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Functional Genomic mRNA Profiling of a large cancer data base
demonstrates mesothelin overexpression in a broad range of
tumor types
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ABSTRACT
The membrane bound glycoprotein mesothelin (MSLN) is a highly specific tumor
marker, which is currently exploited as target for drugs. There are only limited
data available on MSLN expression by human tumors. Therefore we determined
overexpression of MSLN across different tumor types with Functional Genomic mRNA
(FGM) profiling of a large cancer database. Results were compared with data in articles
reporting immunohistochemical (IHC) MSLN tumor expression. FGM profiling is a
technique that allows prediction of biologically relevant overexpression of proteins
from a robust data set of mRNA microarrays. This technique was used in a database
comprising 19,746 tumors to identify for 41 tumor types the percentage of samples
with an overexpression of MSLN compared to a normal background. A literature search
was performed to compare the FGM profiling data with studies reporting IHC MSLN
tumor expression. FGM profiling showed MSLN overexpression in gastrointestinal
(12–36%) and gynecological tumors (20–66%), non-small cell lung cancer (21%)
and synovial sarcomas (30%). The overexpression found in thyroid cancers (5%)
and renal cell cancers (10%) was not yet reported with IHC analyses. We observed
that MSLN amplification rate within esophageal cancer depends on the histotype
(31% for adenocarcinomas versus 3% for squamous-cell carcinomas). Subset analysis
in breast cancer showed MSLN amplification rates of 28% in triple-negative breast
cancer (TNBC) and 33% in basal-like breast cancer. Further subtype analysis of TNBCs
showed the highest amplification rate (42%) in the basal-like 1 subtype and the
lowest amplification rate (9%) in the luminal androgen receptor subtype.

with immunohistochemical (IHC) analyses showed high
MSLN expression in 100% of the epithelial mesotheliomas,
90–100% of pancreatic and 66–100% of ovarian cancers.
This is of interest as these tumors largely lack targets for
targeted agents. MSLN is also known to be overexpressed
to a lesser extent in multiple other human cancers such as
endometrial, lung, stomach, triple negative breast, cervical,
non-small cell lung cancer (NSCLC) and head and neck
cancers (HNSCC) [3–8].
Increasing insight in tumor biology has accelerated
the development of molecularly targeted drugs. Many of

INTRODUCTION
Mesothelin (MSLN) is a membrane bound
glycoprotein with only limited expression in normal
tissues such as mesothelial cells lining pleural, pericardial
and peritoneal surfaces [1]. This makes it an interesting
target for anticancer drugs. Its function is largely unknown.
In mice inactivation of the MSLN gene produced
physiologically normal, fertile offspring without any
anatomical or histological abnormalities. This demonstrated
no essential role for MSLN for growth in mice [2]. Studies
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these drugs target molecular drivers of tumor growth with
the goal to inhibit their downstream effects in a tumor cell.
In contrast, novel drugs are becoming available that target
over-expressed tumor specific antigens such as MSLN
that have no clear role in tumor genesis. Among these
novel drugs are the antibody-drug conjugates (ADCs),
which combine the specific targeting of an antibody with
the potency of cytotoxins that would alone cause severe
dose-limiting toxicities [9–11]. Critical for ADC efficacy
is overexpression of a target antigen at the cell membrane
of tumor cells. After internalization the toxic load is
activated.
The same mechanism of action is exploited by
immunotoxins, which consist of a targeting antibody
(fragment) fused with a toxin. An interesting example
targeting MSLN is the immunotoxin SS1P, comprising a
portion of a Pseudomonas exotoxin [12].
Another
strategy
targeting
tumor
cells
overexpressing a certain antigen is immunotherapy.
An example are the cancer vaccines such as GVAX, a
combination of two irradiated, granulocyte-macrophage
colony stimulating factor secreting allogeneic pancreatic
cancer cell lines which were administered to patients
with irresectable or metastasized pancreatic cancer.
The cancer cell lines were combined with recombinant
live-attenuated, double-deleted Listeria monocytogenes,
engineered to secrete MSLN into the cytosol of infected
antigen presentation cells. The combination of these two
agents induces an in vivo immune response to mesothelin
expressing pancreatic cancer cells [13].
Additionally,
chimeric
antigen
receptor
(CAR)-engineered T cells using MSLN as a target are
developed as adoptive T cell immunotherapy in patients
[14]. Three clinical trials are ongoing (NCT01355965,
NCT01583686, NCT02159716) and two partial responses
(PR) were already reported; one in a patient with
pancreatic cancer and one patient with malignant pleural
mesothelioma [15].
Although several IHC studies are performed
evaluating percentages of MSLN overexpression, these
numbers may not reflect the actual percentages of tumors
with useful MSLN expression as they are based on small
numbers of tumors per type, different assays and different
definitions of positivity.
We have recently developed a method called
functional genomic mRNA (FGM) profiling that
corrects gene expression data (i.e. mRNA expression
data) for major, non-genetic, factors (e.g. physiological,
metabolic, cell-type-specific and experimental factors)
[16]. We observed that the residual gene expression
signal (i.e. FGM profile) correlated strongly with somatic
copy number alterations (SCNAs) in cancer samples. In
other words, with FGM profiling we are capturing the
downstream effect of SCNAs at gene expression levels.
FGM profiling is particularly useful because of the
public availability of microarray expression profiles for
www.impactjournals.com/oncotarget

