CELL STRUCTURE AND FUNCTION 38: 155-167 (2013)
© 2013 by Japan Society for Cell Biology

Ablation of MinaS3 in Mice Reduces Allergic Response in the Airways
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ABSTRACT. The mina53 (myc-induced nuclear antigen with a 53 kDa molecular mass; also known as mina) was
identified as a direct transcriptional target of the oncoprotein Myc and encodes a conserved protein in
vertebrates. While MinaS3 is known to be associated with tumorigenesis, it is not clear what role Mina53 plays
in non-neoplastic tissues. To directly address the roles of MinaS3 in non-neoplastic tissues, we created mina53-
deficient mice. Both male and female mina53-deficient mice reached adulthood and were fertile, suggesting that
Mina53 is dispensable for the basic developmental processes. Since we found that MinaS3 was expressed in cells
responsible for immune responses, we investigated whether Mina53 was involved in immune responses. When
mice were exposed intranasally to house dust mites as an allergen, the airway tract showed hyperresponsiveness
to methacholine in wild-type mice but not in mina53-deficient mice. The mina53-deficient mice also showed a
significantly reduced migration of immune cells, including eosinophils, into bronchoalveolar lavage fluid
compared with wild-type mice. The levels of Th2 cytokines, IL-4 and IL-5, produced in response to house dust
mites were lower in the mina53-deficient mice than in wild-type mice. The level of IFN-y in bronchoalveolar
lavage fluid was significantly decreased by exposure to house dust mites in wild-type mice but not in the mina53-
deficient mice. These results suggest that Mina53 plays a role in the allergic response to inhaled allergens,

possibly through controlling IL-4 production.
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Introduction

Mina53 (myc-induced nuclear antigen with a 53 kDa
molecular mass; also known as mina) was identified as a
direct transcriptional target of oncoprotein Myc (Tsuneoka
et al., 2002); it encodes Mina53 protein, which has a JmjC
domain. Specific inhibition of mina53 expression in some
cultured tumor cells severely suppressed their proliferation
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(Teye et al., 2004; Tsuneoka et al., 2004), and the overex-
pression of mina353 has oncogenic potential (Komiya et al.,
2010b). Mina53 was shown to be highly expressed in tumor
cells in several neoplastic tissues (Teye er al, 2004;
Tsuneoka et al., 2004; Kuratomi et al., 2006; Fukahori et
al., 2007; Ishizaki et al., 2007; Teye et al., 2007; Bauer et
al., 2009; Komiya et al., 2010a, b; Ogasawara et al., 2010).
These results indicate that Mina53 is associated with tumor-
igenesis. Mina53 is a conserved protein in vertebrates,
including humans, mice, rats, frogs, and fish. Therefore, it is
likely that this protein has a physiological role besides tum-
origenesis. However, it is not clear what role Mina53 plays
in non-neoplastic tissues. Recently we found that Mina53
was highly expressed in spleen and thymus (Tsuneoka et
al., 2006), suggesting that Mina53 may play a role in the
immune system.



Asthma is a highly prevalent chronic respiratory disease
affecting 300 million people world-wide (Dougherty and
Fahy, 2009). Asthma is commonly divided into two types:
allergic (extrinsic) asthma and non-allergic (intrinsic)
asthma. Allergic asthma is a Th2-biased disease and the
most common form of asthma. It is triggered by inhaling
allergens such as house dust mites (HDM), pet dander,
pollens, and mold. In addition to the environmental factors,
genetic factors are also involved in asthma. However, the
interaction of these factors is complex and not fully under-
stood. Inhaled allergens are captured by antigen-presenting
cells (APCs), and promote the differentiation of naive
helper T cells into either Th1l or Th2 cells. There are several
cytokines, including interferon y (IFN-y) and interleukin 4
(IL-4), that promote differentiation of naive helper T cells
into Th1 and Th2 cells, respectively. However, it is still not
clear how the balance between Thl and Th2 cells is con-
trolled during exposure to an immunogen (Hemmers and
Mowen, 2009). The activation of Th2 cells results in the
induction of eosinophilic inflammation of the airways. In
allergic airway inflammation (asthma) model mice, the
inflammation in the airways causes hyperresponsiveness to
methacholine (Bates ef al., 2009). It was recently reported
that Mina53 was a necessary and sufficient dose-dependent
IL-4-specific ‘repressor’ of naive helper T cells, using an
ex vivo system of Th2 differentiation of naive helper T cells
(Okamoto et al., 2009). However, there have been no exper-
iments investigating the role of Mina53 in the Th2 bias in
vivo in animals.

