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as a cistronic cluster at 13q14, which is deleted or down-regulated in most cases (~68%)
of B-cell chronic lymphocytic leukemias (39),

Cimmino et al. (40) found that both these miRNAs negatively regulate the expression
of B-cell lymphoma 2 (BCL2), which inhibits apoptosis and is present in many types
of cancers including leukemias. In fact, overexpression of miR-15 and miR-16 in the
MEG-01 cell line induces apoptotic cell death.

Alterations in the gene copy number of miRNAs are detected in a variety of human
cancers (41,42,43). Zhang et al. (47) showed that miRNAs exhibited high-frequency ge-
nomic alterations in human ovarian, breast cancer, and melanoma using high-resolution
array-based comparative genomic hybridization.

Hayashita et al. (42) found that the expression and gene copy number of the miR-17-
92 cluster—composed of seven miRNAs—is increased in lung cancer cell lines, espe-
cially with small-cell lung cancer histology. Enforced expression of miRNAs included
in this polycistronic cluster énhances cell proliferation in a lung cancer cell line, The
increase in expression and gene copy number of miR-17-92 cluster was also found in
B-cell lymphomas (43). The expression of miRNAs in this cluster is upregulated by
c-Myc, whose expression and/or function is one of the most common abnormalities
in human cancers, and miR-17-5p and miR-20a in this miR-17-92 cluster negatively
regulate the expression of the transcriptional factor E2F1 (44).

Furthermore, it was indicated that miR-17-19b cluster included in miR-17-92 cluster
inhibited apoptotic cell death, and accelerated c-Myc-induced lymphomagenesis in mice
reconstituted with miR-17-19b cluster-over-expressed haematopoietic stem cells (4.3).
In addition, the miR-17-92 cluster has been reported to augment angiogenesis in vivo
by down-regulation of anti-angiogenic thrombospondin-1 and connective tissue growth
factor in Ras-transformed colonocytes (45).

miR-155 was identified as a miRNA whose copy number and expression were up-
regulated in several types of B-cell lymphomas (46). The miR-155 gene is located in
the final exon of the B-cell integration cluster (BIC) non-coding gene, which is shown
to accelerate the pathogenesis of c-Myc—associated lymphomas and leukemias, suggest-
ing potential roles of miR-155 in B-cell lymphomas (47). Indeed, transgenic mice with
miR-155 driven by the B-cell-specific Ep enhancer rapidly develop a polyclonal B-cell
malignancy (45).

The up-regulated expression of miR-155 is also reported in breast, lung, colon, and
thyroid cancer (49, 50). However, the actual molecular mechanism of miR-155 remains
unknown, although it is reported that miR-155 down-regulates the expression of the
angiotensin [1 type | receptor (51).

As an antispoptotic miRNA, miR-21 was recently identified 1o be up-regulated in
human breast tumor tissues, glioblastoma tumor tissues, and malignant cholangiocytes
{52, 53, 54). Inhibition of miR-21 by antisense oligonucleotides causes activation of
caspases and induction of apoptotic cell death in a human breast cancer cell line and
glioblastoma cell line (52,53). Furthermore, miR-21 inhibits gemeitabine-induced apop-
totic cell death in cholangiocarcinoma cell lines by down-regulation of PTEN (phos-
phatase and tensin homolog deleted on chromosome 10), which positively regulates
apoptosis via inhibition of PI 3-kinase signaling activation ( 34). The expression of
miR-141 and miR-200b are also up-regulated in malignant cholangiocytes. Inhibitions of
these miRNAs using miRNA-specific antisense oligonucleatides decreased proliferation
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of a malignant cholangiocyte cell line. The up-regulated expression of miR-21 is also
detected in human colon, lung, pancreas, prostate, and stomach cancer (49.55), suggest-
ing the possibility that miR-21 inhibits apoptotic cell death in these cancers.

Interestingly. it has been reported that the expression level of let-7 is reduced in human
lung cancers ( 56). This result suggests that let-7 might act as 4 wmor suppressor gene
in lung cancer. In fact, regardless of disease stage, lung cancer patients with down-
regulation of let-7 had shortened post-operative survival ( 56). Furthermore, Johnson
et al. (57) found that let-7 negatively regulated the expression of human RAS family

L which p potent oncogenic activity, Actually, RAS protein levels ure
inversely correlated with let-7 expression levels in human lung cancers, suggesting a
possible mechanism for let-7 in lung cancer.

