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ABSTRACT

A hallmark of mucoid otitis media (MOM, i.e.,
chronic otitis media with mucoid effusion) is mucus
accumulation in the middle ear cavity, a condition
that impairs transduction of sounds in the ear and
causes hearing loss. The mucin identities of mucus
and the underlying mechanism for the production of
mucins in MOM are poorly understood. In this study,
we demonstrated that the MUCHB and MUC4 were
major mucins in MOM that formed distinct treelike
polymers (mucus strands). The MUC5B and MUC4
mRNAs in the middle ear mucosa with MOM were up
regulated 5-fold and 6-fold, compared with the con-
trols. This upregulation was accompanied by the ex-
tensive proliferation of the MUCHB- and MUC4-
producing cells in the middle ear epithelium. Further
study indicated that the mucin hyperproduction was
significantly linked to CD4" and CD8" T cells and/or
CD68" monocyte macrophages. It suggests that
MUC5B and MUC4 expression may be regulated by
the products of these cells.

Keywords: Mucins, mucoid otitis media, mucous
cell metaplasia, humans

Correspondence to: Jizhen Lin « 2001 Sixth St. S.E. «- Rm. 216, LRB -
Minneapolis, MN 55455. Telephone: (612) 624-5059; fax: (612)
626-9871; email: linxx004@tc.umn.edu

384

INTRODUCTION

Mucoid otitis media (MOM) has been recently de-
fined as chronic otitis media with mucoid effusion
(Gates et al. 2002). It is one of the most common
otological diseases that endangers hearing in humans
and the leading cause for hearing loss in children.
Unlike acute otitis media, MOM persists for a long
period of time and causes conductive hearing loss.
MOM is characterized by accumulation of mucous
effusion in the middle ear cavity that reflects high
concentrations of mucins. Identities of mucins in
MOM are poorly understood at the present time and
the underlying mechanism for production of mucins
in MOM is basically unknown.

Mucins are integral structural components of the
mucociliary transport system in the middle ear eu-
stachian tube. Under normal conditions, mucin pro-
duction in the normal middle ear is limited to the
orifice of the eustachian tube and adjacent areas. A
recent study demonstrated that middle ear epithelial
cells have the potential to produce MUC5B mucins.
Limited MUC5B mucin mRNA transcripts have been
detected in the promontory area, but no mucin gly-
coprotein has been found in the normal middle ear
mucosa (Lin et al. 2001). Under inflammatory con-
ditions, the middle ear responded with the expres-
sion of Mucl, Muc2, Muc3, Muc4, and Muc5 genes in
rats (Lin et al. 2000; Tsuboi et al. 2002) and MU-
CHAC, MUCHB, MUC4, and MUCI mucins in humans
(Hutton et al. 1998; Kawano et al. 2000; Lin et al.
2001). How the middle ear mucin gene expression is
altered in MOM is not clear, although few cases of
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MOM are included in our previous studies (Kawano
et al. 2000; Lin et al. 2001).

We hypothesized that mucins in MOM were
among the mucins known to the various tissues of the
body, especially those expressed in the airways. Pos-
sible candidates include MUC4, MUCHAC, MUC5HB,
and MUC6-8 (Gendler and Spicer 1995; Kim and
Gum 1995; Rose and Gendler 1997; Shankar et al.
1997). Therefore, various mucin ¢cDNA probes and
antibodies were used for the characterization and
identification of mucins in MOM. The persistent ac-
cumulation of mucus in the middle ear cavity is likely
to involve extensive proliferation of mucous cells and
other mucin-producing cells in the middle ear mu-
cosa. We thus used carbohydrate staining and mucin
antibodies for identification of the cells contributing
to mucus hyperproduction. To study the driving force
for the production of mucins in the middle ear with
MOM, we focused on the infiltrated inflammatory
cells in the middle ear mucosa.

Identifying the mucins expressed in the middle ear
with MOM and the factors that modulate mucin ex-
pression is an important step to understanding the
pathogenesis of MOM. Understanding the patho-
genesis of MOM would open a door for innovative
therapeutic strategies for MOM.