thousands of cancer samples. We applied this method to
publicly available expression data of 19,746 unrelated,
patient-derived tumor samples to gain more detailed
information about the position of MSLN as a generalizable
drug target in 41 tumor types and compared this data to
currently existing IHC data from literature.

RESULTS
Mesothelin expression analyzed by FGM
profiling
The median number of samples per tumor type
was 161, ranging from 21 for thyroid cancer to 7,270 for
breast cancer. The number of samples per tumor type in
combination with the predicted percentage of samples
with a MSLN amplification is shown in Fig. 1.
Predicted amplification of MSLN was most
frequently found in gynecological tumors, gastrointestinal
tumors, NSCLC (21% of N = 612) and in synovial
sarcoma (30% of N = 34). In ovarian cancer 66% of 1,255
tumors had a predicted MSLN amplification and in cervical
cancers (N = 114) this was 20%. Highest predicted MSLN
amplification rate for gastrointestinal cancer was seen in
pancreatic adenocarcinomas (36% of N = 121), followed
by gastric cancers (24% of N = 212) and colorectal cancers
(21% of N = 1,131). A predicted MSLN amplification
rate of 13% was seen for esophageal cancer (N = 185),
which was mainly driven by the subset of esophageal
adenocarcinomas with an MSLN amplification rate
of 31% (N = 64). In contrast, for esophageal squamouscell carcinomas only a MSLN amplification rate of 3%
(N = 109) was observed.
Additionally, predicted MSLN amplifications
were found in 9% of the renal cell carcinomas (N = 428
tumors), 5% of the thyroid cancers (N = 21 tumors), 5% of
acute myeloid leukemias (N = 761 tumors) and 4% of the
HNSCC (N = 356 tumors).
We observed a predicted MSLN amplification rate of
10% in the total set of breast cancer samples (N = 7,270).
Within the subset of estrogen receptor (ER) positive
(N = 4,906) and within the subset of human epidermal
growth factor 2 (HER2) positive (N = 1,580) breast cancer
samples the MSLN amplification rate was 3% and 7%,
respectively (Table 1). The observed MSLN amplification
rate within the subset of TNBC samples (N = 1,555)
was 28%. Within the subset of breast cancer samples
for which we were informed on the molecular subtype
classification, we observed a high MSLN amplification
rate within the basal-like subtype (33% of N = 378). After
applying the TNBC sub-classification according to Lehman
et al. on the subset of TNBC samples we observed the
highest MSLN amplification rate (42%) within the basal-like
1 class (N = 282). The lowest amplification rate (9%) was
observed for the luminal androgen receptor class (N = 164).
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Figure 1: MSLN overexpression calculated with FGM profiling. Values adjacent to the bars represent the absolute number of
tumors analyzed per tumor type. The x-axis represents the predicted percentage of samples per tumor type that show an overexpression of
MSLN. For the tumor type indicated in grey no FGM profiles were available.