To identify novel miRNAs involved in cellular transformation, Voorhoeve et al. (58)
performed functional genetic screens using a library of vectors expressing human miR-
NAs and in vitro neoplastic transformation assays. They showed that miR-372 and
miR-373 accelerate proliferation and twmorigenic development in primary human cells
that express oncogenic RAS and tumor suppressor pS3, possibly through suppression of
p53-mediated CDK inhibition by down-regulation of large tumor suppressor homolog 2
(LATS2) (58,59). Furthermore, miR-372 was found to be exclusively over-exp d in
most human testicular germ cell tumors that rarely exhibit loss of p53 function, suggest-
ing contribution of miR-372 to the development of human testicular germ cell tumors by
inhibition of the p53 pathway (58).

Recent evidence indicates that polymorphisms and genetic variation in germ line as
well as somatic cells have a critical role in cancer predisposition and malignancy (60,61 ).
However, in spite of comprehensive scanning of protein coding genes, the molecular
basis of familial cancers remains largely unknown. Recently, a germ line mutation of
the miR-16-1-miR-15a primary precursor, which impaired mature miRNA expressions,
was identified in B-cell chronic lymphocytic leukemia patients (62). Furthenmore, germ
line or somatic mutations of miRNAs were found in 11 of 75 patients with B-cell chronic
Iymphocytic leukemia, but none of these mutations were found in 160 persons without
cancer (62). These results suggest that genetic variation of miRNAs in a germ line may
play important roles in cancer predisposition and malignancy. In addition, germ line
mutation in miRNA-target sites of mRNA 3" UTR were found in KIT and slit and trk-like
family member | (SLITRK1), suggesting genetic variation of miRNA-target sites in a
germ line may also play significant roles in disease predisposition (50.63).

Human cytochrome P450 (CYP) 1B1, which is abundantly expressed in malignam
fumor tissues, is 8 member of drug-metabolizing enzymes and catalyzes the metabolic
activation of various procarcinogens, Recently, it was found that CYPIBI expression
was post-transcriptionally inhibited by miR-27b (64). Furthermore, decrease of miR-
27b expression and increase of CYPIBI expression in most breast cancer tissues was
detected (64). These results indicate that miRNAs may play important roles in not only
physiologic events but also drug metabolism and production of carcinogens.

Global expression profiling analysis of protein coding genes is known to be useful
for cancer diagnoses and prognosis predictions (65). Recently, Lu et al. (37) indicated
that miRNA expression profiles can successfully classify poorly differentiated cancers
that cannot be classified by mRNA expression profiles. Accordingly. miRNA expression
profiles are more accurately correlated with clinical severity of cancer malignancy than
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Table 1
Canser-Associated miRNAs

miRNA Cancer types Targets* References
Oncogene
miR-17-92 BCL, lung CTGF, EZF1.Tspl  42-45
miR-21 hm cholangiocyte, colon, PTEN 49, 52-55

gliobl lung. p

prostate, stomach
miRt-155 BCL, breast, colon, lung, thyroid ATIR 46, 49-5]
miR-372/373 testicular germ cell LATS2 58
Tumor suppressor gene
let-Ta breast, lung RAS 35-57
miR-15a/16 B-CLL BCL2 39, 40

* Target genes identified by the biological experiments are listed.
Abbreviations: ATIR.WIIIIWIMW B-CLL, B-cell chronic lymphocytic leukemia; BCL,
Mnmmsml ph 2: CTGF, ive tissue growth factor; LATS2, large tu-
Z.FI'EN.,‘ ph and tensin homolog deleted on chromosome 10; Tspl.

Ly e

l!Iwbmpudin-l.

protein-coding gene expression profiles. This result indicates the potential of miRNA
expression profiles in cancer classification and prognosis prediction (37).

