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Abstract
Mesothelin, a glycosylphosphatidylinositol (GPI) anchored cell surface protein, is a potential
target for antibody-based cancer therapy due to its high expression in mesothelioma, ovarian
cancer, pancreatic cancer, cholangiocarcinoma and other cancers. The SS1P immunotoxin and
MORAb-009 (amatuximab), a chimeric monoclonal antibody, are currently being evaluated in
clinical trials. In this review, we discuss the role of mesothelin in cancer progression and provide
new insights into mesothelin-targeted cancer therapy. Recent studies highlight three mechanisms
by which mesothelin plays a role in cancer progression. First, mesothelin may aid in the peritoneal
implantation and metastasis of tumors through its interaction with mucin MUC16 (also known as
CA125). Second, mesothelin may promote cancer cell survival and proliferation via the NF-κB
signaling pathway. Finally, mesothelin expression promotes resistance to certain chemotherapy
drugs such as TNF-α, paclitaxel, and a combination of platinum and cyclophosphamide. However,
its cancer-specific expression makes mesothelin a potential target for monoclonal antibody
therapy. New human monoclonal antibodies targeting mesothelin have been isolated by phage
display technology and may provide opportunities for novel cancer therapy.
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Introduction
Mesothelin (MSLN) is highly expressed in mesothelioma, ovarian cancer and pancreatic
adenocarcinomas [1, 2, 3, 4, 5, 6, 7], and recent studies show that it is also expressed in lung
adenocarcinomas [8], uterine serous carcinoma [9], acute myeloid leukemia [10] and
cholangiocarcinoma [11, 12]. A full understanding of the biological functions of mesothelin
is lacking given that mesothelin knockout mice do not show any developmental phenotype
[13]. Interestingly, recent reports indicate that mesothelin may play an important role in cell
adherence [14], cell survival/proliferation, tumor progression [15, 16, 17, 18] and
chemoresistance [18, 19, 20, 21].
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Structure of mesothelin
The mesothelin cDNA and protein were identified using the K1 monoclonal antibody (mAb)
generated by the immunization of mice with human ovarian carcinoma (OVCAR)-3 cells [1,
2]. The human MSLN gene encodes a ~71kDa precursor protein of 622 amino acids (Fig. 1).
The N-terminal signal peptide (residues 1–33) and the C-terminal
glycosylphosphatidylinositol (GPI) anchor addition signal (at predicted cleavage site:
Ser598) are removed and the latter replaced with a GPI anchor. The MSLN precursor is
cleaved at Arg295 into two products, a ~31kDa mature megakaryocyte potentiating factor
(MPF residues Ser34 – Arg286) [22] and a ~40kDa GPI-anchored membrane-bound mature
mesothelin starting from Glu296 [2, 6, 7]. The C-terminus is displayed on the surface of
cancer cells via a GPI anchor. Mesothelin has four N-linked glycans (Asn57, Asn388,
Asn488 and Asn515). While the three dimensional structure of mesothelin has not been
solved, a recent study predicted both the secondary and three dimensional structures of both
mesothelin precursor and mature mesothelin [23]. Nine secondary structure prediction
programs predict that both the mesothelin precursor and mature mesothelin are
predominantly of helical structure, which is composed of small helical segments separated
by short non-helical regions. Based on this secondary structure prediction, four three-
dimensional structure prediction programs (INHUB, 3D-PSSM, BasD, and I-TASSER)
provide the same type of structure for the mesothelin precursor: a superhelical structure with
ARM-type repeats. The model also predicts that the conformation of mature mesothelin may
not change after cleavage into its mature form. Interestingly, the structure model for
mesothelin is made of tandem repeats of approximately 50 residue-long helix-turn-helix
motifs [23]. However, the structure of mesothelin remains unknown.