Mesothelin expression measured
immunohistochemically in published papers

endometrioid uterine adenocarcinoma (59–64%), cervical
(25%), pancreatic (86–100%), colorectal (28–50%),
esophageal (25–46%) and gastric carcinoma (27–58%)
[5, 15, 17, 18, 20–24]. Percentages of breast cancer with
MSLN overexpression varied between studies, probably
due to different subtypes being analyzed. In N = 43 triple
negative breast cancer (TNBC) samples, 67% was MSLN
positive, while in other sub types comprising 29 ER positive
and 27 HER2 positive, this was below 5% [7]. Others
reported a high MSLN expression in 36% of TBNC samples,
compared to 16% in non-TNBC samples [8]. In Table 2 IHC
MSLN expression data are shown per tumor type.

We identified 14 published papers in which IHC
staining for MSLN was described for a total of 2,846
tumor samples [1, 5–8, 17–26]. The number of samples
analyzed per tumor type ranged from 3 (gastrointestinal
stromal tumors) to 1,209 samples (NSCLC) with a median
of 20 per tumor type. IHC was performed with a total of
5 different anti-MSLN staining antibodies and 13 different
scoring systems. The most frequently used antibody
(9 out of the 15 studies) is the 5B2 monoclonal antibody
from Novocastra [5, 18–21, 24, 25, 27]. Other staining
antibodies were K1,5B2 from Thermo-scientific, 5B2 from
Vector Laboratories, 22A31 and K1 [1, 7, 8, 22, 23]. For
all 15 studies, 13 different scoring strategies were applied.
Only the Ordonez papers [18, 19] used the same scoring
system, and also Kachala [6] and Tozbikian [8] used the
same method.
The most MSLN over-expressing tumor types were
synovial sarcoma (100%) ovarian (50–88%), NSCLC,
www.impactjournals.com/oncotarget

MSLN overexpression by functional genomic
mRNA profiling versus IHC
The patterns of MSLN overexpression are largely
comparable between the historical IHC data and our data
gathered with FGM profiling. The percentages of tumor
samples that showed MSLN over-expression or predicted
MSLN amplification differ between the two techniques,
28166
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Table 1: Predicted MSLN amplification rate in breast cancer subtypes
Subset

MSLN negative
(n)

MSLN negative
(%)

MSLN positive
(N)

MSLN positive
(%)

Total
(N)

TNBC

1114

71.64

441

28.36

1555

non-TNBC

5459

95.52

256

4.48

5715

ER-positive

4741

96.64

165

3.36

4906

HER2-positive

1472

93.16

108

6.84

1580

MSLN negative
(N)

MSLN negative
(%)

MSLN positive
(N)

MSLN positive
(%)

Total
(N)

Normal-like

118

98.33

2

1.67

120

Luminal A

326

99.69

1

0.31

327

Luminal B

154

94.48

9

5.52

163

Her2

118

93.65

8

6.35

126

Basal

254

67.20

124

32.80

378

MSLN negative
(n)

MSLN negative
(%)

MSLN positive
(N)

MSLN positive
(%)

Total
(N)

Basal-like 1

164

58.16

118

41.84

282

Basal-like 2

98

76.56

30

23.44

128

Mesenchymal

156

63.41

90

36.59

246

Mesenchymal
stem–like

130

87.84

18

12.16

148

Immunomodulatory

226

71.97

88

28.03

314

Luminal androgen
receptor

150

91.46

14

8.54

164

Subset*1

Subset*2

Molecular sub-classification according to methods: Hu et al. - Parker et al. - Sorlie et al. [30–32]
TNBC subclassification according to Lehmann et al. [33]

*1
*2

predicted MSLN amplification in gynecological tumors,
gastrointestinal tumors, NSCLC and synovial sarcomas. In
addition, our technique revealed not yet reported predicted
MSLN amplifications in 10% of renal cell cancers and 5%
of thyroid cancers. In addition, we observed that MSLN
amplification rate within esophageal cancer depends
on the histotype (31% for adenocarcinomas versus 3%
for squamous-cell carcinomas). Subtype analysis in
breast cancer showed MSLN amplification rates of 28%
in triple-negative breast cancer (TNBC) and 33% in basallike breast cancer. Within the TNBCs the basal-like 1
subtype showed the highest amplification rate (42%)
and the luminal androgen receptor subtype the lowest
amplification rate (9%).
This data suggests which percentages of tumor
types potentially might benefit from treatment with MSLN
targeting immunotoxins or ADCs. For mesothelioma,
pancreatic and ovarian cancer, drugs are currently in

