatory or inhibitory in nature, is cell-type and intracellular
microenvironment specific. Some of the observed cross-talk is briefly described here
(Figure 2; Gerits et al., 2008).

Cyclic AMP generated by the activated
cAMP/PKA

pathway

can

stimulate

MAPK/ERK pathway in PKA-independent
manner by activating KRAS, ERK1/2,
and BRAF. PKA-dependent effects on
MAPK/ERK pathway include stimulation
of KRAS, ERK1/2, and RTKs, and
inhibition of BRAF. PKA can also inhibit
cAMP/PKA pathway by phosphorylating
the GPCR β2 adrenergic receptor, which
subsequently

uncouples

with

its

stimulatory Gαs subunit and couples with
inhibitory Gαi subunit. (Gerits et al., 2008)

Figure 2. Schematic representation of the cross-talk between MAPK/ERK and cAMP/PKA pathways.
Modified from Gerits et al. (2008) and Hanahan & Weinberg (2000). Protein products of commonly mutated
genes in PMP are indicated with blue arrows. AC, adenylyl cyclase; CREB, cAMP response element-binding
protein; GPCR, G-protein coupled receptor; PDE, phosphodiesterase; PGE 2, prostaglandin E2; PKA,
protein kinase A; RTK, receptor tyrosine kinase.

ERK1/2 of the MAPK/ERK pathway can affect the cellular level of phosphodiesterase
(PDE), which catalyzes the hydrolysis of cAMP into AMP, and hence inhibit both the
cAMP/PKA and MAPK/ERK pathways. On the other hand, ERK1/2 can stimulate
MAPK/ERK pathway via prostaglandin E2 (PGE2) -mediated activation of RTKs, which can
also stimulate GNAS of the cAMP/PKA pathway. (Gerits et al., 2008)
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2.4.2. MAPK/ERK & cAMP/PKA -Dependent MUC2 Expression Regulation
Activating KRAS mutation stimulates MUC2 expression in CRC cell lines LS174T and
RW7213 in vitro. Similarly, MAPK/ERK signaling pathway is activated, and subsequently
MUC2 and MUC5AC expression levels are up-regulated by EGFR ligands EGF and TGF-α
in lung cancer cells in vitro. This up-regulation is dependent on the transcription factor
Sp1, which binds to the regulatory regions of MUC2 and MUC5AC, and is essential to
MUC2 expression. (Perrais et al., 2002)

On the other hand, RDEA119, a MEK1/2 inhibitor, also inhibits MUC2 expression in human
PMP tumor tissue and LS174T cells in vitro, as well as in vivo in intraperitoneal human
PMP murine xenograft model. Furthermore, RDEA119 has antiproliferative activity on
LS174T cells in vitro, and it inhibits tumor growth in subcutaneous LS174T murine
xenograft model and in the intraperitoneal human PMP murine xenograft model, and it
improves the survival of the treated animals in both models. (Dilly et al., 2015) While
ERK1/2 activates AP1 family of transcription factors (Coskun, Troelsen & Nielsen, 2011),
the MUC2 inhibition by RDEA119 through ERK1/2 is accompanied by reduced AP1
binding to MUC2 promoter and inhibition of NF-κB/p65 signaling in LS174T cells (Dilly et
al., 2015). NF-κB activation has also been shown to increase MUC2 expression in murine
colonic epithelial cells in vitro (Tashiro et al., 2017). The homeodomain protein CDX2
induces MUC2 expression by interacting with its promoter (Yamamoto, Bai & Yuasa,
2003), while ERK1/2 inhibits CDX2 transcription, and p38 of the MAPK/p38 pathway
stimulates it (Coskun, Troelsen & Nielsen, 2011).

Similarly to the activating KRAS mutation, activating GNAS mutation also increases
MUC2, as well as MUC5AC expression in HT29 cells in vitro (Nishikawa et al., 2013). Also,
activation of Gαs by VPAC receptors results in an increased expression of MUC2 via the
cAMP/PKA pathway in human colonic epithelial cells in vitro (Hokari et al., 2005).
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Elucidating further how MAPK/ERK and cAMP/PKA pathways affect MUC2 and AGR2
expression, and finding pharmaceutical substances that would inhibit MUC2 production via
these pathways, could open up new ways to treat PMP patients.

2.4.3. AGR2 Affects MUC2 Expression
EGFR is often overexpressed in PMP, and upon binding a ligand, it activates MAPK/ERK
pathway, which can stimulate MUC2 expression (Perrais et al., 2002). Binding of AGR2 to
the newly synthesized EGFR in the ER is a requirement for the EGFR to be trafficked to
the cell membrane. In other words AGR2 is required for EGFR-dependent activation of
MAPK/ERK pathway (Dong, Wodziak & Lowe, 2015).

In AGR2 knockout mice, MUC2 is almost completely abolished on protein level, and
decreased to about a third on mRNA level, when compared to the control mice. Intestinal
goblet cell lineage was, however, present in the AGR2 knockout mice, hence the reduction
in MUC2 production was not simply caused by absence of these cells. (Park et al., 2009)
In MUC2 mutant mice that produce MUC2 proteins that are not able to fold correctly, an
over two-fold decrease in MUC2 mRNA levels is observed in addition to a decrease in
MUC2 protein levels in the intestine (Heazlewood et al., 2008). Hence, MUC2 protein
seems to have some type of control over its own transcription, and AGR2 is essentially
necessary for MUC2 protein production due to its participation in the forming of correct
intramolecular disulfide bonds within MUC2 in the ER.

AGR2 is up-regulated together with MUC5AC in the lung epithelia of Th2-high asthma
patients. In fact, AGR2 and MUC5AC interact in the ER of airway epithelia, but allergeninduced MUC5AC production drops to only about half in AGR2 knockout mice compared to
the control group. AGR2, hence, also has a role in MUC5AC production, but it is not as
significant as in MUC2 production. (Schroeder et al., 2012)
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Since AGR2 is essential in MUC2 production, suppressing AGR2 expression would also
suppress MUC2 protein production, making it a great therapeutic candidate for PMP.
However, whether MUC2 has control over AGR2 expression is not currently known.
Elucidating the relationships between MUC2 and AGR2 expression could offer valuable
information for developing therapeutic tools, especially ones that would down-regulate
mucin production in PMP.