Biological functions of mesothelin
The biological functions of mesothelin remain largely unknown as mesothelin knockout
mice do not show a detectable phenotype [13]. It has been suggested that mesothelin plays a
role in tumor adhesion and metastasis based on evidence that it can bind to MUC16 (also
known as CA125), which is highly glycosylated, with both O-linked and N-linked
oligosaccharides, to mediate heterotypic cell adhesion [14]. For example, OVCAR-3 cells,
which express MUC16, can specifically attach to mesothelin positive LO cells and an anti-
mesothelin antibody blocks this interaction [14]. It has been suggested that N-linked glycans
on MUC16 are essential for mediating mesothelin-MUC16 binding [24]. Mesothelin can
specifically bind to the MUC16-expressing ovarian cancer cell line OVCAR-3 with a KD of
approximately 5nM, whereas it does not bind to OVCAR-3 derived sublines that lack
MUC16 expression. The N-linked oligosaccharides of MUC16 are required for mesothelin
binding as treatment of MUC16 with peptide-N-glycosidase (PNGaseF), which removes the
N-linked oligosaccharides, inhibits MUC16-mesothelin binding [24]. Our group
experimentally established that the N-terminal domain (named IAB) of cell-surface mature
mesothelin is the minimal recognition sequence for MUC16 binding by using truncated
mutagenesis and alanine replacement techniques [25]. We generated truncated alanine
mesothelin mutants and characterized them using western blot, enzyme-linked
immunosorbent assay and flow cytometry. We identified an N terminal region (residues
296–359) at the extracellular domain of cell surface mesothelin that is sufficient and
necessary for binding to cell surface-associated MUC16 [25]. In addition, we showed that
the IAB-Fc fusion protein can block the mesothelin-MUC16 interaction on cancer cells,
indicating that the IAB domain could be a new therapeutic target in preventing or treating
peritoneal malignant tumors.

According to these studies, we further developed the novel human immunoadhesin HN125
against tumor-associated MUC16 [26]. HN125 consists of IAB and the Fc portion of human
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IgG1, and it is able to specifically bind to the MUC16-expressing cell line OVCAR-3 with a
KD value of 13nM [26]. HN125 can significantly inhibit the MUC16-mesothelin interaction
on cancer cells. For example, at 100μg/ml, HN125 reduced the adherence of mesothelin-
positive A431/H9 cells [26] onto the MUC16-positive OVCAR3 monolayer by
approximately 80%. Furthermore, HN125 can exert significant antibody dependent cell
mediated cytotoxicity (ADCC) by killing about 35% of OVCAR3 cells while there was no
ADCC activity on MUC16-negative cells, which indicates that HN125 has anti-tumor
activity [26]. Together, these studies provide evidence that inhibiting the mesothelin-
MUC16 interaction could be a new therapeutic strategy for ovarian cancer and other
cancers.

Mesothelin is also involved in tumor progression and confers resistance to chemotherapy
[15, 16, 17, 18, 19, 20, 21], Fig. (2). The proliferative effect of mesothelin was recently
examined in pancreatic cancer [15, 16, 17, 18]. MIA PaCa-2 cells stably overexpressing
mesothelin significantly increased cell proliferation by 90% and cell migration by 300% in
vitro. These cells also formed large tumors in nude mice xenograft models [15]. In contrast,
silencing mesothelin in BxPC-3 cells reduced cell proliferation and cell cycle progression by
slowing cell entry into S phase [15, 16]. In addition, mesothelin could inhibit TNF-α-
induced apoptosis [18].

IL-6 is related to cancer cell survival/proliferation and tumor progression. Overexpression of
mesothelin in pancreatic cancer cells led to higher IL-6 production by constitutively
activating NF-κB. Conversely, silencing mesothelin reduced levels of IL-6. In pancreatic
cells with mesothelin overexpression, high IL-6 may be responsible for triggering the
transcription protein 3 (Stat3), resulting in higher expression levels of the cyclin E/cyclin-
dependent kinase (CDK2) complex, as well as speeding the G1-S transition [16]. High levels
of IL-6 production could up-regulate the soluble IL-6 receptor to stimulate cell proliferation
under serum-reduced conditions via an IL-6/sIL-6R (soluble IL-6 receptor) trans-signaling
pathway. Even in serum-free medium, cancer cells with forced mesothelin expression grow
faster than control cells by producing higher quantities of IL-6. In this case, IL-6 may act as
a growth factor to support cancer cell survival [17]. In addition, activation of NF-κB and
Stat3 induces expression of Bcl-xl and Bcl-2 and inhibits apoptosis signaling [18, 28, 29].