with on average higher percentages for the IHC data.
For example, NSCLC shows in 69% of tumors an overexpression based on IHC, while we find a predicted MSLN
amplification rate for NSCLC of 21%. The same is true for
the synovial sarcomas, colorectal, pancreatic and gastric
cancers. This does not account for all tumors, as 50–88%
of ovarian cancers are considered MSLN positive based
on IHC, while with our technique we find 66% of ovarian
cancer samples having a predicted MSLN amplification.
For renal cell and thyroid cancer, IHC studies were
performed, although in small numbers of tumors (N = 33
for renal cell, and N = 14 and N = 29 for thyroid cancer).

DISCUSSION
This is the first paper studying MSLN expression
in a large database of human tumors with a novel method
called FGM profiling. We showed high percentages of
www.impactjournals.com/oncotarget
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Table 2: Individual MSLN immunohistochemistry studies published
% positive

N*

Reference£

Non-small cell lung carcinoma
Non-small cell lung carcinoma
Non-small cell lung carcinoma
Non-small cell lung carcinoma

43%
41%
0%
69%

47
34
23
1209

5
18
1
6

Mesothelioma
Mesothelioma

100%
100%

15
40

1
19

Melanoma

0%

6

18

Primitive neuroectodermal tumor

0%

6

18

Germ cell cancer

0%

23

18

Thyroid cancer
Thyroid cancer

3%
0%

29
14

5
18

Adrenal cortex cancer

0%

5

18

Bladder cancer
Bladder cancer

0%
8%

8
13

5
18

Prostate cancer
Prostate cancer

1%
0%

85
12

5
18

Renal carcinoma
Renal carcinoma

3%
0%

33
17

5
18

Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer

14%
67%
28%
36%
3%

71
43
80
226
35

5
7*
19
8*
18

Cholangiocarcinoma
Cholangiocarcinoma
Cholangiocarcinoma
Cholangiocarcinoma

100%
37%
50%
95%

61
19
10
21

20
18
23
3

Gastric cancer
Gastric cancer
Gastric cancer
Gastric cancer

29%
45%
27%
58%

7
110
156
50

18
24
5
23

Hepatocellular carcinoma

0%

15

5

Pancreas cancer
Pancreas cancer
Pancreas cancer
Pancreas cancer

86%
100%
83%
100%

14
14
60
16

18
5
17
3

Esophageal cancer
Esophageal cancer
Esophageal cancer

27%
25%
46%

156
4
125

5
18
22

Colorectal cancer
Colorectal cancer
Colorectal cáncer

50%
30%
28%

91
56
18

21
5
18

Ewing’s sarcoma

0%

6

18

Synovial sarcoma

100%

9

18

Tumor type

(Continued )
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% positive

N*

Reference£

Leiomyosarcoma

0%

5

18

Gastrointestinal stromal tumor

0%

3

18

B-cell lymphoma

0%

8

18

T-cell lymphoma

0%

8

18

Cervical cancer

25%

4

18

Ovarian cancer
Ovarian cancer
Ovarian cancer

70%
55%
88%

67
198
40

5
26
18

Endometroid uterine adenocarcinoma
Endometroid uterine adenocarcinoma

59%
64%

22
11

5
18

Head and Neck cancer

67%

6

1

Tumor type

N is the number of tumor samples analyzed in the study.£Percentage positive is the percentage of all tumors analyzed
(in column N) that were mesothelin positive, according to the original article.
*