2.5. LS174T, LoVo & HT29 CELL LINES
LS174T, LoVo, and HT29 cell lines all originate from human colorectal adenocarcinomas.
Table 1 summarizes the microsatellite stability and mutation status of the cell lines. HT29
is the only microsatellite stable cell line, however it has wild type KRAS, whereas the other
cell lines display microsatellite instability, but have activating mutations in their KRAS
genes. (Ahmed et al., 2013) PMP is typically microsatellite stable, and often carries an
activating KRAS mutation (Gleeson et al., 2017; Nummela et al., 2015).
Cell line

MSI status

KRAS

BRAF

PIK3CA

TP53

LS174T

MSI

G12D

wt

H1047R

wt

LoVo

MSI

G13D, A14V

wt

wt

wt

HT29

MSS

wt

V600E

P449T

R273H

Table 1. The microsatellite instability (MSI) and mutation status of the three cell lines used in this study. MSI,
microsatellite instability, MSS, microsatellite stable; wt, wild type. (Modified from Ahmed et al., 2013)

LS174T cells produce high amounts of MUC2, and while LoVo and HT29 cells also
produce MUC2, their MUC2 levels are much lower. LS174T cells also produce MUC5AC,
but approximately four times less than MUC2, and clearly less than HT29 cells do. LoVo
cells produce the least amount of MUC5AC. (Bu et al., 2011)

2.6. SUBSTANCES AFFECTING MAPK/ERK & cAMP/PKA PATHWAYS
2.6.1. Butyrate
Butyrate induces MUC2 production in LS174T cells, and this induction can be inhibited
with the MEK1/2 inhibitor U0126. On the other hand, butyrate strongly inhibits the
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proliferation of LS174T cells. (Hatayama et al., 2007) Furthermore, butyrate activates AP1
and induces acetylation and methylation of histones at the MUC2 promoter (Paassen et
al., 2009).

2.6.2. Cromolyn
S100P/receptor for advanced glycation end-products (S100P/RAGE) signaling activates
ERK1/2 of the MAPK/ERK pathway (Fuentes et al., 2007). S100P is strongly expressed in
PMP according to microarray analysis and immunohistochemical stainings of patient tumor
samples (P. Nummela, personal communication, April 18, 2018). Cromolyn is an antiallergy drug that interacts with protein S100P, and hence inhibits S100P/RAGE signaling.
Furthermore, cromolyn inhibits cell proliferation, invasion and NFκB activity in human
pancreatic adenocarcinoma cells in vitro at 100 μM concentration specifically via its
interaction with S100P. In addition, it inhibits tumor growth in vivo in pancreatic
adenocarcinoma

mice

models

endogenously

expressing

S100P.

(Arumugam,

Ramachandran & Logsdon, 2006)

2.6.3. Fudosteine
Fudosteine is a cysteine derivative and a mucoactive agent, originally approved in Japan
in 2001 for treatment of respiratory diseases (Rhee et al., 2008). It has been shown to
inhibit isoproterenol induced goblet cell hyperplasia in rat trachea (Takahashi et al., 1998).
Fudosteine also inhibits lipopolysaccharide and TNF-α induced MUC5AC expression in rat
lungs in vivo and in bronchial epithelial cells in vitro, respectively. This phenomenon was
accompanied by a reduction in phosphorylated ERK1/2 levels in both, and phosphorylated
p38 MAPK in vitro. (Rhee et al. 2008)

2.6.4. Octreotide & Lanreotide
Somatostatin analogues act via somatostatin receptors, which are GPCRs, and inhibit
ERK1/2 of the MAPK/ERK pathway in a cGMP-dependent manner (Sidéris, Dubé & Rinke,
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2012), and cAMP of the cAMP/PKA pathway in a PKA-dependent manner (Tentler,
Hadcock & Gutierrez-Hartmann, 1997). The short-acting octreotide and the long-acting
lanreotide are somatostatin analogues known to have antitumor effects, and via inhibition
of gastrointestinal hormones, they have antisecretory activity (Sidéris, Dubé & Rinke,
2012). Hence, they can be used to alleviate the symptoms of gastrointestinal obstruction
(Mariani et al., 2012). In a case report, the long-acting lanreotide Somatuline Autogel
(Ipsen) was administered to a PMP patient, at a dose of 120 mg every 28 days, to alleviate
the more frequent vomiting the patient was suffering from. In addition to reducing the
vomiting frequency, and the serum tumor marker carbohydrate antigen 19-9 levels, a CT
scan showed that lanreotide significantly reduced the number mucinous ascites.
Furthermore, the treatment was well tolerated. (Zafra & Luque, 2016)

2.6.5. Theophylline & Caffeine
Theophylline is a molecule found in tea, closely related to caffeine, and it is used for the
treatment of asthma. Theophylline and caffeine both inhibit PDE of the cAMP/PKA
pathway, and in consequence, cAMP break-down, leading to prolonged activation of the
pathway. (Boswell-Smith, Spina & Page, 2006).
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3. AIMS OF THE STUDY

The aims of this study were to find out how AGR2 and MUC2 affect each other’s
expression levels, and how substances targeting MAPK/ERK and cAMP/PKA pathways
affect MUC2 expression in mucus secreting human colorectal adenocarcinoma cell lines
LS174T, LoVo, and HT29.

The effects of AGR2 and MUC2 on each other were tested by silencing each with the
appropriate siRNA in vitro, and measuring the subsequent changes in AGR2 and MUC2
expression.

The effects of the MAPK/ERK and the cAMP/PKA pathway targeting substances butyrate,
cromolyn, fudosteine, octreotide, lanreotide, theophylline, and caffeine, were tested by
treating the cells with each substance, and comparing the MUC2 and AGR2 expression
levels to those of their control groups.