Another mechanism may involve the PI3K/Akt pathway to protect cancer cells from drug-
induced apoptosis [18, 19]. Mesothelin protects cancer cells from TNF-α induced apoptosis
by rapidly stimulating Akt phosphorylation under PI3K activation, inhibiting the expression
of pro-apoptotic factors, such as Bad and Bax, and promoting the expression of anti-
apoptotic genes, such as Bcl-2 and Mcl-1. Cyclin A was also increased in mesothelin
overexpressing MIA PaCa-2 cells by TNF-α treatment [18].

Several other groups found that mesothelin could confer resistance to cytotoxic drug-
induced apoptosis. In a human breast cancer model, mesothelin induces anchorage-
independent growth and down-regulates the pro-apoptotic protein Bim to confer cancer cell
resistance to anoikis-induced apoptosis via stimulation of the ERK signaling pathway [21].
Among the ovarian epithelial carcinoma patients treated with platinum plus
cyclophosphamide, chemoresistant patients showed significantly higher mesothelin
expression than chemosensitive patients. In addition, overexpressing mesothelin in C57BL/6
murine peritoneal cells could protect cells from paclitaxel-induced apoptosis through both
the PI3/Akt and MAPK/ERK pathways [19].

In an early study, Prieve and Moon demonstrated that stably expressing Wnt-1 in the mouse
mammary epithelial cell line C57 or co-culturing C57mg cells with Wnt-1 secreting cells
could up-regulate mesothelin co-culturing C57mg cells [30]. Also, the expression of
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mesothelin could be stimulated by Li+, an inhibitor of GSK-3β that mimics Wnt-1. In
contrast, mesothelin expression was down-regulated by Wnt-5a, which may be due to the
antagonism of endogenous Wnt/β-catenin signaling. These results suggest that mesothelin
expression can be regulated by different Wnt proteins. However, further studies are
necessary to evaluate whether mesothelin is a direct target of Wnt-1 and Wnt-5a.

Collectively, these studies signify the potential role of mesothelin in cancer cell proliferation
and indicate that a drug neutralizing the functionality of mesothelin may be useful for novel
cancer therapy. Further studies will reveal the role of mesothelin in tumor progression.

Gene regulation of mesothelin in cancer cells
Recently a promoter of mesothelin called Canscript, located −65 to −46 bp 5' of the
transcription start site in mesothelin, was identified in highly expressing cancer cells, which
may contribute to the highly cancer-specific overexpression of mesothelin [31, 32]. The
activity of Canscript was increased over 100-fold in cancer cells. The Canscript promoter
consists of two motifs: a conventional MCAT motif and a SP1-like motif. Single nucleotide
transitional substitution survey confirmed that all eight nucleotides in MCAT are essential
for its function. However, the SP1-like element has two point mutations compared to the
conserved SP1 motif and binding of an unknown transcription factor to the SP1-like motif
may be responsible for cancer-specific expression of mesothelin. Several transcriptional
factors such as KLF6 and YAP1 have been investigated. The expression patterns of these
transcription factors are consistent with the mesothelin expression pattern in various cell
lines but are not sufficient for mesothelin overexpression [32]. The key transcriptional factor
which regulates cancer-specific overexpression of mesothelin has not been found.

Mesothelin-based antibody therapy for human malignancies
Mesothelin has been suggested as an attractive target for immunotherapy. Several
therapeutic agents that target cell surface mesothelin have been developed and some are
being evaluated in preclinical and clinical studies. Recombinant immunotoxin SS1P is
composed of a variable fragment (Fv) of SS1 and a truncated form of Pseudomonas
exotoxin A (PE) [33, 34]. Two phase I clinical trials of SS1P were completed at the U.S.
National Cancer Institute (NCI) [35, 36]. Based on phase I clinical studies showing the
safety of SS1P and its anti-tumor activity, a clinical trial of SS1P in combination with
chemotherapy is currently ongoing. MORAb-009 (amatuximab), a chimeric (mouse/human)
antibody containing murine SS1 Fv and human IgGγ1 and k constant regions, was
developed [37]. A phase I clinical trial of MORAb-009 for mesothelioma, pancreatic cancer
and ovarian cancer patients was recently completed [38]. A total of 24 subjects were treated,
including 13 mesothelioma, 7 pancreatic cancer, and 4 ovarian cancer patients. Eleven
subjects had stable disease. Phase II studies of MORAb-009 in different mesothelin-
expressing cancers are ongoing.