To directly address the roles of Mina53 in non-neoplastic
tissues, we created mina53-deficient mice for this study.
Our results suggest that while Mina53 is dispensable for the
basic developmental processes, it has a role in allergic
response, possibly through controlling IL-4 production.

Materials and Methods

Animals

The mina53-deficient mice were generated as described in this
article’s supplementary material information. Wild-type mice
(C57BL/6Cr) were purchased from Japan SLC (Shizuoka, Japan).
The mina53-deficient mice were backcrossed on a C57BL/6Cr
background more than twelve times. The specific primers used to
detect the mina53-deficient allele are listed in this article’s
supporting information. After the animal was established, the
mina53-deficient allele was detected using primers, mW27-3658R
and target mW27-left F, described as primer 1 and primer 3,
respectively, in Fig. 1B, while the wild-type allele was detected
using mW27-3658R and mW27-ex2R, described as primer 1 and
primer 2, respectively, in Fig. 1B. A 688-bp fragment was ampli-
fied from the mina53-deficient allele, while a 431-bp fragment was
amplified from the wild-type allele (Fig. 1D).

The mice were reared in the animal care facilities of Takasaki
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University of Health and Welfare as described before (Mori et al.,
2011). All experiments were performed using 5- to 8-week-old
animals. All mice were housed under specific pathogen-free condi-
tions at 24-25°C with a 12-hr/12-hr light/dark cycle and provided
with standard chow and water ad libitum. All procedures were
conducted in accordance with the policy of the Animal Care and
Use Committee in Takasaki University of Health and Welfare.

RNA preparation and quantitative reverse
transcriptase-polymerase chain reaction

Total RNA was isolated from cells using a Qiagen RNAeasy mini
kit (Qiagen Inc.) according to the manufacturer’s instructions.
Synthesis of single-strand cDNA was performed on total RNA
(1 pg) by a Superscript First-strand Synthesis system (Invitrogen,
Carlsbad, CA, USA) using random primers according to the manu-
facturer’s instructions. One pul (total 20 pl) of the resultant single-
strand cDNA was used as the template for quantitative reverse
transcriptase-polymerase chain reaction (QRT-PCR), using Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen) with
Mx3000P (Stratagene, La Jolla, CA, USA) according to the manu-
facturers’ instructions. The values were compared to the amounts
for a control mRNA, RNA polymerase II subunit a (Polr2a)
mRNA (Dydensborg et al., 2006). The sets of PCR primers used
for amplification of the mina53 and Polr2a cDNAs were
mina566-588(Fo) (5'-AGCTGGAGGGAACGAAACACTGG-3")
and mina678-657(Re) (5'-CAGCAGGAAGTCGTGTGTCGGT3"),
and Pol2a(Fo) (5'-CTGGACCCTCAAGCCCATACAT-3') and
Pol2a(Re) (5'-CGTGGCTCATAGGCTGGTGAT-3").

Antibodies

To detect mouse Mina53, mouse monoclonal antibody M5318
(Tsuneoka et al., 2006) was used. Anti-F4/80 rat monoclonal anti-
body (Millipore, Bedford, MA, USA), Alexa Fluor 568-conjugated
anti-mouse IgG (Molecular Probes, Eugene, OR, USA), Alexa
Fluor 488-conjugated anti-rat IgG (Molecular Probes), peroxidase-
labeled goat anti-mouse IgG Fab’ (Nichirei, Tokyo, Japan), and
goat anti-mouse IgG-HRP conjugated (Zymed Laboratories, South
San Francisco, CA, USA) were purchased.