MATERIALS AND METHODS
Procurement of middle ear tissues and effusions

The study protocol for collection and use of human
specimens was reviewed and approved by the Insti-
tutional Review Board (IRB) of the University of
Minnesota. Thirty middle ear biopsies were obtained
from patients who underwent middle or inner ear
surgery. Of these patients, 14 were diagnosed with
MOM (inflamed middle ear) and had undergone
middle ear surgery, 14 were diagnosed with nonin-
flamed diseases such as otosclerosis and sensorineural
hearing loss. A total 3 mL of middle ear effusion was
collected from the above patients with MOM. Criteria
for defining mucoid effusion in this study are the
same as described previously, namely, presence of
mucus strands in both gross examination and smear
(Kawano et al. 2000). Eight immediate middle ear
autopsies (3-6 h after death) were obtained from the
patients who died from liver cancer, pneumonia,
coronary artery disease, and infarcted bowel. None of
the patients autopsied had a history of middle ear
disease. Both biopsy and autopsy specimens were
taken from the promontory area of the middle ear
and used for isolation of total RNA or preparation of
tissue section (see Table 1 in details). Inflamed
middle ear specimens were compared with nonin-
flamed middle ear specimens for evaluation of mucin
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TABLE 1

Summary of both middle ear biopsy and autopsy specimens

Noninflamed

Biopsy Autopsy
Inflamed
Use of Biopsy Systemic
specimens MOM Otosclerosis ~ SNHL?  diseases
Tissue sections 4 3 4 3
RNA isolation 10 3 4 5
Total 14 6 8 8

ISNHL: sensorineural hearing loss.

bLiver cancer, pneumonia, coronary artery disease, infarcted bowel.

gene expression, mucous cell metaplasia/hyperpla-
sia, and inflammatory cell infiltration/classification.

Mucin mRNA analyses by in situ hybridization
and Northern blot

To characterize the mucin gene expression in the
middle ears with MOM, in situ hybridization and
Northern blot were performed as previously de-
scribed (Lin et al. 1998, 2001). Mucin probes for this
study included pum 24p for MUCI tandem repeat
(TR), SMUCA41 for MUC2 TR, SIB 139 for MUC3 TR,
M4oligo-1 for MUC4 TR, M4oligo-2 for MUC4 non-
tandem repeat (NTR), 4F for MUC5AC TR, hGBM4-1
for MUC5B TR, M5B for MUC5B NTR, 3F for MUC6
TR, M7oligo for MUC7 TR, and M8oligo for MUCS
TR. They were gifts from Drs. Carol B. Basbaum,
Samuel B. Ho, James R. Gum Jr., and Dallas M.
Swallow.

For in situ hybridization, middle ear tissue paraffin
sections were prepared, deparaffinized routinely, and
incubated with 5 ng/mL proteinase K for digestion of
proteins on the surface of sections. The sections were
then hybridized with 10° cpm/pL of %8 sense (con-
trol) and antisense riboprobes for MUCI-4, MUC5AC,
MUC5B, MUC6-8, respectively. The sections were
washed under stringent conditions (2 x SSC, 50%
formamide, and 10 mM DTT at 60°C for 20 min) and
were digested with ribonuclease A (25 ng/mL) for
elimination of nonspecific hybridization of ribo-
probes. After radioautographic exposures of 7 days at
4°C, sections were developed and counterstained with
hematoxylin. Expression of mucin genes in speci-
mens was rated as “‘0”” for no hybridizing signals, ‘1"’
for 1-25%, ‘2 for 24-50%, ‘3"’ for 51-75%, or ““‘4”
for 76-100% coverage of the epithelial layer. In situ
hybridization data were viewed by two people and
their grades were evaluated by the Kendall’s rank
correlation coefficient with +1 (complete concord-
ance), —1 (complete disagreement), and values near
zero indicating independence. Ten noninflamed
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middle ear specimens (3, 4, and 3 specimens, re-
spectively, from otosclerosis, SNHL and systemic dis-
ease patients) served as controls.