Because miRNAs act as oncogenes or tumor suppressor genes (Table 1), miRNAs
are potential targets of therapeutic strategies. Recently, Krutzfeldt et al. (66) indicated
that chemically engineered oligonucleotides, called antagomirs, efficiently inhibited
miRNAs in vivo. Additionally, it is reported that introduction of 2'-O-methoxyethyl
phosphorothioate antisense oligonucleotide of miR-122 (abundant in the liver and reg-
ulates cholesterol and fatty-acid metabolism) decreases plasma cholesterol levels and
improves liver steatosis in mice with diet-induced obesity (67). These findings indicate
that antisense oligonucleotides are also potential targets for drug discovery, suggesting
the possibility that intractable cancers may become curable by over-expression and/or
inhibition of miRNAs. However, for miRNAs to be used in gene therapy, further im-
provement is required to make miRNAs more effective and less toxic than other cancer

4. PERSPECTIVE

It has been established that miRNAs play critical roles in cell differentiation, prolif-
eration. and apoptosis, and the abnormalities of specific miRNA expression contribute
to tumorigenesis. Additionally, recent studies show that polymorphisms or genetic vari-
ation of mIRNAs and miRNA-target sites of mRNAs in a germ line may play important
roles in cancer predisposition and malignancy (50,62). Therefore, miRNAs are expected
to be powerful tools for cancer classification, diagnosis, and prognosis prediction, as
well as to be potential targets of cancer therapy.

Furthermore, identification of target mRNAs regulated by miRNAs, elucidation of the
oncogenic or tumor suppressive molecular mechanisms by miRNAs, and identification
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of genetic variation in miRNAs and miRNA-target sites of mRNAs may lead 10
the discovery of new molecular targets related to oncogenesis. Bioinformatics ap-
proaches have predicted that a single miRNA may have hundreds of target genes
(5.6,68,69,70.71,72, 73, 74), although detailed experimental validation has yer to be
done, Development of a comprehensive assay to rapidly identify target mRNAs would
greatly assist our understanding of miRNAs and lead to novel therapeutic approaches
Against cancer.
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batis determining the differsnt ch intics of these multiple MC
Mmulmmm\dﬂr.

Results: To approach this. we developed a method of RNA extractionfamplification lor intact in vivo MCs pooled
from frozen tisue sections, which enabled us to obtin the global gene expression pattern of pooled MCs
belonging to the same subchass. MCs were iolated from the submucosa (sMCs) and mucosa (mMCs) of mouse
stamach sections, respectively, |5 cells were pocled, and their RNA was d, amplified and subjected to
microarray analysis. Known marker genes specific for mMCs and sMCs showed expected expression trends,
indicating accuracy of the anabyuis,
We identified 1,272 genes showing significantly different expression levels between sMCs and mMCs, and
classified them into clusters on the basis of ity of their expr profiles compared with bone marrow.
derived MCs. which are the cultured MCs with so-called ‘immature’ properties. Among them, we found that
several key genes such as Notchd had sMC-biased expression and Prgri had mMC-biased expression.
mw-n-mnmwﬂmmmﬂmﬂwmm
and p b the two MC subclasses, which may refiect
ﬁmwmmdumNCwq- | ar subs I @i in the h
Conclusion: By using the method of RNA amplification from posled intact MCs, we characterized the disunct
jene expression profiles of sMCy and mMCs in the mouse stomach. Our findings offer inight into poswible
unidentified properties specific for each MC subclass.
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Mast cells (MCs) are derived from hematopoietic stem
cells and play imponant roles in allergic responses, innate
i ity and defense against parasite infection. Linlike
other blood cells, MCs migrate into peripheral tissues as
immature progenitors and differentiate into mature mast
cells. One of the unigue features of MCs is that they show
a variety of phenotypes depending on the different tissue
microenvitonment of their maturation [1]. In MCs, vari-
ous MC-specific serine proteases are stored in the secre-
tory granules, and their gene and protein expressions are
dramatically altered when their cell environment is
altered. For example. Reynolds et al. have shown that ai
least six distinct members of mouse MC-specific serine
proteases are expressed in different combinations in dif-
ferent mast cell populations [2]. In addition, recent stud-
ies have shown that mature MCs vary in terms of what
surface receptors and lipid mediators they express [3,4].
Because each mast cell population in viio must play a spe-
cific role in the body, it is important to determine the
character of each population of MCs.

Comprehensive gene expression analysis is a powerful
approach to understand the characterization of various
MC subpopulations. To date, several studies on microar-
ray analysis of MCs have been conducted [5-7, but most
of them dealt with MCs culured in vitro. Alternatively,
gene expression profiles of MCs Isolated from skin and
lung have been analyzed |3,8-10]. However, the numbers
of MCs analyzed as one sample were relatively high and
they were exposed to physical forces, enzymes and the
anti-Kit antibody for purification, during which the origi-
nal properties of the MCs may have been affecied.