Western blotting, immunohistological staining, and
immunofluorescence staining

Tissues were extracted in 3% SDS containing 100 mM Tris, pH
6.8, 0.05 M DTT, and 20% glycerol. Cell extracts were separated
by SDS-PAGE and transferred onto a microporous polyvinylidene
difluoride membrane (Millipore). After treatment with antibodies,
bands were detected using an enhanced chemiluminescence tech-
nique (Amersham Biosciences, Piscataway, NJ, USA).
Immunostaining was performed basically as described previ-
ously (Tsuneoka et al., 2002; Teye et al., 2004; Tsuneoka et al.,
2006). In brief, spleens from 8-week-old mice were processed to
make 10% formalin-fixed and paraffin-embedded specimens for
immunobhistological staining using anti-Mina53 antibody as the pri-
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Fig. 1. Targeted disruption of the mina53 gene. (A) Outline of murine mina53 genomic DNA. Exon2 contains the translation start site. The filled boxes
indicate the regions for protein coding. The open boxes show the untranslated regions of the exons. (B) The map of the murine mina53 genome surrounding
exon 2: the targeting vector pminaS3/PNT and the correctly targeted locus are shown. The horizontal black bars near the right side of exon 1 indicate the
probe fragment used for Southern blot experiment in (C). The arrowheads indicate the primers for PCR to detect the wild-type allele and mina53-deleted
allele. Using the primerl and primer3 set, the mina53-deleted allele was amplified, while the wild-type allele was amplified using the primer1 and primer2
set. Vertical lines indicate the position of restriction enzymes: A, Apa I; E, EcoR 1. neo, neomycin-resistant gene; hsv-tk, herpes simplex virus-thymidine
kinase gene. (C) The genomic DNA derived from D3 embryonic stem cell line (ES) and the knocked-out ES clone 33 (33) were analysed by Southern blot
with the probe illustrated in (B). As shown in (B), the Southern blot analysis after digestion with EcoRI produced a 6.2-kb band from the wild type genome
and a 7.3-kb band from the correctly disrupted genome (B). The Southern blot analysis with Apal produced a 16.2-kb band from the wild type genome and
a 7.3-kb band from the correctly disrupted genome. The positions of molecular size markers are also shown. (D) The genomic DNAs from the mina53~-
(mina53-deficient), wild-type (mina53**) and heterozygous (mina53*-) mice were amplified using the primer sets described in (B). A 688-bp fragment was
amplified from the mina53-deficient allele, while a 431-bp fragment was amplified from the wild-type allele. The molecular weight size marker (lane M)
was also electrophoresed. (E) Total RNA was isolated from spleen and bone marrow in wild-type and mina53-deficient mice and analyzed by quantitative
real-time PCR (qRT-PCR) using specific primers for mina53 (upper panel) and RNA polymerase I subunit a (Po/r2a) mRNA (lower panel). The results
showed the absence of mina53 mRNA in spleen and bone marrow cells in the mina53-deficient mice. (F) Western blot analysis of Mina53 protein in spleen
in the wild-type and mina53-deficient mice (right). Mina53 is indicated by an asterisk (*). The positions of the molecular weight size markers are shown.
The SDS-PAGE gel stained for protein is also shown (left).
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mary antibody and peroxidase-labeled goat anti-mouse IgG Fab’
(Nichirei) as the secondary antibody. Paraffin-embedded specimens
from the spleen were also processed to perform indirect immuno-
fluorecsence staining as described previously (Tsuneoka et al., 2006).

HDM Allergen exposure

On day 0, 5-week-old male mina53-deficient (mina53~"-) and wild-
type (mina53**) mice were divided into HDM and control (naive)
groups (n=6—9). HDM was given by modifying the protocol previ-
ously described (Mori et al., 2011). Briefly, HDM group mice
were anesthetized with an intraperitoneal (i.p.) injection of 50 mg/
kg of sodium pentobarbital, followed by intranasal (i.n.) instilla-
tion of 60 pg of HDM allergen (Mite Extract-Df, Cosmo Bio,
Tokyo, Japan) in 20 pl of PBS. Allergen exposures were per-
formed once a day on days 0-4, 9, 10, 14 and 15. Control group
mice received PBS under the same exposure schedule.

Determination of airway hyperresponsiveness

Airway hyperresponsiveness (AHR) was measured essentially as
described previously (Mori et al., 2011). Twenty-four hours after
the last allergen challenge, mice were anesthetized with 50 mg/kg
pentobarbital and instrumented for the measurement of pulmonary
mechanics (Buxco Electronics, Suita, Japan). Mice were tracheo-
stomized, intubated, and mechanically ventilated at a frequency of
150 breath/min and a tidal volume of 0.22 ml. Mice were para-
lyzed with suxamethonium chloride (5 mg/kg i.p.).

Lung resistance (R.) was measured by inhalation of room air.
The value with saline (10 pl of 0.9% NaCl) was used as a baseline
R.. Next, R, was measured in the presence of increasing doses (10
pl of 0.16 to 20 mg/ml in saline) of aerosolized methacholine
(Mch) (acetyl-methylcholine chloride, Sigma-Aldrich, St. Louis,
MO). The R, obtained at each dose of Mch was divided by the
value of the baseline R, to be expressed as resistance (% of base-
line). After exposure to Mch, the values of the resistance changed
with time, and the highest value was used as R, for each dose.
AHR was evaluated utilizing two parameters: the highest R, to
Mch as the maximum response and the area under the curve
(AUC) calculated from the Mch-dose response curve of Ry (% of
baseline values between 0 to 20 mg/ml Mch).