For Northern analysis, 5-20 pg of the total RNA
was denatured, size separated by electrophoresis on a
1.0% agarose gel, transferred onto a nylon mem-
brane, and hybridized with 2 x 10° **P-radiolabeled
cDNA probes for MUCI. The blot was first washed
under stringent conditions and then exposed on a
Kodak XAR film. The blot was then stripped with
0.1% sodium dodecyl sulfate (SDS) and reprobed
with MUC2-4, MUC5AC, MUC5B, MUC6-8, B-actin
cDNA probes. To confirm that Northern analysis with
tandem repeat cDNA probes was quantitative, MUC5B
and MUC4 nontandem repeat cDNA probes were also
used. Twelve noninflamed middle ear specimens (3,
4, 5 specimens, respectively, from otosclerosis, SNHL
and systemic diseases) served as controls.

Mucin protein analysis by immunohistochemistry,
ELISA, and electron microscopy

To study the expression of mucins in the middle ear
tissues with MOM, immunohistochemistry was per-
formed as previously described (Ho et al. 1995).
Mucin antibodies for this study included 139H2 for
MUCI core protein (mouse MAb), MRP for MUC2
tandem repeat peptide (TRP, rabbit PAb), M3P for
MUC3 TRP (rabbit PAb), M4P for MUC4 TRP
(chicken PAb), M4-1 for MUC4 nontandem repeat
peptide (chicken PAb), M5P for MUCHAC TRP
(chicken PAb), M5BP for MUCH5B TRP (chicken
PAb), and M6P for MUC6 TRP (chicken PAb). They
were gifts from Drs. Young S. Kim, James R. Gum Jr.,
and John Hillkens. To study the identity of mucins in
middle ear effusions, purification of middle ear mu-
cin was performed as previously described (Lin et al.
1999). ELISA was performed on the mucins purified
from the middle ear effusions as previously described
(Lin et al. 2001). To study the image of middle ear
mucins, electron microscopy was performed as pre-
viously described (Lin et al. 2001) on the purified
middle ear mucins. Ten noninflamed middle ear
specimens used in the above in situ hybridization
served as controls.

Goblet cell and inflammatory cell analyses

To study the metaplasia/hyperplasia of goblet cells
and infiltration of inflammatory cells in the middle
ears with MOM, Alcian blue-periodic acid Schiffs (AB-
PAS) and hemotoxylin & eosin (H&E) were used. To
study subpopulations of inflammatory cells, immu-
nohistochemistry was performed. Ten noninflamed
middle ear specimens used in the above in situ hy-
bridization served as controls.
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Goblet cell identification by AB-PAS stain. AB-PAS
staining was performed routinely for evaluation of
goblet cell metaplasia/hyperplasia. Goblet cells were
identified using the method previously described
(Kawano et al. 2000, 2002). Epithelial cells that
stained violet or blue were identified as goblet cells
and counted as previously described (Kawano et al.
2002). Goblet cells in the middle ears with MOM were
compared with those in control middle ears and
evaluated by the Student ttest. P value <0.05 was
considered statistically significant.

Inflammatory cell identification by H&E. H&E stain-
ing was performed routinely for evaluation of in-
filtration of inflammatory cells. Four areas, each 50
um?, were randomly chosen from the submucosal
layer, and inflammatory cells (leukocytes) within each
area were counted under light microscopy as pre-
viously described (Kawano et al. 2000). The number
of inflammatory cells in the middle ears with MOM
was compared with those in the controls and eval-
uated by the Student ttest. P value <0.05 was con-
sidered statistically significant.

Identification of subpopulations of inflammatory cells by
cellular markers. Immunohistochemistry was per-
formed as described above. Middle ear tissue sections
were incubated with antibodies specifically against
CD4, CD8, CD20, and CD68 antigens. CD4 mono-
clonal antibody (MAB379) was purchased from R & D
Systems Inc. (Minneapolis, MN) for T helper/in-
ducer cells; CD8 (NCL-CD84B11), CD20 (NCL-
CD20-L.26), and CD68 (NCL-CD68-KP1) antibodies
were purchased from Novacastra (Britain) for cyto-
toxic/suppression T cells, B cells, and monocyte
macrophages.