24

4. MATERIALS AND METHODS

4.1. CELL CULTURE
LS174T cells were from the European Collection of Authenticated Cell Cultures (Salisbury,
UK), LoVo cells were from the bioresource center ATCC (Middlesex, UK), and HT29 cells
were from the bioresource center DSMZ (Braunschweig, Germany). The cells were
cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F12 (DMEM F12; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10 % fetal bovine serum
(Thermo Fisher Scientific), 1 % Penicillin-Streptomycin (Thermo Fisher Scientific), and 1 %
GlutaMAX (Thermo Fisher Scientific) in a humidified cell incubator at 37 °C and 5 % CO 2.
All the cells were grown on plastic plates, and for LS174T and LoVo cells, they were
coated with poly-L-lysine (Sigma-Aldrich, Darmstadt, Germany). The cells were tested
negative for mycoplasma infection with MycoAlert TM mycoplasma detection kit (Lonza,
Basel, Switzerland).

4.2. COLLECTING THE CELLS
Cells were collected by scraping them off the plates with 1 x PBS (phosphate buffered
saline) solution cooled to 4 ºC, after which the samples were centrifuged at 4,000 x g for 5
minutes at 4 ºC. The cell pellets were either stored at -80 ºC or taken straight to RNA
isolation.

4.3. SEQUENCING
The cell lines were sequenced to confirm their KRAS and GNAS mutation status. DNA was
extracted from the cell pellets using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), and
the DNA concentrations of the samples were determined with NanoDrop 2000 (Thermo
Fisher Scientific). KRAS and GNAS sequences were amplified near the expected locations
of the mutations, using primers described by Nishikawa et al. (2013), and ExoSAP-IT PRC
product cleanup reagent (Affymetrics, Santa Clara, CA, USA) was used to purify the
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samples. The samples were sequenced at Eurofins Genomics (Ebersberg, Germany).

4.4. MUC2 INDUCTION & INHIBITION EXPERIMENTS
The cells were seeded one day prior to starting each experiment. Each sample was done
in triplicate. The samples were incubated in humidified cell incubator at 37 ºC and 5 % CO 2
as usual, and the cells were collected after the incubation period.

LS174T and LoVo cells were transfected with MUC2 siRNA1 (MUC2 siRNA
SASI_Hs01_00117968;

Sigma-Aldrich),

MUC2

siRNA2

(MUC2

siRNA

SASI_Hs02_00333877;

Sigma-Aldrich),

MUC2

siRNA3

(MUC2

siRNA

SASI_Hs01_00117970;

Sigma-Aldrich),

AGR2

siRNA1

(AGR2

siRNA

SASI_Hs01_00175980;

Sigma-Aldrich),

or

AGR2

siRNA2

(AGR2

siRNA

SASI_Hs02_00341500; Sigma-Aldrich), or a combination of MUC2 siRNA2 and MUC2
siRNA3. LS174T cells were, in addition, transfected with a combination of MUC2 siRNA1
and MUC2 siRNA2 or MUC2 siRNA1 and MUC2 siRNA3. The control samples of LS174T
and LoVo cells were transfected with MISSION ® siRNA Universal Negative Control #1
(Sigma-Aldrich). Lipofectamine RNAiMAX Reagent Protocol 2013 was used for the
transfections, with the exception that the final siRNA concentration in the cell culture
medium was 50 nM, and 25 nM of each siRNA when a combination of two siRNAs was
used, and DMEM F12 media was used in the making of the RNA-lipofectamine RNAiMAX
complexes. The cells were incubated for 24, 48, or 72 hours.

LS174T and LoVo cells were incubated in 1 mM sodium butyrate (Sigma-Aldrich) for 12,
24, 36, 48, or 72 hours. LS174T cells were incubated in 1 mM or 5 mM theophylline
(Sigma-Aldrich) for 24 or 48 hours, and LS174T and LoVo cells were incubated in 1 mM,
2.5 mM, or 5 mM caffeine (Sigma-Aldrich) for 24, 48, or 96 hours. LS174T cells were
incubated in 10 µM, 100 µM, or 1 mM, and HT29 cells in 2 mM cromolyn sodium (Abcam,
Cambridge, UK) for 72 hours, and LoVo cells in 100 µM cromolyn sodium for 24 or 72
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hours. LS174T cells were incubated in 0.1 %, 0.5 %, or 1.0 % dimethyl sulfoxide (DMSO;
Sigma-Aldrich) for 48 hours. LS17T4 cells were incubated in 1 mM, 2 mM, or 5 mM
fudosteine (MedChem Express, Monmouth Junction, NJ, USA) for 12, 24, 36, 48, 72, or 96
hours, and LoVo cells were incubated in 2 mM fudosteine for 48 or 72 hours. LS174T cells
were incubated in 100 nM, 1 µM, or 2 µM octreotide (MedChem Express) for 48 or 72
hours, and LoVo cells were incubated in 100 nM or 2 µM octreotide for 48 hours. LS174T
and HT29 cells were incubated in 100 nM, 1 µM, or 2 µM lanreotide (Sigma-Aldrich) for 48,
72, or 96 hours, and LoVo cells were incubated in 100 nM or 2 µM lanreotide for 48 hours.
For each time point in each experiment, triplicate control samples were made by treating
the control samples the same way as the other samples with the exception that the tested
substance was not added to them. Since octreotide and lanreotide acetate were dissolved
in DMSO, an equal volume of DMSO was added to each control sample in those
experiments as to what was used in the lanreotide or octreotide treated samples.

4.5. REAL-TIME QUANTITATIVE REVERSE TRANSCRIPTION PRC
RNA isolation was performed for cell pellets with NucleoSpin RNA kit (Macherey-Nagel,
Düren, Germany), and the RNA concentrations of the samples were determined with
NanoDrop 2000. The RNA samples were stored at -80 ºC.

Reverse transcriptase (RT) reaction was performed to make complementary DNA (cDNA)
from the RNA samples for the real-time quantitative polymerase chain reaction (RT-qPCR).
First the RNA samples were incubated at 65 ºC for 3 minutes in order to separate RNA
strands from each others. The RT reaction mix contained 25 ng/μl of RNA, 30 ng/μl of
Random Primers (Thermo Fisher Scientific), 3 mM dNTP, 5 u/μl of M-MLV reverse
transcriptase (Promega, Fitchburg, WI, USA), and 1 x Reaction Buffer (50 mM Tris-HCl
(pH 8.3), 75 mM KCl, 3 mM MgCl 2, 10 mM DTT; Promega). RT-0 control sample was
prepared the same way except without adding the M-MLV enzyme, and RT-H 2O control
sample without adding any RNA. The reaction was carried out at 37 ºC for 1 hour, and the
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enzyme was heat inactivated by incubating the samples at 95 ºC for 3 minutes.