development that target MSLN [3, 12, 15, 28, 29].
However, also for the lower percentages of MSLN
over-expressing tumors within other tumor types overexpression of MSLN could be an interesting target. In
this era of individualized treatment, tumor histology types
alone do not have to determine which therapy will be
most effective. Increasingly, drug development focuses on
tumor characteristics and targeting these, than on tumor
type alone.
IHC is most often applied for a semi-quantitative
analysis of protein expression in tumor samples. However,
IHC studies have well-known disadvantages, the first
being highly heterogeneous scoring methods between
different studies. For example, Frierson et al. classified
MSLN protein expression as 1+ when only 1–10% of
tumor cells showed positive staining, while others use
a combination of staining intensity and percentage of
positive stained tumor cells [5–8, 18, 20–26]. Moreover,
different staining antibodies have been used in the
different studies. This makes it currently difficult to
compare IHC patterns in different studies of different
tumor types. Also it precludes a general cut off for IHC
indicating over-expression of MSLN. If a relevant target,
standardization of IHC for MSLN would be clearly
required. FGM profiling provides a rapid screening tool
for potentially drugable targets in a large set of tumors,
but also has some drawbacks. No quantitative analysis
is possible and there is no direct correlation between the
FGM profile and protein levels of the genes investigated.
Moreover, it is not possible determine heterogeneity in
expression between tumor cells or to determine which cell
type in the tumor tissue expresses MSLN.
The advantages of FGM profiling however prevail
and include that predicted MSLN amplification rates
between tumor types are directly comparable as the same
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threshold is used. In addition, the large number of samples
included in this analysis and the broad spectrum of tumor
types allow for robust estimations of predicted MSLN
amplification rates. FGM profiling may also be useful in
determining over-expression of other potentially drugable
targets in different tumor types. This highly facilitates
prioritization of tumor types for future research in which
the clinical benefit of targeting MSLN with immunotoxins
or ADCs.

MATERIALS AND METHODS
Functional genomic mRNA profiling
For a detailed description of FGM profiling we refer
to Fehrmann et al. [16]. In short, we analyzed 77,840
expression profiles of publicly available samples with
principal component analysis (PCA) and found that a
limited number of ‘Transcriptional Components’ (TCs)
capture the major regulators of the mRNA transcriptome.
Subsequently, we identified a subset of TCs that described
non-genetic regulatory factors. We used these non-genetic
TCs as covariates to correct microarray expression data
and observed that the residual expression signal (i.e. FGM
profile) captures the downstream consequences of genomic
alterations on gene expression levels.

Identification of 19,746 unrelated,
patient-derived tumor samples
As described in more detail in Fehrmann et al, we
were able to construct a set of 15,878 unrelated tumor
samples of patients. In short, each of the 77,840 samples
was annotated with MeSH terms based on an automatic
text-mining algorithm. Next, we developed a method to
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exclude cell line samples, as these samples might not
reflect the in vivo situation of cancer cells. Subsequently,
we developed a method that can accurately detect and
exclude genetically identical samples in expression data,
even if two different cell types or tissues had been assayed
for one individual. In addition, we performed a manual
curation to assign each sample to one of 41 tumor types.
Next to these 15,878 tumor samples, we identified an
additional 3,545 breast cancer samples, 114 esophageal
cancer samples, 30 pancreas cancers and 179 HNSCCs.
For the breast cancer samples data on hormone receptor
(ER, PR) and HER2 status was collected including
the cut-off values used to define a positive or negative
receptor status. We used this information to determine
the receptor status of ER, PR and HER2 according to the
latest guidelines as defined by the American Society of
Clinical Oncology [30]. In accordance with this guideline,
for ER and PR status, we used an IHC cut-off value of 1%.
Samples were considered to be HER2-positive when they
reached an IHC score of 3+. In addition, samples with a
HER2 IHC score of 2+ with a HER2/CEP17 ratio ≥ 2.0
were also considered positive. A HER2 IHC score of +1
or 0 was considered negative. If we could not redefine
the receptor status according to the ASCO guidelines, we
explored the empirical expression distributions (regular
mRNA expression and FGmRNA expression) for ER, PR
and HER2 receptor status of negative and positive breast
cancer samples (receptor status defined according to
guidelines). Both ER and PR positive and negative status
was best discriminated by the regular mRNA expression
levels of the Affymetrix probe 205255_at. HER2 positive
and negative receptor status was best discriminated by
the FGmRNA expression level of Affymetrix probe
216836_s_at. We used these probes to infer receptor
status of samples that were missing ER, PR or HER2
status according to guidelines. Thresholds were defined
by selecting the (FG)mRNA expression value that resulted
in the optimal balance in sensitivity between the reported
guideline negative and positive samples. In addition,
we collected all available molecular sub-classifications
(normal-like, basal, luminal A, luminal B and Her2)
for the breast cancer samples [30–32]. For the TBNC
samples we determined the sub-classification according to
Lehmann et al. (basal-like 1, basal-like 2, mesenchymal,
mesenchymal stem-like, immunomodulatory and luminal
androgen receptor) [33].
Finally, we applied FGM profiling to determine the
FGM-landscape in these 19,746 tumor samples.