Blood and BALF sampling procedures

After measuring AHR, blood was collected by cardiac puncture to
obtain serum samples. After the blood was obtained, lungs were
lavaged three times with 0.4 ml of PBS to obtain bronchoalveolar
lavage fluid (BALF). The BALF was centrifuged at 3000 rpm for 5
min. The supernatant was preserved at —70°C for the measurement
of cytokine levels. The cell pellet was resuspended in 0.3 ml of
PBS. The total cell counts were performed with a hemocytometer.
The differential cell counts were performed after cytospin prepara-
tions were stained with Diff-Quik (Kokusai-Shiyaku, Tokyo,
Japan). A blinded observer counted a minimum of 200 cells for
each sample.
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Scoring goblet cell metaplasia and inflammatory cell
infiltration

Tissue preparation

After obtaining BALFs, the lungs were inflated with 0.4 ml of 10%
formalin, fixed, and embedded in paraffin. Sections (5 pm) were
stained with hematoxylin and eosin (HE) and Alcian blue/periodic
acid-Schiff (AB/PAS). The slides were coded and graded in a
blind fashion.

Evaluation of goblet cell metaplasia

The degree of goblet cell metaplasia (GCM) was evaluated by a
semi-quantitative method (mucous cell score) (Trifilieff et al.,
2000). In brief, the tissues stained by AB/PAS were examined with
a light microscope (DM3000, Leica Microsystems, Tokyo, Japan).
A scoring was as follows: grade 0=0%, grade 1=0-25%, grade
2=25-50%, grade 3=50-75%, and grade 4=75-100% of epithelial
cells positively stained by AB/PAS. The means of the grades in the
main bronchus and the large membranous airways were scored
separately in each animal. The average of both scores was referred
to as the mucous cell score.

Evaluation of the inflammatory cell infiltration

Inflammatory cell infiltration (ICI) into the lungs was evaluated
with a reproducible scoring system described previously (Ohki et
al., 2005). Three criteria were scored to evaluate the pulmonary
inflammation: (i) peribronchial inflammation, (ii) perivascular
inflammation, and (iii) alveolar inflammation. For (i) peribronchial
and (ii) perivascular lesions, a value of 0 was adjudged when no
inflammation was detectable, a value of 1 for occasional cuffing
with inflammatory cells, a value of 2 when most bronchi or vessels
were surrounded by a thin layer (1-5 cells thick) of inflammatory
cells, and a value of 3 when most bronchi or vessels were sur-
rounded by a thick layer (>5 cells) of inflammatory cells. For
assessing alveolar inflammation, a value of 1 was adjudged when
increased numbers of inflammatory cells were observed in alveolar
walls, a value of 2 when 1-3 foci per section showed cellular alve-
olar exudate and atelectasis, and a value of 3 when more than 3
foci per section showed cellular alveolar exudate and atelectasis
was observed additionally. The total score (cellular infiltration
score) was evaluated as the sum of these (i), (ii), and (iii) sub-
scores. Therefore, it ranged from 0 to 9.

Measurement of BALF cytokines and serum IgE

The levels of IL-4 (Cat# EM-IL4, Endogen, Boston, MA), IL-5
(Cat# M5000, R&D Systems, Minneapolis, MN), and IFN-y (Cat#
EM-1001, Endogen) in BALF were measured by commercially
available ELISA kits. Total IgE levels in serum were measured by
using commercially available ELISA kits (Cat# AKRIE-010,
Shibayagi, Shibukawa, Japan).

Statistical analysis

Non-parametric analysis of variance (Kruskal-Wallis test for
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unmatched pairs) was used to determine the significance of
variance between groups. If a significant variance was found, a
Mann-Whitney U-test was performed to assess the significance of
differences between groups. A p value of less than 0.05 was con-
sidered to indicate statistical significance.