In the gastrointestinal tract, there are MCs that are mainly
classified into two subclasses; mucosal MCs (mMCs) and
submucosal MCs (sMCs) on the basis of their location,
morphology (size and shape) and granule contents
[11,12]. mMCs are mainly found in the mucosa of the gas-
trointestinal system, having chondroitin sulfate-contain-
ing granules, which are stained with toluidine blue but
not safranin, and their activation occurs during parsite
infection | 13), while sMCs are localized in the submucosa
of the gastrointestinal tract and their granules are rich in
heparin and stained with both toluidine blue and safranin
| 11}, However, the molecular basis determining the dif-
ferences in biochemical properties of these two MC sub-
classes remains uncertain, partially due 1o the difficulty of
their isolation.

To overcome these problems, here we established a
method of RNA amplification from intact MCs isolated
from frozen tissue sections, which enables us 1o conven-
iently obtain the global gene expression pattern of MCs in
various tissues, To validate this method, we first deter-

hitp://www.biomedcentral com/1471-2164/10/35

i the mini cell ber required to achieve
reproducible RNA amplification, We then compared the
gene expression profiles obtained from small numbers of
mMCs and sMCs in the mouse stomach, and found sev-
eral key genes to be specifically expressed in one subclass
of MCs, which may reflect some aspects of the distina
properties between the two MC subclasses in the gastroin-
testinal tract.

Results and discussion

Development of an RNA amplification protocol te obtain

gene expression profiles from a small amount of RNA

To gain insight into the functional differences between the
different subclasses of MCs, we employed three rounds of
the 17-based RNA amplification method. Based on the
preliminary experiments using peritoneal MCs and bone
marrow-derived MCs (BMMCs), we estimated that a sin-
gle MC yields 2 pg of RNA. Before we performed compar-
ative analysis of MCs from different tissues, we first
evaluated the accuracy and reproducibility of three rounds
of the T7-based RNA amplification method, stanting with
the amount of RNA that can be obtained from a single
MC To assess this, we first compared the microarray
results obtained from 5 pg of BMMC RNA prepared by the
standard protocol with those obtained from the same
RNA diluted 10% or 10%-fold (30 pg. 10 pg and 2 pg) and
subjected to three rounds of 17-based amplification {Fig-
ure la-c). Although three rounds of amplification vielded
enough quantity of RNA for microaray analysis (=20 pg)
even in the case of 2 pg RNA, scatter plot analysis revealed
that the qualities of the obtained results were quite differ-
ent between the samples from 5 pg and 2 pg RNA The
genes judged as "Presence’ in both 30 pg and 5 pug of RNA
were 8,149 genes, which corresponded to 72% of genes
judged as ‘Presence’ in the 5 pg of RNA (11,344 genes; Fig-
ure 1a), while only 4,116 genes were judged as 'Presence’
inboth 2 pgand 5 pug of RNA. which corresponded to anly
36% of genes judged as Presence’ in the 5 ug RNA (Figure
1c). The decrease in the number of genes judged as Pres-
ence’ in the diluted samples (30 pg 10 pg and 2 pg) may
be due to the loss of low copy number RNA species during
amplification.

We next examined the reproducibility of the microarray
results obtained from two sets of 30 pg BMMC RNA sam-
ples (30 pg-1 and 30 pg-2) or two sets of 2 pg samples (2
pg-1 and 2 pg-2) (Figure 1d and Ie) In the 30 pg RNA
samples, 7,537 (30 pg-1) and 8,777 (30 pg-2) genes were
judged as 'Presence’. However, only 4,324 (2 pg-1) and
4,460 (2 pg-2) genes were judged as 'Presence’ in each 2
pg RNA sample, again suggesting the loss of low copy
number RNAs during amplification from a small amount
of RNA. As to the reproducibility, 86% of the ‘Presence’
genes in the 30 pg- 1 and 74% of 'Presence’ genes in the 30
pg-2 sample were judged as 'Presence’ in both 30 pg RNA
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Comparisons of three round-amplified products starting with very small quantities of RNA. {a-c) Amplification
biases in the products starting from a small quantity of RNA. Scatter plots of signal Intensity obtained from 5 jig of BMMC RNA
prepared by the standard protocol and from 30 pg (a). 10 pg (b) and 2 pg (c) of BMMC RNA prepared by three rounds of
amplification are shown. (d, €) Reproducibility of the three-round amplification of a small quantity of RNA. Scatter plots of sig-

nal

between two independent products from 30 pg of BMMC RNA (BMMC 30 pg-1 and BMMC 30 pg-2) (d) or from