Real-time RT-qPCR was performed to all of the cDNA samples with GeneAmp 7500
sequence detection system (Thermo Fisher Scientific) to determine their relative amounts
of MUC2, AGR2, and MUC5AC. 18S was used as endogenous control to which the levels
of mRNA of interest were compared in each sample. All samples were run in triplicate.
Each real-time RT-qPCR reaction mix contained 1 x TaqMan TM Gene Expression Assay
(MUC2, AGR2, MUC5AC, or S100P; Thermo Fisher Scientific), 1 x 18S rRNA control mix
(Applied Biosystems), 1 x TaqMan Universal Master Mix II (Thermo Fisher Scientific), and
1 μl of cDNA template in final volume of 10 or 25 μl of reaction mix. The real-time RTqPCR protocol used was 2 minutes at 50 ºC, 10 minutes at 95 ºC, and 40 cycles of 15
seconds at 95 ºC and 1 minute at 60 ºC.

The threshold cycle (Ct) value was set at 0.1 on the amplification plot (logΔRn1 vs. cycle
number). The CT values are those where the PCR curves on the amplification plot meet
the threshold. The mean C T values of the triplicates were used for analysis. The mean C T
value of 18S was subtracted from the mean C T value of the target (MUC2, AGR2, or
MUC5AC) to obtain ΔCt. The ΔCt value of the control sample was subtracted from all the
ΔCt values, including that of the control, to obtain ΔΔC t values for each sample, which
where then squared to get ΔC t2 for each sample. The mean ΔC t2 values of the triplicate
samples from the experiments were calculated, the control ΔC t2 value was set to 1, and
the rest of the ΔCt2 values were adjusted to this, as proportions of 1. The standard
deviations of the ΔCt2 values of the triplicate samples were calculated and adjusted with
the same factor as the mean ΔC t2 values. The adjusted standard deviations are shown as
the error bars in the column charts in the results section.

1

Rn=

fluorescence of reporter dye
−baseline
fluorescence of reference dye
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4.6. PROTEIN EXTRACTION
Intracellular proteins were extracted from cell pellets by suspending them in RIPA lysis
buffer with protease inhibitor cocktail (Complete Mini Protease Inhibitor; Roche, Basel,
Switzerland), incubating them on ice for 30 minutes, and centrifuging them at 14,000 rpm
for 15 minutes at 4 ºC. The supernatants containing the proteins were stored at -20 ºC.

Extracellular proteins were collected by collecting the cell growth media straight from the
cell plates. The samples were concentrated by centrifuging them in Amicon Ultra-4 10K
centrifugal filters (Sigma-Aldrich) until the sample volume was 100-250 μl, and then
washed with 3.5 ml of 10 mM Tris-HCl buffer (pH 7.5) and centrifuged back to a final
volume of 100-250 μl. The protein concentrations were determined with Pierce BCA
protein assay kit (Thermo Fisher Scientific), and the samples were stored at -20 ºC.

4.7. WESTERN BLOTTING
The proteins in the samples were separated by SDS-PAGE with 4 % stacking gel, and 12
% or 5 % running gels for AGR2 and MUC2, respectively. The proteins were then
transferred to a nitrocellulose membrane by electrophoretic transfer at 100 V for 1,5 or 4
hours for AGR2 and MUC2, respectively. AGR2 polyclonal antibody (Proteintech,
Rosemont, IL, USA), MUC2 polyclonal antibody (BioSite, Täby, Sweden), and actin
polyclonal antibody (Santa Cruz Biotechnology) were used as primary antibodies in
detecting AGR2, MUC2, and actin, respectively. Actin was used as loading control for
AGR2. Since MUC2 is such a large protein that no internal control can be used, the SDSPAGE was run in duplicate for those samples, in the same apparatus, and the other gel
was dyed with Coomassie Brilliant Blue G-250 (Thermo Fisher Scientific). Horseradish
peroxidase conjugated goat anti-rabbit IgG (Pierce) was used as the secondary antibody
for AGR2 and MUC2, and horseradish peroxidase conjugated donkey anti-goat IgG (Santa
Cruz Biotechnology, Dallas, TX, USA) was used for actin. West Femto ECL substrate
(Thermo Fisher Scientific) was applied on the nitrocellulose membranes, that were then
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imaged with Alpha Innotech AlphaImager 2200 (Cell Biosciences, San Leandro, CA, USA).

4.8. IMMUNOFLUORESCENCE
LS174T and LoVo cells were grown on poly-L-lysine coated glass microscope coverslips
on plastic cell plates. After 48 hours, the cells were fixed by incubating them in 4 %
paraformaldehyde in 1 x PBS for 20 minutes. The samples were stored in 1 x PBS at 4 ºC.

The cells were permeabilized by incubating them in 0.5 % NP-40 for 5 minutes. The
primary antibody for MUC2 was the same as the one used for western blotting.
Vectashield Antifade mounting medium with or without DAPI (Vector Laboratories,
Burlingame, CA, USA) was applied on the samples, and the cells were imaged with Axio
Imager Z2 (Zeiss, Oberkochen, Germany).
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5. RESULTS

5.1. CHARACTERIZATION OF LS174T, LoVo & HT29 CELL LINES
The three cell lines used in this study, LS174T, LoVo, and HT29, were characterized by
sequencing mutation hotspots, by microscopic observation of the cells, by western blotting
of MUC2 and AGR2 proteins and by immunofluorescence of MUC2, as well as by
measuring the relative MUC2, AGR2, and S100P mRNA levels. This characterization was
done to confirm that LS174T and LoVo cell lines really do have an activating KRAS
mutation, which is also a common mutation in PMP, and that all the three cell lines express
MUC2, AGR2, and S100P, and ultimately that these cell lines could be used for studying
MUC2 expression in mucinous cancer.