Results

Generation of mina53-deficient mice

To directly address the roles of Mina53 in non-neoplastic
tissues, the mouse mina53 gene was disrupted by replace-
ment of exon 2 of the mina53 gene with the neomycin gene
(Fig. 1A and B). The knocked-out ES cell (clone 33) was
selected by PCR using specific primer pairs and genomic
Southern blot analysis (Fig. 1C). Chimeras and heterozy-
gous (mina53*~) mice were obtained using standard proce-
dures. Following more than 12 time-backcrosses to C57BL/
6Cr, homozygous mice bearing a deleted exon 2 of mina53
gene were obtained by crossing heterozygous pairs (Fig.
1D). Ablation of mina53 mRNA and MinaS3 protein in
mina53~ mice was confirmed by quantitative RT-PCR
(Fig. 1E) and Western blotting (Fig. 1F and Fig. 3B),
respectively. Homozygous mice were viable and were born
at Mendelian ratios (8 mina53-deficient mice in 34 newborn
mice when crossing heterozygous pairs). Furthermore,
when crossing homozygous pairs, homozygous mice were
born and viable to adulthood. As shown in Table I, the body
weight of the mina53~ (mina53-deficient) mice was com-
parable to that of the mina53*~ animals (P>0.1).

Expression of Mina53 in cells responsible for immune
response

We previously reported that Mina53 was highly expressed
in spleen and thymus (Tsuneoka et al., 2006). Immunobhis-
tochemical staining of wild-type mouse tissue showed that
Mina53 protein was expressed in both red and white pulp in
the spleen (Fig. 2A and B). No signals were detected in the
absence of the first antibody (Fig. 2C). The nuclei of the
cells in the white pulp, which were highly rich in lympho-
cytes, were stained by anti-Mina53 antibody (Fig. 2D and
E).

There were also cells strongly stained by anti-Mina53
antibody in the red pulp (Fig. 2F and G). To test whether
cells stained with anti-Mina53 antibody in the red pulp con-
tained cells of the monocyte/macrophage lineage, the tis-
sues were double stained by anti-Mina53 antibody and anti-

Table I. DIFFERENCE IN BODY WEIGHT OF mina53-DEFICIENT MICE
mina53*- mina537"
Body weight (g) 18.5+1.26% 15.4+3.400

an=4, * n=5, means+standard deviations; T P>0.1
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F4/80 antibody, which is a widely used marker of mono-
cytes and many, if not all, tissue macrophages in the mouse
(Gordon et al., 2011). Fig. 3A shows that some cells stained
by anti-F4/80 antibody were also stained by anti-Mina53
antibody, suggesting that there are cells in the monocyte/
macrophage lineage expressing Mina53. We also ascer-
tained that Mina53-positive staining in the spleen red pulp
was lost in the mina53~ mice (Fig. 3A, vii—ix).

The mouse peritoneal cavity harbors a number of
immune cells, including macrophages and lymphocytes
(Zhang et al., 2008; Ray A, 2010). Mina53 was detected by
Western blotting in peritoneal cells collected from the
abdominal cavity of wild type mice but not of mina53~-
mice (Fig. 3B). Together, these results indicate that cells
expressing Mina53 constitute the immune system.

Effects of mina53-deficiency on the
hyperresponsiveness (AHR) to methacholine

To investigate whether MinaS3 plays a role in allergic
response, wild-type and the mina53-deficient mice were
exposed intranasally to house dust mites (HDM), which rep-
resented a common aeroallergen, and produced experimen-
tal model of allergic airway inflammation asthma (Cates et
al., 2004; Mori et al., 2011). One day after the final expo-
sure to HDM, airway resistance in response to methacholine
(Mch) administration was measured. Mch increased lung
resistance (Ry) in a dose-dependent manner (Fig. 4A). In
wild-type mice, HDM-exposure significantly increased Ry,
in response to 20 mg/ml Mch [(% of baseline Rp
meanstSEM); HDM-exposed mice (398.9+72.1) vs. control
phosphate buffered saline (PBS)-exposed mice (234.7+
15.0); p<0.01]. On the contrary, HDM-exposure failed to
increase Ry in the mina53-deficient mice [HDM-exposed
mice (203.0£17.39) vs. PBS-exposed mice (299.5+74.5)].
Although the mean value of PBS-exposed mina53-deficient
mice at 20 mg/ml Mch appeared to be higher than that of
HDM-exposed mina53-deficient mice, there is no statistical
difference between them (p=0.445). The R, in response to
Mch in the HDM-exposed wild-type animals was sig-
nificantly higher than that in the HDM-exposed mina53-
deficient animals (p<0.05).