2 pg of BMMC RNA (BMMC 2 pg-1 and BMMC 2 pg-2) (e). are shown. Red dots show probe sets judged as "Presence”, and
yellow dots represent probe sets judged as “Absence” in both arrays. Blue dots show probe sets judged as "Presence” only in
either array. The correlation coefficients (r) are presented. The same. four-fold induction and suppression thresholds are indi-
cated as diagonal lines. Genes judged as "Presence” are placed in groups corresponding to pairwise overlaps shown in the

Yenn

Accompanying Iag!

samples, while only 579 of 'Presence’ genes in the 2 pg-1
and 55% of 'Presence’ genes in the 2 pg-2 sample were
judged as 'Presence’ in both 2 pg RNA samples. These
results suggested that the amplified products from the
RNA from a single MC {about 2 pg) by the current method
may include considerable amplification artifacts causing

problems in accuracy and reproducibility. On the other
hand, because of the higher reproducibility (>74%), we
concluded that amplification from 30 pg RNA collected
from 15 MCs would be suitable for the practical analysis
of tissue MCs. Based on these results, we set our goal in
this study 1o acquire gene expression profiles of MCs
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pooled from different regions, To minimize the i ¢

hitp/iwww. biomedcentral.com/1471-2184/10/35

the standard protocol (BMMC-std) or the amplification

of cell-to-cell variations within the same class and poten-
tial amplification antifacts, we prepared three sets of 15
MCs for each region and compared genes with signifi-
cantly different expression between MCs from the differ-
ent regions (Figure 2b). We chose stomach as the source
organ, since we can isolate two kinds of MCs from the
mucosa (mMC) and the submucosa (sMC) regions of the
same sections, and mMCs and sMCs have been suspected
to be different in several MC properties such as protease
expression profile and sensitivity 1o safranin staining
JLa1].

Gene expression profiles of submucosal and mucosal MCs

from the stomach
To visualize two kinds of MCs in the stomach without
causing RNA degradation, the sections were fixed with car-

noy’s fixative and metachromatically stained with toluid-
ine blue for a few seconds. sMCs and mMCs were
microdissected using a patch pipette (Figure 2a and 2b),
We prepared three sets of 15 MCs for each region,
extracted their RNA and individually amplified them
(SMC,, SMC,, SMCy, and mMC,, mMC,, mMC,). To
improve the recovery of the extraction of as little as 30 pg
of RNA, we used 'poly G as a carrier, which does not inter-
fere with the following RNA amplification or hybridiza-
tion of the amplified product to the amay (daia not
shown). To examine the effects of nonspecifically ampli-
fied antifact products, we performed the RNA extraction/
amplification procedure without adding microdissected
cells (*no cell*) as a negative control (described in “Mare-
rials and methods® ). The amplified RNAs of sMCs. mMCs
and the *no cell* control were separately hybridized 1o a
murine microamray. The signal values in the “no cell” sam
ple were low in general and similar to the background lev-
els (Figure 2¢). The scatter plots of the samples
independently prepared within the same group (e.g sMC,
vs sMC; ) showed a similar expression pattem; the average
correlation coefficient for all probe-sets was 0,945 £ 0.004
and 0.893 « 0.019 in sMCs and mMCs, respectively (n =
3). In contrast, the average correlation coefficient between
sMCs and mMCs was 0.752 £ 0,034 (n = 3), which was
much lower than those within the same group, suggesting
that their gene expression patierns are different.