5.1.1. Mutation Status
Sanger sequencing (Figure 3, Table 2) confirmed that all the three cell lines used in this
study have wild type GNAS gene. Also, LS174T cell line was confirmed to have a
heterozygous G12D mutation, and LoVo cell line to have a heterozygous G13D mutation in
their KRAS genes. HT29 cell line was confirmed to have wild type KRAS gene.
KRAS

GNAS
LS174T

LoVo

HT29

C G T

C G T

C G T

LS174

G C C AT C

LoVo

HT29

GTC ACC

GCC ACC

Figure 3. Sanger sequencing results of GNAS and KRAS mutation
hotspots from LS174T, LoVo, and HT29 cell lines. The GNAS sequence
is from the forward read, and KRAS sequence is from the reverse read.
GNAS

KRAS

LS174T

wt

G12D (c.35G>A)

LoVo

wt

G13D (c.38G>A)

HT29

wt

wt

Table 2. Sequencing results of GNAS and KRAS mutation hotspots
from the three cell lines used in this study: LS174T, LoVo, and HT29.

31

5.1.2. Morphology
LS174T cells tended to form islands and grow on top of each other when cultured on plain
plastic plates (Figure 4A), resulting in balls of cells easily detaching from the plate.
However, culturing them on poly-L-lysine coated plastic plates (Figure 4B), allowed them
to grow more in a single layer and spread throughout the plate, solving the problem of the
cells detaching. Also, for experimental purposes, cells growing on single layer have a more
equal access to the growth media, as well as the tested substances. For these reasons,
LS174T cells were cultured on poly-L-lysine coated plastic plates throughout this study.

LoVo cells did not grow on top of each other when cultured on plain plastic plates (Figure
4C), but they did tend to detach from the plate quite easily, especially when nearing
confluence. Culturing the cells on poly-L-lysine coated plastic plates (Figure 4D) allowed
them to stay more attached to the plate, resulting in greater cell recovery at the end of
experiments, and therefore they were cultured on poly-L-lysine coated plastic plates
throughout this study.

HT29 cells grew well on plain plastic plates, well attached to the plate in a single layer
(Figure 4E).

5.1.3. Western Blotting
Western blotting (Figure 5) showed that LS174T cells express and contain AGR2 protein,
and also secrete it in measurable amounts. HT29 cells also express and contain AGR2
protein, but in clearly lesser amounts. However, no secreted AGR2 protein could be
detected from the growth media of HT29 cells. Also, no AGR2 could be detected from
either the intracellular or extracellular samples of LoVo cells by western blotting.

Detection of MUC2 by western blotting proved to be more difficult, as MUC2 could not be
seen on the nitrocellulose membrane nor on the Coomassie Brilliant Blue dyed SDS-PAGE
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gel of intracellular or extracellular protein samples of LS174T, LoVo, and HT29 cell lines
(Figure 6).

A

B

C

D

E
Figure 4. LS174T cells grown on a plastic plate (A),
and on a poly-L-lysine coated plastic plate (B),
LoVo cells grown on a plastic plate (C), and on a
poly-L-lysine coated plastic plate (D), and HT29
cells grown on a plastic plate (E). 20x amplification.
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Figure 5. Basal levels of intracellular (A) and secreted (B) AGR2 proteins in LS174T, HT29,
and LoVo cell lines. Actin was used as loading control to ensure an equal loading of all the
samples.
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- 170 kDa - 130 kDa Figure 6. (A) Western blot of the basal levels of intracellular and secreted MUC2 proteins in LS174T,
LoVo, and HT29 cell lines. (B) A duplicate of the SDS-PAGE gel for western blotting was run in the
same apparatus as the gel from which the proteins were transferred to a nitrocellulose membrane.
The duplicate gel was dyed with Coomassie Brilliant Blue to control for loading of the samples.

A

B

Figure 7. Immunofluorescence images of MUC2 in LS174T (A) and LoVo (B) cells.
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5.1.4. Immunofluorescence
MUC2 immunofluorescence shows that LS174T and LoVo cells do express MUC2,
however, no clear differences in the amounts of MUC2 between these cell lines can be
seen by eye (Figure 7).

5.1.5. Relative MUC2, AGR2 & S100P mRNA Levels
The relative mRNA levels of MUC2, AGR2, and HT29 were determined by real-time RTqPCR (Figure 8). LS174T cells produce high amounts of MUC2 and AGR2 mRNA. LoVo
and HT29 cells produce similar amounts of MUC2 mRNA, and a lot less when compared
to the amount of MUC2 mRNA produced by LS174T cells. Nonetheless, both LoVo and
HT29 cells do produce high enough amounts to be easily detected by real-time RT-qPCR.
LoVo cells produce similar amounts of AGR2 and MUC2 mRNA, while HT29 produces
more AGR2 mRNA than MUC2 mRNA. The relative AGR2 mRNA levels of the three cell
lines correlate with their protein levels from western blotting (Figure 5). All the three cell
lines produce S100P in easily detectable amounts.

1.2
0.06

relative mRNA fold difference

1.0
0.04
0.8
0.02

0.6
0.4

0.00
LoVo

0.2
0.0
LS174T
MUC2 mRNA

LoVo
AGR2 mRNA

HT29
S100P mRNA

Figure 8. Basal relative MUC2/18S, AGR2/18S, and S100P/18S mRNA levels in LS174T,
LoVo, and HT29 cells. The error bars represent the standard deviations from triplicate
samples.
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5.2. EFFECTS OF MUC2 AND AGR2 ON EACH OTHER’S EXPRESSION LEVELS
MUC2 expression was stimulated in LS174T cells by butyrate in order to test whether this
would affect AGR2 expression levels. In addition, MUC2 and AGR2 genes were silenced
by separately transfecting LS174T and LoVo cells with the appropriate siRNAs, to test
whether inhibition of one would affect the expression of the other.

Treating LS174T cells with 1 mM butyrate approximately doubled the amount of MUC2
mRNA in these cells compared to the control group, while approximately halving the
amount of AGR2 mRNA (Figure 9).