AHR was also assessed by area under the curve (AUC)
values calculated from the Mch-dose response curves of R;..
AUC was significantly increased in the HDM-exposed
wild-type mice, compared to that in the PBS-exposed wild-
type (Fig. 4B). In contrast, AUC values of the mina53-
deficient mice were not significantly different between the
HDM- and PBS-treatment. The AUC value of the HDM-
exposed mina53-deficient mice was significantly lower than
that of the HDM-exposed wild-type mice. These results
suggest that Mina53 is necessary to induce AHR in HDM-
induced experimental asthma.
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Fig.2. Mina53 expression in cells for immune response. (A) Hematoxylin and eosin staining of a section of wild-type mouse spleen. (B), (D) and (F),
Serial sections of (A) stained by anti-Mina53 antibody. (C), (E) and (G), Control serial sections, in which the primary antibody was omitted. Positive
staining is brown, and nuclei are counterstained blue (B)-(G). In (D) and (F), examples in which cells express Mina53 in nuclei are indicated by
arrowheads. The results show the expression of Mina53 in both red and white pulp areas. Scale bars, 50 pm.
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Fig. 3. Mina53 expression in cells in macrophage lineage and immune system. (A) Immunofluorescence staining of Mina53 and F4/80 in spleen. The
localization of Mina53 in the wild-type adult spleen was visualized by indirect immunofluorescence staining with anti-Mina53 mouse monoclonal antibody
(i). The same cross section was stained with anti-F4/80 rat monoclonal antibody (ii). An overlapped image is shown (iii). Indirect immunofluorescence
staining procedures without the first antibody were also performed on wild-type spleen section (v, vi, vii). Further, indirect immunofluorescence staining
procedures were performed on mina53-deficient mice spleen section (ix, X, xi). The mina53-deficient mice were described in Fig. 1. The pictures with
higher magnification in the field surrounded by dotted white lines of the overlapped image (merge) are also shown to show the staining of individual cells
as iv for iii, viii for vii, xii for xi (Higher magnification). In (i), (ii), and (iii), examples in which cells express Mina53 in the nuclei and F4/80 in the
cytoplasm are indicated by arrowheads. The bar indicates 20 um. (B) The peritoneal cells were collected from the abdominal cavity of wild-type and
mina$3-deficient mice. The cells (2x10°) were subjected to Western blotting to detect Mina53 protein (left). The SDS-PAGE gel stained for total protein is
also shown (right).
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Fig. 4. Airway responsiveness (AHR) to inhaled methacholine in wild-type and mina53-deficient mice. (A) Methacholine-dose response curves for lung
resistance (% of baseline) were assessed one day after the last HDM or PBS exposure. Values are expressed as means+SEM; **p<0.01 between HDM-
exposed and naive animals, “p<0.05 between wild-type and mina53-deficient mice. (B) The area under the curve (AUC) calculated from the methacholine-
dose response curve of resistance shown in (A). The open and closed columns indicate the values in animals with exposure of PBS and HDM, respectively.
WT and KO indicate wild-type and mina53-deficient mice, respectively. Values are expressed as means+SEM; *p<0.05 vs. corresponding naive animals,
#p<0.05 between wild-type and mina53-deficient mice.

Effects of mina53-deficiency on infiltration of immune materials) and scored in the bronchus and larger bronchi-
cells in respiratory tract in response to HDM oles. The degree of GCM induction by the treatment with
HDM tended to be lower in mina53-deficient mice than in

One day after the final exposure to HDM, goblet cell meta- wild-type mice, without statistical significance (p=0.053)
plasia (GCM) was observed (see Fig. S1 in Supplementary (Fig. 5A). Next, we detected inflammatory cell infiltration
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Fig. 5. Attenuated lung inflammation in mina53-deficient mice. (A) The degree of goblet cell metaplasia (GCM) was evaluated by a semi-quantitative
method (mucous cell score). (B) The inflammatory cell infiltration (ICI) into the lung was evaluated by the reproducible scoring system described in
Materials and Methods. (C), (D), (E), and (F), The total cell number (C) and numbers of eosinophils (D), neutrophils (E), and macrophages (F) in BALF in
animals given installation of intranasal HDM or vehicle (PBS) are shown. The open and closed columns indicate the cell numbers in animals with exposure
to PBS and HDM, respectively. WT and KO indicate wild-type and mina53-deficient mice, respectively. Values are expressed as means=SEM. *p<0.05
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(ICI) into lung tissue (Supplementary materials Fig. S2).
Semi-quantitative ICI scoring revealed that HDM-induced
ICI in lung parenchyma was more severe in wild-type mice
than that in mina53-deficient mice (Fig. 5B).