To study whether the expression of mucin mRNA
transcripts, proliferation of goblet cells, and infiltra-
tion of inflammatory cells were related events, we
evaluated the correlation among these events using
the Student #test. P value <0.05 was considered sta-
tistically significant.

RESULTS

Expression of mucin mRNA in the middle ears
with MOM

The biopsy middle ear specimens with MOM ex-
pressed both MUC5B and MUC4 mucin genes.
Abundant MUC5B mucin mRNA transcripts were
found in the thickened middle ear epithelium with
MOM, whereas spotty MUC5B mucin mRNA tran-
scripts were found in the control middle ears. The
MUC4 mucin mRNA transcripts were found in the
middle ears with MOM but not in the control ears
(Fig. 1). Intensity data of MUC5B and MUC4 mRNA
transcripts were consistent between the two viewers:
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FIG. 1. In situ MUC4 and MUC5B mucin mRNA transcripts in
control middle ears (ME) and chronic otitis media with mucoid
effusion (MOM). Upper row stands for sense riboprobe, no
hybridizing signals; middle row and lower row stand for antisense
riboprobe; black arrows indicate specific hybridizing signal of MUC4
and MUC5B mucin mRNA transcripts. Control middle ears (ME,
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M5B

middle row) expressed very limited MUC5B mRNA transcripts (e
and h) but no MUC4 mRNA transcripts (b), whereas middle ears
with MOM expressed abundant MUC5B (f and i) and MUC4 (c)
mucin mRNA transcripts. (b) M4 = grade “0”; (c¢) M4 = grade
“2” (e and h) M5B = grade “17; (f) grade “3”; (i) grade “4”.
Original magnification: 400x.

TABLE 2

TABLE 3

The difference of mucin gene expression, goblet cells, and
inflammatory cells between controls and MOM

Ctrl MOM P value
MUC5B 0.8 £ 0.32 3+0.5 0.00435
MUCH4 0 1.75 £ 0.375 0.00299
GC 7.4 +2.08 30.25 + 6.75 0.00976
WBC 0 82.25 = 28.25 0.00758

The correlation among the expression of mucin genes, in-
filtration of inflammatory cells, and proliferation of goblet

cells
P value MUC5B MUC4 WBC
GC 0.00182 0.00152 0.0278
WBC 0.00286 0.00278
MUC4 0.1339

the rank correlation coefficient (Kendall’s tau) was
0.812. It was obvious that the MUC4 mucin gene was
activated or upregulated in MOM. Compared to the
expression of the MUC5B mucin gene, the expression
of the MUC4 mucin gene was considered not strong.
No other mucin gene expression, except for MUC5B
and MUCH4, was detected in the middle ears with
MOM by in situ hybridization. The data regarding
intensity of MUC5B and MUC4 mucin mRNA tran-
scripts is presented in Table 2. The correlation of
MUC5B and MUC4 with goblet cells and infiltrated
inflammatory cells is presented in Table 3.

Northern blot analysis demonstrated MUC5B and
MUC4 mRNA expression from middle ear specimens
with MOM, whereas only MUC5B mRNA was detected
in the control ear specimens. No other mucin mRNA
expression was detected in the middle ear specimens
with MOM by Northern analysis. Positive controls for
all MUGCs were positive and negative controls for all
MUCGs negative. Semiquantitative analysis of Northern
blot data using the OptiQuant software (version 3.00,
APackard, Boston, MA) showed MUC5B and MUC4
mucin gene expression to be approximately 5-fold
and 6-fold higher in MOM specimens than in the
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FIG.2. Mucin glycoprotelnexpre55|on|nthemlddleearW|th MOM.
Middle ear epithelia with MOM reacted positively with MUC5B
(arrows, d) and MUC4 (arrows, h) polyclonal antibodies, whereas
noninflamed middle ear epithelia did not react with MUC5B (c) or
MUC4 (g) polyclonal antibodies. Note that MUC5B and MUC4
mucin-producing cells spanned the entire middle ear epithelium
MOM (arrows, d and h) compared to noninflamed middle ears (c and
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g). The middle ear tissues stained negatively to MUC5B and MUC4
preimmune sera as expected (third column and a and e). The positive
control eustachian tube (ET) tissues stained positively to MUC5B (b)
and MUC4 (f) polyclonal antibodies but negatively to MUC5B
preimmune (@) and MUC4 preimmune (e) sera. ME: noninflamed
middle ear. Original magnification: 400x for the middle and right
columns, 200x for the left column (eustachian tube).