MUC2 siRNA 1 and 2 did not silence MUC2 expression on mRNA level in LS174T cells.
MUC2 siRNA 3, on the other hand, did lower both the MUC2 and AGR2 mRNA levels to
about half, in a statistically significant manner, when compared to the negative control
group (Figure 10). MUC2 siRNA 2 did not silence MUC2 in LoVo cells, and MUC2 siRNA 1
reduced MUC2 mRNA levels by only about 20 % after 48 hours from transfection, when
compared to the negative control group (Figure 11A). After 72 hours from transfection,
however, MUC2 siRNA 3 reduced both MUC2 and AGR2 mRNA levels to about 40 %,
when compared to the negative control group, both with high statistical significance (Figure
11B).

AGR2 siRNAs 1 and 2 both caused a statistically significant decrease in AGR2 mRNA
levels to about 70 % and 60 %, respectively, in LS174T cells, when compared to the
negative control group after 48 hours from transfection. After 72 hours from transfection,
the AGR2 mRNA level had decreased to half (Figure 12), and MUC2 mRNA level by a
fourth, but the decrease in MUC2 mRNA level was not statistically significant. Both AGR2
siRNAs 1 and 2 lowered AGR2 mRNA levels quite effectively in LoVo cells to
approximately 30 % and 35 %, respectively, when compared to the negative control group
after 48 hours from transfection, in a statistically significant manner (Figure 13A). However,
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AGR2 mRNA

Figure 9. Effects of butyrate on MUC2/18S and AGR2/18S mRNA levels in LS174T cells. The error
bars represent the standard deviations from triplicate samples. Statistically significant differences
between the treated samples and the control are indicated with asterisks (* P < 0.05, ** P < 0.01).
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Figure 10. Effects of MUC2 siRNAs on MUC2/18S and AGR2/18S mRNA levels in LS174T cells.
The error bars represent the standard deviations from triplicate samples. Statistically significant
differences between the samples and the control are indicated with asterisks (* P < 0.05, ** P <
0.01).
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Figure 11. Effects of MUC2 siRNAs 1, 2, and 3
on MUC2/18S and AGR2/18S mRNA levels in
LoVo cells. The error bars represent the standard
deviations from triplicate samples. Statistically
significant differences between the samples and
the control are indicated with asterisks (* P <
0.05, ** P < 0.01).
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the MUC2 mRNA levels essentially stayed the same. After 72 hours from transfection,
AGR2 siRNA 1 had reduced AGR2 mRNA levels to nearly 20 % in a statistically significant
manner (Figure 13B). Meanwhile, MUC2 mRNA levels in these samples rose by two thirds,
but the increase was not statistically significant.

In summary, butyrate stimulated MUC2 expression while inhibiting AGR2 expression.
Silencing MUC2, on the other hand, inhibited AGR2 expression, but silencing AGR2 had
no affect on MUC2 expression.
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Figure 12. Effects of AGR2 siRNAs 1 and 2 on AGR2/18S and MUC2/18S mRNA levels in LS174T
cells. The error bars represent the standard deviations from triplicate samples. Statistically significant
differences between the samples and the control are indicated with asterisks (* P < 0.05, ** P <
0.01).

5.3. INDUCTION OF MUC2 EXPRESSION
LS174T and LoVo cells were treated with caffeine and theophylline to test whether these
common substances are able to stimulate MUC2 expression.

Treating LS174T cells with 5 mM theophylline caused a statistically significant two fold rise
in MUC2 mRNA levels after 24 hours when compared to the untreated cells, while the
AGR2 mRNA levels dropped by nearly a third (Figure 14). Further testing, and lower
theophylline concentration, as well as longer treatment time, on the other hand, resulted in
unchanged MUC2 mRNA levels.

Caffeine caused drastic rises in MUC2 mRNA levels. An approximately four fold,
statistically significant rise in MUC2 mRNA levels was seen in LS174T cells treated with 5
mM caffeine for 48 hours (Figure 15). In contrast, the AGR2 mRNA levels stayed
essentially unchanged. In LoVo cells, already 1 mM caffeine treatment for 48 hours caused
statistically significant, approximately 15 fold rise in MUC2 mRNA levels and nearly a four
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Figure 13. Effects of AGR2 siRNAs 1 and 2 on AGR2/18S and MUC2/18S mRNA levels in LoVo
cells. The error bars represent the standard deviations from triplicate samples. Statistically significant
differences between the samples and the control are indicated with asterisks (* P < 0.05, ** P <
0.01).
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Figure 14. Effects of theophylline on MUC2/18S and AGR2/18S mRNA levels in LS174T cells. The
error bars represent the standard deviations from triplicate samples. Statistically significant
differences between the treated samples and the control are indicated with asterisks (* P < 0.05, ** P
< 0.01).

fold rise in AGR2 mRNA levels (Figure 16). Treating the cells with 2.5 mM and 5 mM
caffeine for 48 hours caused MUC2 levels to rise even by about 50 fold. However, there
was too much variance between the triplicate samples for these results to be statistically
significant.

Overall, caffeine had strong stimulatory effects on MUC2 production in LS174T and LoVo
cells. It had no effects on AGR2 mRNA levels in LS174T cells, while a statistically
significant rise occurred in LoVo cells. Theophylline, on the other hand, had no effects on
MUC2 or AGR2 mRNA levels in LS174T cells apart from one set of samples, where MUC2
mRNA levels rose, while AGR2 levels dropped.
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Figure 15. Effects of caffeine on MUC2/18S and AGR2/18S mRNA levels in LS174T cells. The error
bars represent the standard deviations from triplicate samples. Statistically significant differences
between the treated samples and the control are indicated with asterisks (** P < 0.01).

5.4. INHIBITION OF MUC2 EXPRESSION
LS174T, LoVo, and HT29 cells were treated with several readily available pharmaceutical
substances, fudosteine, cromolyn, octreotide, and lanreotide, to test whether any of these
molecules are able to suppress MUC2 production. DMSO has been reported to
significantly reduce MUC2 production in LS174T cells (Tsuiji et al., 1999). Therefore,
LS174T cells were treated with a few different concentrations of DMSO to ensure that it
does not reduce MUC2 mRNA levels so much that any possible further reduction caused
by octreotide in DMSO or lanreotide in DMSO, would not be detected.
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Figure 16. Effects of caffeine on MUC2/18S and AGR2/18S mRNA levels in LoVo cells. The error
bars represent the standard deviations from triplicate samples. Statistically significant differences
between the treated samples and the control are indicated with asterisks (* P < 0.05).