To get information about the induction of allergic response
in the airway, the number of cells in the bronchoalveolar
lavage fluid (BALF) was counted. Without HDM exposure,
cells in BALF were hardly detected in both wild-type and
the mina53-deficient mice. One day after the final exposure
to HDM, a significant increase in BALF cells was observed
in wild-type mice. By contrast, the number of cells in BALF
was only mildly increased in the mina53-deficient mice
(Fig. 5C). Next we counted the numbers of eosinophils,
neutrophils, and macrophages in BALF (Fig. 5D, E and F).
Without the exposure to HDM, few eosinophils, neutro-
phils, and macrophages were detected. However, while the
numbers of these cells, including eosinophils, in BALF
were significantly increased by the administration of HDM
in wild-type mice, they were only mildly increased in the
mina53-deficient mice. Together these results suggest that
Mina53 positively affects migration of inflammatory cells
into the respiratory tract.

Effects of mina53-deficiency on induction of cytokines
and total IgE by HDM

We next measured the levels of the Th2 cytokines IL-4 and
IL-5. IL-4 plays a critical role in the initial sensitization to
allergens and differentiation of Th2 cells from naive helper
T cells (Barnes, 2008). IL-5 is a critical factor for the differ-
entiation of eosinophils from bone marrow precursor cells
and prolonged eosinophil survival (Rothenberg and Hogan,
2006; Takatsu et al., 2009). After instillation of the vehicle,
IL-4 was hardly detected in BALF in both wild-type and
mina53-deficient mice (Fig. 6A). In wild-type mice, the
level of IL-4 in BALF was significantly increased by the
exposure to HDM. In contrast, no significant increase in the
level of IL-4 in BALF was detected in the mina53-deficient
mice (Fig. 6A). Although the IL-5 levels were low, expo-
sure to HDM tended to increase the level of IL-5 in wild
type mice and the level of IL-5 in the mina53-deficient mice
was lower than that in wild-type mice after exposure to
HDM (Fig. 6B). These results suggest that Mina53 is
involved in the production of Th2 cytokines, and thereby
positively affects the Th2 biased allergic response in the
airway elicited by the HDM instillation route.

INF-y is the predominant cytokine produced by Th1 cells,
and usually found at reduced levels in individuals with
asthma (Kumar et al., 2006). Without the HDM exposure, a
significant level of IFN-y in BALF was detected in both the
wild-type and mina53-deficient mice (Fig. 6C). However,
the level of IFN-y in BALF was significantly decreased
by exposure to HDM in wild-type mice but not in mina53-
deficient mice.

In wild-type animals, the total IgE level of serum was
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significantly elevated after HDM exposure compared with
PBS exposure (Fig. 6D). However, in mina53-deficient
mice the IgE level did not significantly increase after HDM
exposure.

Discussion

In a previous study, we reported that Mina53 was highly
expressed in testis, spleen, thymus, and colon (Tsuneoka et
al., 2006). We also detected the expression of Mina53 in
various tissues during embryogenesis (Fig. S3). Therefore,
it was unexpected that the homozygous (mina53~") mice
were viable and born at Mendelian ratios when crossing
heterozygous (mina53*-) pairs. Although Mina53 is highly
expressed in the nuclei of cells in the spermatogenetic lin-
eage, especially in proliferating spermatogonia (Tsuneoka
et al., 2006), male mice were fertile. These results indicate
that Mina53 is dispensable for the basic developmental pro-
cesses and spermatogenesis. One possibility is that a protein
which has redundant functions with Mina53 may compen-
sate for the effects of the lack of Mina53. One candidate is
the homologous protein No66 (Eilbracht et al, 2004),
which shares about 30% of its amino acids with Mina53
(identities=157/471 (33%), positives=247/471 (52%)).
Since we found that Mina53 was expressed in cells
responsible for immune responses (Fig. 2 and Fig. 3), we
examined whether Mina53 plays a role in asthma, inflam-
matory disease characterized by airway hyperresponsive-
ness (AHR) and eosinophilic airway inflammation using the
mina$3-deficient mice. When administered house dust mites
(HDM) via the intranasal route, the airway tract showed
hyperresponsiveness to methacholine in wild-type mice but
not in the mina53-deficient mice (Fig. 4). Goblet cell meta-
plasia (GCM) induced by HDM in the airway epithelium of
the mina53-deficient mice tended to be lower than that of
wild-type mice, although without statistical significance
(p=0.053) (Fig. 5). The inflammatory cell infiltration (ICI)
induced by HDM in the respiratory tract was more severe in
wild-type mice than in the mina53-deficient mice (Fig. 5).
Further, the number of cells, including eosinophils, in
BALF was increased more by the administration of HDM to
wild-type mice than to mina53-deficient mice. These results
suggest that Mina53 positively affects the allergic response.
The production of the Th2 cytokines IL-4 and IL-5 in
response to HDM was lower in the mina53-deficient mice
than in wild-type mice (Fig. 6). The total IgE level was
increased by HDM exposure in wild type mice, but not in
mina53-deficient mice (Fig. 6). Although we failed to detect
HDM-specific IgE because of technical difficulties, the
results that the levels of IgE raised after the HDM-exposure
suggest that HDM specific-IgE production were induced in
this experiment. In contrast, while the level of IFN-y in
BALF was not statistically different between wild-type and
mina53-deficient mice with PBS instillation, it was signifi-
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cantly reduced by the administration of HDM in wild-type
mice but not in mina53-deficient mice (Fig. 6). This result
is consistent with the occurrence of Th2-biased allergic
response in wild-type but not in the mina53-deficient mice.
These results suggest that Mina53 specifically up-regulates
the production of Th2 cytokines and stimulates allergic
response. It was reported that after multiple rounds of dif-
ferentiation, IL-4* IL-5- Th2 cells generated L-4* IL-5" Th2
cells (Upadhyaya et al, 2011). Therefore, Mina53 may
stimulate primarily production of IL-4 to promote Th2-
biased response.