esophageal cancer and HNSCC) was defined in 18,713
FGM-profiles of non-cancer samples by calculating the
97.5th percentiles for the FGM signal of MSLN. For breast
cancer, pancreas cancer, esophageal cancer and HNSCC
we used tissue type matched healthy samples (172, 77, 47
and 277 samples, respectively) to determine the 97.5th
percentiles for the FGM signal of MSLN.
For each of the 19,746 tumor samples, MSLN was
marked as significantly amplified when the FGM-signal
was above the 97.5th percentile threshold as defined in the
non-cancer samples.

Literature search
To compare the data obtained with FGM profiling
with IHC data in literature, PubMed was searched for
articles published in English during the period 1996 until
January 2015. The following search terms were used:
‘mesothelin’, ‘expression’, ‘cancer’ and ‘tumor’ in various
combinations. The articles that were found were screened
for presence of IHC staining’s of patient derived tumor
tissue. Subsequently, numbers of tumor samples assessed
and percentages of tumor samples that were called MSLN
“positive” by IHC were recorded per tumor type per
article. MSLN positivity was decided to be present when
it was determined as positive in the original article.

ACKNOWLEDGMENTS
This research was supported in part by CTMM,
the Center for Translational Molecular Medicine, project
MAMMOTH (grant 03O-201), in part by the Bas Mulder
award of Alpe d’HuZes/Dutch Cancer Society (RUG
2013-5960) and a Mandema Stipendium to RSN Fehrmann
and an ERC advanced grant (OnQView) to EGE de Vries.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to declare
in relation to this work.

REFERENCES
1. Chang K, Pastan I, Willingham MC. Isolation and characterization of a monoclonal antibody, K1, reactive with
ovarian cancers and normal mesothelium. Int.J.Cancer.
1992; 50:373–381.

Predicting MSLN amplification rates

2. Bera TK, Pastan I. Mesothelin is not required for normal
mouse development or reproduction. Mol.Cell.Biol. 2000;
20:2902–2906.

For MSLN we quantified the percentage of samples
across 41 tumor types with a significantly increased FGMsignal (i.e. proxy for underlying gene amplification). The
threshold (except for breast cancer, pancreas cancer,

3. Hassan R, Laszik ZG, Lerner M, Raffeld M, Postier R,
Brackett D. Mesothelin is overexpressed in pancreaticobiliary adenocarcinomas but not in normal pancreas and
chronic pancreatitis. Am.J.Clin.Pathol. 2005; 124:838–845.

www.impactjournals.com/oncotarget

28170

Oncotarget

4. Hassan R, Bera T, Pastan I. Mesothelin: a new target for
immunotherapy. Clin.Cancer Res. 2004; 10:3937–3942.

receptor mRNA-engineered T cells induce anti-tumor
activity in solid malignancies. Cancer.Immunol.Res. 2014;
2:112–120.

5. Frierson HF Jr, Moskaluk CA, Powell SM, Zhang H,
Cerilli LA, Stoler MH, Cathro H, Hampton GM.
Large-scale molecular and tissue microarray analysis of
mesothelin expression in common human carcinomas.
Hum.Pathol. 2003; 34:605–609.

16. Fehrmann RS, Karjalainen JM, Krajewska M, Westra HJ,
Maloney D, Simeonov A, Pers TH, Hirschhorn JN,
Jansen RC, Schultes EA, van Haagen HH, de Vries EG,
te Meerman GJ, et al. Gene expression analysis identifies
global gene dosage sensitivity in cancer. Nat.Genet. 2015;
47:115–125.

6. Kachala SS, Bograd AJ, Villena-Vargas J, Suzuki K,
Servais EL, Kadota K, Chou J, Sima CS, Vertes E,
Rusch VW, Travis WD, Sadelain M, Adusumilli PS.
Mesothelin overexpression is a marker of tumor aggressiveness and is associated with reduced recurrence-free and
overall survival in early-stage lung adenocarcinoma. Clin.
Cancer Res. 2014; 20:1020–1028.