Treating LS174T and LoVo cells with 1-5 mM fudosteine for up to 96 hours had no
statistically significant effect on MUC2 mRNA levels (Figure 17). Similarly, treating LS174T,
LoVo, and HT29 cells with 10 μM-2 mM cromolyn for up to 72 hours had no statistically
significant affect on their MUC2 mRNA levels (Figure 18).

After treating LS174T cells for 48 hours with 0.1 %, 0.5 %, and 1.0 % DMSO, MUC2
mRNA levels reduced to about 90 %, 80 %, and 60 %, respectively, when compared to the
control group (Figure 19). However, these reductions were not statistically significant.

LS174T and LoVo cells were treated with 100 nM-2 μM octreotide in DMSO for up to 72
hours (Figure 20), and LS174T, LoVo, and HT29 cells were treated with 100 nM-2 μM
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lanreotide in DMSO for up to 72 hours (Figure 21). In all the octreotide or lanreotide
treated samples, MUC2 mRNA levels remained essentially unchanged compared to their
control groups.
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6. DISCUSSION

6.1. LS174T, LOVO & HT29 CELL LINES CAN BE USED FOR STUDYING MUC2
EXPRESSION IN MUCINOUS CANCER
Studying MUC2 production in the context of pseudomyxoma peritonei with colorectal
adenocarcinoma cell lines LS174T, LoVo, and HT29 might seem unjustified, but there are
several advantages to using them. These cell lines are all widely used, characterized fairly
recently by Ahmed et al. (2013), and a lot of additional experimental data on these cell
lines is available from literature. In addition, using several cell lines attempts to deal with
the challenge that different cell lines can act differently in response to the same stimuli. On
the other hand, there is no immortalized PMP cell line available, commercially or
otherwise, and primary PMP cells are hard to obtain due to the disseminated nature of the
adenocarcinoma.

The characterization of LS174T, LoVo and HT29 cell lines by Ahmed et al. (2013) and by
this study, confirmed that LS174T and LoVo cell lines carry activating heterozygous
mutations in their KRAS genes, which is the most commonly mutated gene in PMP
(Alakus et al., 2014; Gleeson et al., 2017; Noguchi et al., 2015; Nummela et al., 2015;
Pietrantonio et al., 2016), while HT29 has wild type KRAS. From the characterization of
these cell lines it is also known that they all produce high levels of MUC2 and AGR2
proteins, which are of special interest in this study because of the role of MUC2 in PMP,
and the role of AGR2 in MUC2 production. The cell lines also express S100P though which
cromolyn, one the tested pharmaceutical substances, was expected to affect MUC2
production.

One difficulty in studying MUC2 is that it is very hard to detect on protein level. MUC2 is an
extremely large glycoprotein, the core protein being 600 kDa in size (Arike & Hansson,
2016). Merely its large size, in addition to its numerous hydrocarbon chains, resist its
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movement into and in the SDS-PAGE gel. As a result, MUC2 could not be detected by
western blotting in any of the cell lines, despite several attempts. Even though several
authors, eg. Bu et al. (2011), have reported results of western blotting of MUC2 from
LS174T cells, the time limitations of this study prevented further exploration of this
technique. However, MUC2 was detected on protein level by immunofluorescence, but no
differences between the MUC2 levels between LS174T and LoVo cells could be seen. This
might be because MUC2 is a secretory protein, and therefore immunofluorescence
imaging of the cells might not show the real differences in the amounts of protein
produced. For this reason, this technique was also not considered useful for the purposes
of this study.

MUC2 and AGR2 were easily and quantitatively detected from all the three cell lines on
mRNA level with real-time RT-qPCR. Since the tested substances, as well as the effects of
silencing MUC2 and AGR2, were expected to affect MUC2 and AGR2 production on
transcriptional level, using real-time RT-qPCR alone to evaluate the results from the
experiments was justified.

6.2. MUC2 CONTROLS AGR2 PRODUCTION BUT NOT VICE VERSA
It is clear that MUC2 levels have control over AGR2 expression, since silencing MUC2
lowers AGR2 mRNA levels in LS174T and LoVo cells, and in consequence, AGR2
production is adjusted to levels that are actually needed by the cell. MUC2 production
stimulated by caffeine, also caused an increased AGR2 production in LoVo cells, but not in
LS174T cells, where the fold change in MUC2 expression was smaller. Hence, it is unlikely
that caffeine itself caused the rise in AGR2 levels. Perhaps the higher AGR2 basal levels
in LS174T cells was enough to respond to the increased MUC2 production, whereas in
LoVo cells, the larger fold change in MUC2 levels stimulated AGR2 production to respond
to the increased need.
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The suppression of AGR2 production in LS174T cells after treating them with butyrate, is
quite interesting as butyrate, on the other hand, stimulated MUC2 production. Since MUC2
requires AGR2 for the formation of the correct intramolecular disulfide bonds and, hence
for its proper folding in the ER (Park et al., 2009), the basal levels of AGR2 in LS174T cells
are probably well above what is required for MUC2 production. This is supported by these
experimental results that silencing AGR2 with siRNA in LS174T and LoVo cells, does not
lower MUC2 mRNA levels. Park et al. (2009) reported that there was very little or no
MUC2 synthesis in the goblet cells of AGR2 knockout mice, and MUC2 core protein was
undetectable in them. Since the silencing of AGR2 by AGR2 siRNA in this study was not
complete, even though the AGR2 mRNA levels were reduced to about 50 % in LS174T
cells and even down to 20 % in LoVo cells, when compared to the control groups, it seems
likely that those levels of AGR2 were not low enough to affect MUC2 expression on mRNA
level. It is possible, however, that the silencing of AGR2 affected MUC2 on protein level.

Perhaps AGR2 has other roles in LS174T cells than merely acting as a PDI for the
disulfide bond formation in MUC2, and when needed, AGR2 can be redirected from the
other functions to MUC2 production. Since AGR2 mRNA levels correlate positively with
MUC2 mRNA levels when MUC2 is silenced, the negative correlation between the two in
butyrate treated cells is likely not caused by the change in MUC2 levels, but rather due to
some other regulatory effects caused by butyrate.