We further evaluated the accuracy and reproducibility of
our method by other comprehensive analyses (hierarchi-
cal clustering analysis and principal component analysis
[PCA]) using all probe sets. Microarray data obtained
from sMCs, mMCs, skin-derived MCs, peritoneal MCs,
BMMCs and non-MCs (macrophages and fibroblasts)
were applied o these analyses. We first checked whether
the amplification process in our method affects the global
expression profile due to non-linear amplification. The
results from the BMMC samples using RNA prepared by

method (BMMC-amp) were subjected to these analyses.
Both hierarchical clustering analysis and PCA revealed
that microarray data from BMMC-std and BMMC-amp
were clustered in the same group (Figure 3a and 3b). sug-
gnungl'.hallhcgluhi! ity in gene expression pro-
files is maintained during the amplification process. We
next examined the similarity of expression patterns in
three independent sMC or mMC samples. Upon duster-
ing analysis and PCA, sMC, _, and mMC,_, were clustered
in the same group, respectively. PCA also showed that the
expression profiles of sMCs, mMCs and BMMCs are
mutually different (Figure 3b),

We then compared the stomach-derived MCs (sMCs and
mMCs) with skin-derived MCs, peritoneal MCs, BMMCs
and non-MCs (macrophages and fibroblasis) by cluster-
ing analysis. The ussue-derived MCs (stomach MCs and
skin MCs) were clustered separately from peritoneal MCs
and BMMCs. These results may reflect different propenties
between tissue-derived MCs with firm adhesion to the
neighboring cells and floating MCs without a tight con-
tact. As 1o the similarity of MCs with fibroblasts and mac-
rophages, it is reasonable that fibroblasts are most distant
from MCs and macrophages are closer 1o MCs as a leuko-
cyte family.

Validation of microarray results by real time RT-PCR
analysis
We next investigated whether the hybridization signals of
known marker genes specific for sMCs and mMCs showed
the expected expression trends | 12.14]. The mMC-specific
genes, mast cell protease 1 (Mopt1) and 2 (Mcpt2) showed
higher values in mMCs, while the sMC-specific marker
genes, mast cell protease 4 (Mcptd) and chymase 2
(Cma2), showed higher signal values in sMCs (Table 1
and Figure 4a) [15-29], On the ather hand, MC-common
such as kit oncogene (Kit) and Fee receptor
(Feerla) showed significant signal values with no bias
between mMCs and sMCs. To further evaluate the results,
we measured the expression levels of these marker genes
by real-time RT-PCR using RNA from the md:pmdmﬁy
isolated MCs (Figure 4b). L we
selected three genes showing ‘mMC-biased upuninn
and another three genes showing 'sMC-biased’ expression;
expression of these genes in MCs has not been reported
previously (Figure 4a). There were no significant differ-
ences in the expression levels of Kit and Feerla between
mMCs and sMCs. In contrast, the mMC-specific markers
Meptl and Mcpr2 and the ‘'mMC-biased' genes, Anxal(),
Cise, and Fos showed higher expression in mMCs, and the
sMC-specific markers Mopid and Cma2 and the 'sMC-
biased' genes, Cnnl, Cesd, and Cpe showed higher expres-
sion in sMCs. These results indicate that the microarray
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fixed with carmnoy’s fixative
-metachromatically stained with toluidine blue
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15MCs 15MCs 15MCs 15MCs 15MCs 15MCs

-RNA extraction with poly-G carrier
-Three rounds of T7-based RNA amplification

BRI e T TN R

mMC, mMC, mMC, sMC, sMC, sMC,

Figure 1

Gene expression profiles of sMCs and mMCs from stomach tissue_ (a) lsolation of teluidine bl i ‘MC:Inﬂu
submucosa (sMC: upper ponels) and the mucosa (mMC: lower panels) of stomach sections. A sMC (; ) and mMC (ar

that was metachromatically stained with toluidine blue before microdissection (left panels) disappeared after microdissection

with a patch pipette (right panels). Bars, 10 um. (b) Outline of the experimental strategy. (c) Labeled and fragmented antisense

RMAs of three individual sMC samples, three individual mMC

samples and the 'no cell' samples were hybridized to a Murine

Array. Seatter plots for o cell' (x axis) and sMC, (y axis) (upper left), ‘no cell' (x axis) and mMC, (y axis) (lower left). sMC, (x

axis) and sMC, (y axis) (upper center), mMC, (x axis) and mMC, (y axis) (lower center), sMC, (x axis) and mMC, (y axis) (upper
right) are shown. The correlation coefficients (r) for comparison within sMC,_;, within mMC,_; and between sMCs and mMCs
are presented as means + S.D. Red dots show probe sets judged as "Presence”, and yellow dots represent probe sets judged as
"Absence” in both arrays, Blue dots show probe sets judged as "Presence” only in either array. The same, two-fold induction

and suppression thresholds are indicated as diagonal lines.
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L