17. Argani P, Iacobuzio-Donahue C, Ryu B, Rosty C,
Goggins M, Wilentz RE, Murugesan SR, Leach SD,
Jaffee E, Yeo CJ, Cameron JL, Kern SE, Hruban RH.
Mesothelin is overexpressed in the vast majority of ductal
adenocarcinomas of the pancreas: identification of a new
pancreatic cancer marker by serial analysis of gene expression (SAGE). Clin.Cancer Res. 2001; 7:3862–3868.

7. Tchou J, Wang LC, Selven B, Zhang H, Conejo-Garcia J,
Borghaei H, Kalos M, Vondeheide RH, Albelda SM,
June CH, Zhang PJ. Mesothelin, a novel immunotherapy
target for triple negative breast cancer. Breast Cancer
Res.Treat. 2012; 133:799–804.

18. Ordonez NG. Application of mesothelin immunostaining in
tumor diagnosis. Am.J.Surg.Pathol. 2003; 27:1418–1428.
19. Ordonez NG, Sahin AA. Diagnostic utility of immunohistochemistry in distinguishing between epithelioid pleural
mesotheliomas and breast carcinomas: a comparative study.
Hum.Pathol. 2014; 45:1529–1540.

8. Tozbikian G, Brogi E, Kadota K, Catalano J, Akram M,
Patil S, Ho AY, Reis-Filho JS, Weigelt B, Norton L,
Adusumilli PS, Wen HY. Mesothelin expression in triple
negative breast carcinomas correlates significantly with
basal-like phenotype, distant metastases and decreased survival. PLoS One. 2014; 9:e114900.

20. Kawamata F, Kamachi H, Einama T, Homma S, Tahara M,
Miyazaki M, Tanaka S, Kamiyama T, Nishihara H,
Taketomi A, Todo S. Intracellular localization of mesothelin predicts patient prognosis of extrahepatic bile duct
cancer. Int.J.Oncol. 2012; 41:2109–2118.

9. Sliwkowski MX, Mellman I. Antibody therapeutics in cancer. Science. 2013; 341:1192–1198.
10. Reichert JM, Valge-Archer VE. Development trends for
monoclonal antibody cancer therapeutics. Nat.Rev.Drug
Discov. 2007; 6:349–356.

21. Kawamata F, Homma S, Kamachi H, Einama T, Kato Y,
Tsuda M, Tanaka S, Maeda M, Kajino K, Hino O,
Takahashi N, Kamiyama T, Nishihara H, et al. C-ERC/
mesothelin provokes lymphatic invasion of colorectal adenocarcinoma. J.Gastroenterol. 2014; 49:81–92.

11. Teicher BA, Chari RV. Antibody conjugate therapeutics: challenges and potential. Clin.Cancer Res. 2011;
17:6389–6397.

22. Rizk NP, Servais EL, Tang LH, Sima CS, Gerdes H,
Fleisher M, Rusch VW, Adusumilli PS. Tissue and serum
mesothelin are potential markers of neoplastic progression
in Barrett's associated esophageal adenocarcinoma. Cancer
Epidemiol.Biomarkers Prev. 2012; 21:482–486.

12. Hassan R, Sharon E, Thomas A, Zhang J, Ling A,
Miettinen M, Kreitman RJ, Steinberg SM, Hollevoet K,
Pastan I. Phase 1 study of the antimesothelin immunotoxin
SS1P in combination with pemetrexed and cisplatin for
front-line therapy of pleural mesothelioma and correlation
of tumor response with serum mesothelin, megakaryocyte
potentiating factor, and cancer antigen 125. Cancer. 2014;
120:3311–3319.

23. Ito T, Kajino K, Abe M, Sato K, Maekawa H, Sakurada M,
Orita H, Wada R, Kajiyama Y, Hino O. ERC/mesothelin
is expressed in human gastric cancer tissues and cell lines.
Oncol.Rep. 2014; 31:27–33.

13. Le DT, Wang-Gillam A, Picozzi V, Greten TF, Crocenzi T,
Springett G, Morse M, Zeh H, Cohen D, Fine RL,
Onners B, Uram JN, Laheru DA, et al. Safety and survival
with GVAX pancreas prime and Listeria monocytogenesexpressing mesothelin (CRS-207) boost vaccines for metastatic pancreatic cancer. J.Clin.Oncol. 2015; 33:1325–1333.