With two antibodies currently undergoing clinical trials, new antibodies are being
investigated as potential therapeutic agents. A human mAb, m912, was isolated from a
human Fab library. M912 in Fab, single-chain variable fragment (scFv), and IgG formats
can specifically bind to cell surface associated mesothelin and induce ADCC [39]. Our
group generated a high-affinity human mAb (named HN1) based on a scFv isolated by
phage display technology [40]. The HN1 human antibody can specifically bind to cell
surface mesothelin with high affinity (KD = 3nM) and kill mesothelin-expressing cancer
cells with strong ADCC. A recombinant immuntoxin by fusing the HN1 scFv to a truncated
PE kills cancer cells with high cytotoxic activity. We believe that the new HN1 antibody and
immunotoxin have significant potential for mesothelin-expressing cancer treatment.
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Furthermore, based on the MUC16 functional binding domain to mesothelin, we developed
a novel human immunoadhesion, HN125, against tumor-associated MUC16. HN125 can
significantly inhibit the interaction between mesothelin-MUC16 as well as killing ovarian
tumor cells via ADCC, indicating its potential anti-tumor activity in treating ovarian cancer
and other MUC16-expressing tumors [26]. Despite the number of mesothelin mAbs
available, none have been able to inhibit cancer cell proliferation. This is most likely
because the majority of these antibodies (including SS1 and MORAb-009) target N terminal
Region I rather than a key signaling domain in mesothelin. Our work and that of other
groups indicate that Region I is highly immunogenic; therefore, it is difficult to obtain mAbs
targeting domains outside of this region. Our unpublished data show that mAbs targeting
Region I do not inhibit mesothelin-expressing cancer cell proliferation. We believe that the
potential for mesothelin-targeted therapy will not be fully exhausted until mAbs against all
functional domains of mesothelin are generated and evaluated for anti-tumor activity.
Desirable epitopes may be related to the functions of mesothelin in cancer progression.

Conclusions
Although mesothelin is an attractive therapeutic target and antibody drugs targeting
mesothelin are currently being evaluated in clinical trials, the role of mesothelin in cancer
progression remains poorly understood. Recent studies have revealed oncogenic functions of
mesothelin in cancer survival/proliferation and drug resistance through Wnt/NF-κB/PI3K/
Akt signaling pathways. Activity at the Canscript promoter may play a role in the cancer-
specific expression of mesothelin. More studies are needed to validate and further
investigate the potential role of mesothelin in tumor metastasis, cancer cell survival and
proliferation, and drug resistance. The mechanistic studies on mesothelin biology may
provide important insights and opportunities for more effective antibody therapy targeting
mesothelin in solid tumors.
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Figure 1.
Structure of mesothelin. The mesothelin precursor protein (71 kDa) is cleaved by furin to
release its 31 kDa N-terminal megakaryocyte potentiating factor (MPF) and is displayed as
mature mesothelin on the cell surface. Region I (residues 296–390) of mature mesothelin
contains the binding site for SS1P/MORAb-009 and MUC16/CA125.
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Figure 2.
Role of mesothelin in cancer progression
Overexpression of mesothelin leads to higher IL-6 production by constitutively activating
NF-κB. High IL-6 can trigger the transcription protein 3 (Stat3), resulting in higher
expression levels of the cyclin E/cyclin-dependent kinase (CDK2) complex, as well as
speeding the G1-S transition. In addition, activation of NF-κB and Stat3 may induce
expression of Bcl-xl and Bcl-2 and inhibit apoptosis signaling. Mesothelin can protect
cancer cells from drug-induced apoptosis by stimulating Akt phosphorylation under PI3K
activation or the MAPK/ERK signaling pathway to promote the expression of anti-apoptotic
genes such as Bcl-2 and Mcl-1 or inhibit the expression of pro-apoptotic factors such as Bad
and Bax.
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