Our results here indicated that Mina53 was expressed in
cells in the monocyte/macrophage lineage. The macrophage
is one of the professional APC and antigen presentation acts
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as a trigger for acquired immune response. Therefore, it is
possible that Mina53 regulates the activities of APCs to
enhance the differentiation of naive helper T cells to Th2
cells, which results in the elevated production of IL-4 by
Th2 cells. Further investigations are required to address the
mechanisms of how the production of IL-4 is controlled by
Mina53 in APCs. It cannot be negated that Mina53 affects
the IL-4 production in naive helper T cells and/or activated
Th2 cells. In this case, Mina53 may stimulate the produc-
tion of IL4 in these cells. However, when Th2 bias was
experimentally measured as the level of IL-4 produced by
effector CD4+ T cells differentiated ex vivo from naive
helper T cells (Okamoto et al., 2009), their results suggested
that Mina53 is a necessary and sufficient dose-dependent



IL-4-specific ‘repressor’ in naive helper T cells that affects
the magnitude of the early autocrine IL-4 burst required for
the programming of Th2 development. Therefore, while in
naive helper T cells Mina53 may function as a repressor for
the responses at the HDM exposure, Mina53 in APCs may
function as activator for them. Since allergen is first cap-
tured by APCs in mice, disorder in APCs could reduce the
differentiation of naive helper T cells to Th2 cells and the
production of IL-4. In any case, the most important finding
in this study is providing evidence that Mina53 positively
affects the allergic response, in vivo in mice. Further experi-
ments are needed for characterizing the immune system of
mina53-deficienct mice, such as adoptive transfer analysis
of lymphoid cells and evaluation of the differentiation and
maturation process of the immune cells including APCs and
T cells.

The results, that mina53 was dispensable for basic devel-
opment and fertility, suggest that Mina53 is specifically
involved in allergic asthma. Mina53 is a nuclear protein and
has a JmjC domain. Some proteins containing this domain
have an enzyme activity that includes protein hydroxylation
and histone demethylation on chromatin (Klose ef al., 2006;
Tanaka ef al., 2010). Recently, it was reported that a small-
molecule selectively inhibited one class of the JmjC family
enzyme. This compound reduced lipopolysaccharide-induced
proinflammatory cytokine production by human primary
macrophages, a process that depends on these JmjC enzymes,
showing the possibility to design small-molecule inhibitors
to allow selective pharmacological intervention across the
JmjC family enzymes (Kruidenier et al., 2012). Therefore, a
new treatment for allergic asthma with few side effects to spe-
cifically inhibit the function of Mina53 might be developed.

In conclusion, we created the mina53-deficient mice and
the ablation of Mina53 does not harm development and
fertility. Allergic airway inflammation and allergen induced
IL-4 production in mina$3-deficient mice was suppressed
compared with those in wild-type animals. Therefore,
Mina53 plays a role in the allergic response to inhaled
allergens, possibly through controlling IL-4 production.
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