FIG. 3. Mucous cell metaplasia‘hyperplasia in the middle ear with
MOM. Middle ear specimen sections were fixed in formalin,
embedded in paraffin, cut, and stained with AB-PAS and HE. Middle
ears with MOM demonstrated abundant macroglycoconjugates (AB-
PAS) in the middle ear epithelial cells (b, arrows) as compared to the

control middle ear mucosa (a, arrow). HE demonstrated a thickened
and ciliated pseudostratified secretory epithelium (d, arrows) with
inflammatory cell infiltration in the submucosal layer compared to the
noninflamed middle ear mucosa (c, arrows). BM: basement membrane
(arrowheads). Original magnification: 400x.
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control specimens, after normalization of expression
by the housekeeping gene B-actin. The mucin mRNA
expression data of MOM by Northern blot is highly
similar to that of chronic otitis media (COM) [see
Fig. 4 in Lin et al. (2001)]. It suggests that MOM is
part of COM. Amount of mucin mRNA transcripts
may vary between MOM and COM but the species of
mRNA transcripts in MOM are similar to those in
COM.

Expression of mucin glycoproteins in the middle
ears with MOM in humans

Preimmune sera showed negative stain (Fig. 2, third
column and panels a and e, data not shown for MUCI,
MUC2, MUC3, MUCHAC, and MUC6). MUC5B mu-
cin polyclonal antibody did not show any stain (Fig.
2c) with the noninflamed middle ear specimens. Note
that the MUC5B mRNA was found in the control
specimens (Fig. 2), suggesting that normal middle ear
epithelial cells are only potential MUC5B-producing
cells. Expression of MUC5B and MUC4 antigens was
obvious in middle ears with MOM (Fig. 2d and h,
MOM) compared to noninflamed middle ears (Fig. 2¢
and g, ME). No other mucin proteins, including
MUC1, MUC2, MUC3, MUCHAC, and MUC6, were
detected by immunohistochemistry (data not shown).
Positive control tissue eustachian tube demonstrated
positive MUC5B and MUC4 antigens (Fig. 2b and £ for
MUC5B and MUCH4, respectively).

Immunohistochemistry demonstrated extensive
and widespread expression of MUCHB mucin in
specimens with MOM (Fig. 2h, MOM), whereas none
was noted in noninflamed middle ears (Fig. 2g, ME).
Compared to the controls, an obvious increase of
MUC5B and MUC4 mucins was observed in the
middle ears with MOM.

Epithelial thickening and mucous cell
proliferation in human MOM

Histology of the 4 middle ear mucosa taken from the
promontory area of patients with MOM revealed
pseudostratified epithelium. Epithelial thickening in
the mucosa with MOM (Fig. 3d) was obvious com-
pared to the control (Fig. 3c). The pseudostratified
epithelium was considered to be highly secretory due
to its abundant macroglycoconjugates (Fig. 3b).
These specimens revealed abundant inflammatory
cells (leukocytes) in the submucosa (82.25 + 28.25 x
10* cells/um2) compared to those in the controls
(none). The level of difference between controls and
MOM is statistically significant (P< 0.01, Table 2). The
infiltrated cells were mainly T cells (CD4,
17.53 + 3.30%, and CDS8, 34.24 + 3.43%, n=4), B
cells (CD20, 38.97 + 0.45%, n = 4), and monocyte