Standard protocol Ampilification protocol

Figure 3
Global gene expression analysis of sMC,_; and mMC,_;.
preparations of MCs and non-MCs. Three-round amplifi
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(a) Hierarchical clustering of global gene of various

ed products of sMC,_,, mMC,_,, skin MCs and BMMCs, and the stand-

ard products of BMMCs, peritoneal MCs, macrophages and fibroblasts were analyzed. (b) The principal component analysis

(PCA) reveals different gene

profiles of SMC,_,, mMC, _,, and two preparations of BMMCs. The blue dotted square

indicates mMCs, the red dotted square Indicates sMCs, and the black dotted square indicates BMMCs.

results are reliable and reflect the gene expression profiles
of intact sMCs and mMCs in the stomach.

Clustering analysis of the gene expression profiles and
functional categorization between sMCs and mMCs

OfF the ~12.000 genes represented on the oligonucleotide
armay, we selected 1,272 genes whose expression levels
between sMC,_, and mMC, , were significantly different
(p < 0.05, Limma’s t test). The expression level of each
gene was normalized by its level in BMMCs, which are cul-
tured MCs with so-called ‘immature’ properties, and the
selected genes were classified into seven clusters using the
k-means clustering algorithm (CL1-7; Figure 5a and Addi-
tional file 1). We also classified the genes into functional
categories, and the representative genes are listed (Figure
5b). Among them. 666 genes (52.4%) showed sMC-
biased expression (CL1-3); in 78% (519 genes) of sMC-
rich genes, the expression levels were relatively low in
BMMCs and augmented in sMC (CL1&2) For example,
the expression level of Mopd was relatively low in
BMMCs, and if the expression profile of BMMCs reflects
the immature properties of MC progenitors, Mcpid can be
concluded to be induced during the final matu into

Mepte were classified into CL2/3, suggesting that these
genes were expressed to some extent in immature’
BMMCs, but their expression was suppressed during mat-
uration into mMCs. On the other hand, 606 genes
(47.6%) showed mMC-biased expression (Cl4-7); in
51% (334 genes) of mMC-rich genes, their expression lev-
els in BMMCs were low but were augmented in mMCs
(CL4&5). For example, expression of Mept! was low in
‘immature’ BMMCs but was drasucally induced during
maturation into mMCs.

Protein expression of Notchd in sMCs and Ptgrl in mMCs
in stomach tissue

Amaong the genes showing differential expression (Figure
5b). we further focused on the expression of Notch4 in
sMCs and Prgrl in mMCs, both of which have never been
previously characterized in MCs. The Notch4 gene product
is a member of the Notch family, consisting of transmem-
brane receptors which are activated by cell surface ligands
on adjacent cells, Recent studies have suggested that
Notch signaling 1s involved in lymphocyte and mast cell
differentiation [30,31]. We first confirmed that Nowhd
is significantly higher in the separately pooled

sMCs. Interestingly, the sMC marker genes MeptS and

sMCs than mMCs by real-time RT-PCR (data not shown).
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Figure 4

Validation of the differentially expressed genes between sMCs and mMCs. (a) sMC-specific (Cma2, Mcpt4), mMC-
specific (Mcptl, Mcpt2) and MC-common markers (Feerla and Kit) (left panel) and six randomly selected genes (Cesd, Conl,
Cpe, Anxal 0, Ctse and Fos) (right panel) are indicated in the representative scatter correlation graphs between sMC, and mMC .
The same. two-fold induction and suppression thresholds are indicated as a yellow, blue and red line, respectively. (b) The
expression levels of the genes In (a) were verified by real-time RT-PCR. The values represent the ratio of relative expression
levels of mMCs to sMCs, and are shown as mean £ 5.0, (n = 3). The specificity of the PCR product was confirmed by gel elec-
trophoresis and analysis of the melting temperature. The expression level of each gene was normalized to 28S ribosomal RNA.
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Table I: S y of genes ined by real-time PCR Iy

Gene Symbal Gene Name RefSeq Tramcript ID Reference
Ka lot oncogene MNM_021099 s

Feerla Fe fragmen of IgE. high affiniry |, receptor for u polypeptide NM_010184 18

Mepel mast cell protease | NM_008570 17,18
Mepd mast cell protease 1 NM_008571 9

Meped mast cull procease 4 NH_ 010779 L0
Cma2 chymase 2. mast cell {mast cell proteass 10) NM_001024714 [E8