24. Einama T, Homma S, Kamachi H, Kawamata F,
Takahashi K, Takahashi N, Taniguchi M, Kamiyama T,
Furukawa H, Matsuno Y, Tanaka S, Nishihara H,
Taketomi A, et al. Luminal membrane expression of mesothelin is a prominent poor prognostic factor for gastric cancer. Br.J.Cancer. 2012; 107:137–142.

14. Curran KJ, Brentjens RJ. Chimeric antigen receptor T
cells for cancer immunotherapy. J.Clin.Oncol. 2015;
33:1703–1706.

25. Zhao H, Davydova L, Mandich D, Cartun RW, Ligato S.
S100A4 protein and mesothelin expression in dysplasia and
carcinoma of the extrahepatic bile duct. Am.J.Clin.Pathol.
2007; 127:374–379.

15. Beatty GL, Haas AR, Maus MV, Torigian DA, Soulen MC,
Plesa G, Chew A, Zhao Y, Levine BL, Albelda SM,
Kalos M, June CH. Mesothelin-specific chimeric antigen

www.impactjournals.com/oncotarget

26. Bauerschlag D, Brautigam K, Moll R, Sehouli J, Mustea A,
Salehin D, Krajewska M, Reed JC, Maass N, Hampton GM,

28171

Oncotarget

Meinhold-Heerlein I. Systematic analysis and validation of
differential gene expression in ovarian serous adenocarcinomas and normal ovary. J.Cancer Res.Clin.Oncol. 2013;
139:347–355.

with advanced solid tumors. Cancer Res AACR abstract #
LB-291. 2013.
30. Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS,
Nobel A, Deng S, Johnsen H, Pesich R, Geisler S,
Demeter J, Perou CM, Lonning PE, et al. Repeated observation of breast tumor subtypes in independent gene
expression data sets. Proc.Natl.Acad.Sci.U.S.A. 2003;
100:8418–8423.

27. Argani P, Iacobuzio-Donahue C, Ryu B, Rosty C,
Goggins M, Wilentz RE, Murugesan SR, Leach SD,
Jaffee E, Yeo CJ, Cameron JL, Kern SE, Hruban RH.
Mesothelin is overexpressed in the vast majority of ductal
adenocarcinomas of the pancreas: identification of a new
pancreatic cancer marker by serial analysis of gene expression (SAGE). Clin.Cancer Res. 2001; 7:3862–3868.

31. Parker JS, Mullins M, Cheang MC, Leung S,
Voduc D, Vickery T, Davies S, Fauron C, He X, Hu Z,
Quackenbush JF, Stijleman IJ, Palazzo J, et al. Supervised
risk predictor of breast cancer based on intrinsic subtypes.
J.Clin.Oncol. 2009; 27:1160–1167.

28. Weekes C, Lamberts LE, Borad MJ, Voortman J,
McWilliams RR, Robinson Diamond J, de Vries EGE,
Verheul HMW, Hanyoung Lieu C, Yue H, Wang Y,
Scales S, Samineni D, et al. A phase I study of
DMOT4039A, an antibody-drug conjugate (ADC) targeting mesothelin (MSLN), in patients (pts) with unresectable
pancreatic (PC) or platinum resistant ovarian cancer (OC).
J Clin Oncol. ( suppl; abstr 2529).2014.

32. Hu Z, Fan C, Oh DS, Marron JS, He X, Qaqish BF,
Livasy C, Carey LA, Reynolds E, Dressler L, Nobel A,
Parker J, Ewend MG, et al. The molecular portraits of breast
tumors are conserved across microarray platforms. BMC
Genomics. 2006; 7:96.
33. Lehmann BD, Bauer JA, Chen X, Sanders ME,
Chakravarthy AB, Shyr Y, Pietenpol JA. Identification of
human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J.Clin.Invest.
2011; 121:2750–2767.

29. Bendell J, Blumenschein G, Zinner R, Hong D, Jones S,
Infante J, Burris H, Rajagopalan P, Kornacker M,
Henderson D, Kelly A, Hassan R. First-in-human phase
I dose escalation study of a novel anti-mesothelin antibody drug conjugate (ADC), BAY 94-9343, in patients

www.impactjournals.com/oncotarget

28172

Oncotarget