389

macrophages (CD68, 9.26 + 1.68%, n = 4). A typical
pseudostratified epithelium is presented in Figure 3d
(H&E stain). AB-PAS staining of pseudostratified
epithelium revealed abundant macroglycoconjugates
(Fig. 3b). The macroglycoconjugate-producing cells
(goblet cells) were located mainly in the surface of the
epithelium. The goblet cells in the middle ear mucosa
with MOM were 30.25 + 6.75 cells per high power
field (HPF), whereas the goblet cells in the controls
were 7.4 + 2.08 cells/HPF. The level of difference
between controls and MOM is statistically significant
(P < 0.01). It was noted that goblet cells overlapped
with MUC5B and/or MUC4 mucin-producing cells
but did not necessarily represent all MUC5B and/or
MUC4 positive cells in the middle ears with MOM.
The difference of mucin gene expression, infiltration
of inflammatory cells, and proliferation of goblet cells
between intragroups is summarized in Table 2.

Correlation among the expression of mucin
genes, infiltration of inflammatory cells, and
proliferation of goblet cells in human middle
ear mucosa with MOM

The expression of the MUC5B and MUC4 mucin
mRNA transcripts varied from case to case but tended
to agree with infiltration of leukocytes in the sub-
mucosa. The level of correlation between expression
of MUC5B or MUC4 mucin mRNA transcripts and
infiltration of inflammatory cells is statistically signif-
icant (P < 0.01).

The expression of the MUC5B or MUC4 mucin
mRNA transcripts was related to proliferation of
goblet cells. The level of correlation between ex-
pression of MUC5B or MUC4 mucin mRNA tran-
scripts and proliferation of goblet cells is statistically
significant (P < 0.01).

The infiltration of inflammatory cells in the sub-
mucosa is related to the proliferation of goblet cells
in the epithelium. The level of correlation between
infiltration of inflammatory cells and proliferation of
goblet cells is statistically significant (P < 0.05).

The difference of mucin gene expression, infil-
tration of inflammatory cells, and proliferation of
goblet cells between intergroups is summarized in
Table 3.

Identity and image of the middle ear mucins in
human MOM

Mucins purified from MOM were recognized pre-
dominantly by the MUC5B mucin antibody but less
recognized by the MUC4 mucin antibody. It is obvi-
ous that fraction 10 was rich in MUCS5B in contrast to
fraction 7. Therefore, mucin in fraction 10 was sub-
mitted to further examination by electron micro-
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scopy. The middle ear mucins in fraction 10 dem-
onstrated a branched treelike polymer containing
linear portions with thickened bulblike portions be-
tween linear portions or at the ends of linear por-
tions. Again, the image of the middle ear mucins in
MOM is highly similar to that of COM, as previously
published [Fig. 6, in Lin et al. (2001)], except for
highly branched structure of MOM mucin polymers.