Anxal 0 annexin AlQ NM_011922 u

Cove cathepsin £ NM_007799 1

Fos FBj ostesnarcoma ancogene NM_010234 n

Prge! MMIMLIWI NM_ 025968 24 {porcine)
Canl NM_009922 25

Cexd NM_053200 26

Cpe :lrllnq'pwﬁn! NM_013494 27 (bavine)
Notchd Notch gene homolog 4 NM_01092% 8

285 FANA 185 ribosomal RNA NR_003279 9

*. The coding sequence presented in this paper is the N-terminus truncated-farm of Cma2, while the RefSeq "NM_0010247 147 Is the complete

sequence of

We nest investigated whether the Notch4 protein is exclu-
sively present in sMCs by immunostaining of stomach tis-
sue (Figure 6a). Notchd signals were detected in the
nucleus-like structures of sMCs but not in those of mMCs.
Furthermore, Notchd signals were also found in the skin
MCs, which were adjacently clustered with sMCs (Figure
3a). These results show that Noichd is present in sMCs but
not in mMCs, and suggest that Notchd panticipates in
sMC-specific transcription of Notch-target genes, which
may be required for some sMC functions. In hematopoi-
etic cells, it has been reported that constitutively active
Nuu'h-l promotes the expansion of progenitor cells and

loid differe [32]. Since Notch ligands
have been shown 10 exist in connective utwes such asslun

tion, it is possible that when activated, mMCs negatively
regulate the cytoprotective actions of PGE; through rapid
inactivation by Pigrl.

Gene expression pattern of extrocellular matrix
compaonents, adhesion molecules, ond cytoskeletal
proteins in sMCs and mMCs
MC phenotypes have been shown to depend on their
interactions with the surrounding extracellular matrices
(ECMs) and neighboring cells [1]. One of the most
remarkable findings in this study is the difference in gene
ion of ECM protein components, adhesion mole-
cuI-. and mmlarlml proteins, which may reflect func-
uuml ada.pmmn of each type of MC to the mucosal or

dermis [33], it will be int ing to
Notchd plays a role in the differentiation of sMCs and the
maintenance of sMC funaions.

The Pigrl product, 15 glandin 13-reductase/
Izukmnmc{LT]n 12- hydmxydchydrogmauuanm
tial enzyme for inactivation of eicosanoids such as pros-
taglandin E, (PGE,) and LTB, |34]. Although it has been
reported that the pathways of eicosanoid synithesis differ
among the different MC subclasses [1,4], our results sug-
gost that the inactis systemn of eic ids also varies
among the MC subclasses. Prgrl expression was found 1o
be significantly higher in the separately pooled mMCs by
real-time RT-PCR (data not shown). We also examined
Pigrl expression in stomach sections by immunostaining.
Signals for the Pigr] protein were found in granule-like
struciures of mMCs in the stomach mucosa but not in
sMCs (Figure 6b), suggesting that the Pigr] enzyme may
be released from mMCs upon degranulation, Since PGE,
plays critical roles in the mai of gut he Asis
through mucosal protection and inhibition of acid secre-

in the h (Figure 5b).
mMCs express genes for mucosa-specific ECM proteins
such as Mucl (Mucin) and Tff1 (Trefoil factor), while
SMCs express genes for conventional ECM proteins such
as Colda (procollagen) and Lama2 (laminin). Moreover,
sMCs express genes for adhesion mnkcubu !uch as Mmm
and Viam1, and genes for ordi

such as Acta? (actin), while mMCs upms desmosome.
component genes such as Ds? (desmocollin) and Dig2
(desmoglein), and genes for keratin intermediate ﬁla
ments such as Krt8 and Krtl9. Desmye were

1o be present in the stomach epithelia [35], and it was
found that desmosome-like struciures are detecied in a
particular type of MC |36] It is thus possible that mMCs
interact with adjacent epithelia through desmosomal
adhesion in the stomach, In contrast. sSMCs appear to
interact with neighboring cells via adhesion molecules
such as VCAM-1, ALCAM and VE-cadherin (Veaml,
Alcam] and Cdh5). Since these adhesion molecules have
been shown to be involved in d ic regulation of the
actin cytoskeleton |37,38), such molecule-mediated inter-
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