In zebrafish, transcription factors forkhead Box A2 and hypoxia inducible factor 1 alpha
bind upstream of AGR2, suppress AGR2 expression in the intestinal goblet cells, reduce
the number of goblet cells, and interfere with the differentiation of the goblet cells (Lai et
al., 2016). Since MUC2 affects AGR2 expression levels, suppressing MUC2 expression
might also suppress goblet cell hyperplasia in PMP, and thereby slow down the
progression of the adenocarcinoma.
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6.3. CAFFEINE STIMULATES MUC2 EXPRESSION IN VITRO
Although both caffeine and theophylline are PDE inhibitors, caffeine exhibited stronger
inhibition as it was able to stimulate MUC2 expression in LS174T cells, but theophylline
was not. The strong stimulatory effects of caffeine on MUC2 production in LS174T and
LoVo cells is potentially a significant finding if the effects are similar at physiological
conditions, although the caffeine concentrations used in this study were very high. Since
the intraperitoneal build up of mucin causes stress on vital organs and eventually death
(Amini et al., 2014), PMP patients would likely benefit from avoiding foods and drinks that
contain caffeine if it does stimulate MUC2 production in PMP cancer cells. Whether this
happens, even in a patients that consume high dozes of caffeine daily, warrants for further
studies. One approach could be to create a subcutaneous mouse LS174T xenograft model
of PMP, described by Kuracha et al. (2017), feeding caffeine to the test mice daily, and
comparing their tumor volumes to those of the control group.

6.4. CROMOLYN, FUDOSTAINE, LANREOTIDE & OCTREOTIDE ARE NOT ABLE TO
INHIBIT MUC2 EXPRESSION IN VITRO
All the three cell lines used in this study express S100P. However, since S100P/RAGE
signaling -mediated inhibition of ERK1/2 by cromolyn did not inhibit MUC2 expression in
any of them, S100P/RAGE signaling likely does not contribute significantly, if at all, to
MUC2 expression in these cells.

MUC2 and MUC5AC are known to share some regulatory pathways: both are stimulated
by activated MAPK/ERK (Perrais et al., 2002) and cAMP/PKA (Nishikawa et al., 2013)
pathways. Yet, even though fudosteine inhibits lipopolysaccharide and TNF-α induced
MUC5AC expression and ERK1/2 activation in lung cells (Rhee et al. 2008), it did not
inhibit MUC2 expression in LS174T and LoVo cells. The inhibition of MUC5AC in the lung
cells is perhaps due to inhibition of the induction in stead of direct inhibition of the
MAPK/ERK pathway itself. In addition, fudosteine’s mucoactive effects are likely at least
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party due to its capability to inhibit goblet cell hyperplasia (Takahashi et al., 1998).

The somatostatin analogues octreotide and lanreotide are known to have inhibitory effects
on both the MAPK/ERK and cAMP/PKA pathways, which should result in less stimulatory
cross-talk between the two (Sidéris, Dubé & Rinke, 2012), but they are, nevertheless, not
able to suppress MUC2 expression on mRNA level. The reduction in the number of
mucinous ascites in the case report by Zafra & Luque (2016) of a PMP patient treated with
a somatostatin analogue could be due to hormone-dependent antisecretory activity, but it
might also be that somatostatin analogues inhibit MUC2 expression on protein level, which
could not be measured within the limitations of this study.

In conclusion, none of the tested pharmaceutical substances were able to suppress MUC2
expression on mRNA level. The extensive cross-talk between signaling pathways, makes
inhibiting one quite challenging, as other pathways may compensate for the inhibition. In
addition, it is likely that several factors contribute to the high levels of MUC2 expressed in
LS174T, LoVo, and HT29 cells. One downfall of this study was not being able to visualize
the effects of the tested substances on MUC2 expression on protein level, because even
though any possible effects were expected to be apparent on mRNA level, it is possible
that some effects could only be seen on protein level.

6.5. FUTURE PERSPECTIVES
In a recently published study, mutant KRAS was observed to activate both MAPK/ERK and
PI3K/AKT signaling pathways, and both of these were shown to contribute to the high
levels of MUC2 expression in the mucinous CRC cell lines LS174T and RW7213 in vitro.
Combimetinib, a MEK1/2 inhibitor, and Pictilisib, a class I PI3K inhibitor, both reduce the
viability of LS174T and RW7213 cells in vitro by inducing apoptosis, but the cells shortly
become desensitized to Pictilisib. However, treating the cells simultaneously with both
inhibitors prevents the desensitization. The resistance to Pictilisib was accompanied by
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increased activation of ERK1/2 and RTKs, of which at least insulin receptor and insulin
growth factor receptor 1 were necessary for the activation of ERK1/2. Single agent
treatment with Combimetinib, as well as combination therapy with Combimetinib and
Pictilisib, both inhibit tumor growth, phosphorylation of ERK1/2, and MUC2 expression in
subcutaneous mouse LS174T xenograft model of PMP in vivo, while single agent
treatment with Pictilisib does not. The effects of the combination therapy were greater than
those of Combimetinib alone. (Kuracha et al., 2017) In the light of these findings, it seems
likely that MAPK/ERK pathway inhibitors alone can not reduce MUC2 expression levels in
KRAS mutant cell lines or in KRAS mutant PMP sufficiently, and any further inhibition
studies of these pathways should focus on combination treatments with pharmaceutical
substances that would also inhibit the PI3K/AKT pathway.

Other approaches to tackling the problems caused by mucin in PMP are also explored by
the scientific community. One promising approach is to solubilize the intraperitoneal mucin
in PMP patents, allowing it to be drained with a catheter. The cysteine proteinase
bromelain (BR; 300μg/ml) and the mucolytic agent N-acetyl cysteine (NAC; 4 %)
combination treatment solubilizes intraperitoneal PMP mucin in nude male rats with no
observed adverse effects. (Pillai et al., 2014) Furthermore, BR and NAC both have been
shown to reduce MUC2 expression in LS174T cells in vitro, and with even greater effect
when they are used in combination, and in addition, the BR/NAC combination treatment
inhibits MUC2 production and proliferation of the tumor cells in nude mice that had been
intraperitoneally injected with LS174T cells (Amini et al., 2015).
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