DISCUSSION

The identities of mucins in MOM are MUC5B and
MUC4 mucin glycoproteins which are highly similar
to these in COM (Lin et al. 2001). Mucus polymers
(treelike structure) remained after treatment with
dithiothretol at 100 mM for 24 h. The mixture of the
MUC5B and MUC4 mucins in MOM is extremely
viscous since they possess a high density (1.4 mg/
mL), a heavy carbohydrate coat (hexose-to-protein,
3:1), and a highly crosslinked (treelike) structure.
Mucus accumulation in MOM is attributed to the
hyperproduction of the MUC5B and MUC4 mucins
since both MUC5B and MUC4 mucin mRNA and
protein levels are highly upregulated in the middle
ear epithelium. The data in the current study also
indicated that the MUC5B mucin is the major soluble
one in the middle ear mucosa and effusion, whereas
MUCHAC mucin, which has been reported to be
present in the middle ear effusion (Chung et al. 2002;
Hutton et al. 1998), thick or thin, was not detectable
in this study and in our previous studies (Kawano et
al. 2000; Lin et al. 2001) by Northern blot and/or in
situ hybridization. However, using RT-PCR, we were
able to detect the MUC5AC and MUCI mucin mRNA
transcripts in the middle ear with MOM (data not
shown). It suggests that the MUC5AC and MUCI
mucin genes be expressed in the middle ear with
MOM at a very low level. Chung et al. (2002) dem-
onstrated that a small number of goblet cells in the
middle ear with MOM expressed the MUC5AC mu-
cin. It is quite possible that the MUC5AC mucin an-
tibodies used in the literature (Chung et al. 2002;
Hutton et al. 1998) may in part cross-react with other
mucins in middle ear effusion. It is generally accept-
ed in the mucin community that some mucin anti-
bodies have difficulties in distinguishing individual
mucin members, and mucin cDNA/cRNA probes
corresponding to their tandem repeat domains are
much more specific in identification of individual
mucins. In agreement with this study, both Hutton’s
and Chung’s reports appreciated that MUC5AC mu-
cin is a component of the middle ear mucins but not
the major one (Chung et al. 2002; Hutton et al.
1998). It is obvious that there are some discrepancies
regarding the MUCS5AC mucin amount in middle ear.
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However, there is no doubt that the MUCHAC mucin
is not the major one in middle ear.

The MUC5B mucin gene, mapped to chromosome
11p15 (Dufosse et al. 1993), contains a 10.7-kb large
central exon that encodes various alternate subdo-
mains (Desseyn et al. 1997), including imperfectly
conserved repetitive tandem repeat units with se-
quences of 29 amino acids (SSTPGTAHTHTEQTTT-
ATTPTATGTTATP) (Desseyn et al. 1997; Dufosse et
al. 1993). MUC5HB mucin tandem repeat units contain
abundant T residues (14 out of 29 residues, potential
sites for glycosylation) followed by P residues (po-
tential recognition sites of glycosyltransferase). Up to
48% of amino acids within the tandem repeats of
MUCSHB mucin are potentially glycosylated.

At both ends of the molecule, MUC5HB contains
abundant cysteine residues (Keates et al. 1997) which
are potential residues for formation of disulfide bonds
inter- or intramolecularly and serve as a biochemical
basis for dimerization or polymerization. Dimeriza-
tion of mucin monomers is known to occur at the
endoplasmic reticulum (Asker et al. 1998; Dekker and
Strous 1990); however, it is not clear where dimerized
mucins polymerize. It could occur at the packing stage
of mucins within the mucus granules or after release
onto the apical surface. Compared to COM mucins
(Lin et al. 2001), human MOM mucins (a branched
treelike strand) are highly polymerized through
bulblike structures. The ‘‘bulbs’ may represent non-
tandem repeat regions that are less glycosylated and
rich in cysteine residues, likely the areas in which di-
sulfide bonds could link inter- and intramolecularly
between mucin monomers. The linear portion of the
strand between bulbs may represent the tandem re-
peat region of mucin, which is heavily glycosylated
and, therefore, rigid. With such a large tandem repeat
central area, one would expect that MUCHB mucin
acts to trap or pack pathogens and their cell wall
components which contain abundant carbohydrates
(lectin ligands for mucin carbohydrate receptors). It
has been shown that mucins, isolated from middle ear
effusion, bind to bacterial outer membrane proteins
(Reddy et al. 1997). In the literature, bacterial cell wall
components have been reported in the middle ear
effusion (Leinonen 1980; Ovesen and Ledet 1992).
Existence of viscous mucins (MUC5B) with trapped
bacterial cell wall components in the middle ear cavity
may account for infiltration of chronic inflammatory
cells in the middle ear cleft even though bacterial
culture of mucus effusion is negative. It also explains
that mucus effusion drainage through intuberlation is
effective for treatment of MOM, whereas antibiotic
treatment is not. In some cases, mucus effusions are
free of bacterial cell wall components but infiltration
of chronic inflammatory cells occurs. It suggests that
mucus accumulation itself also matters.
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It has been shown in the current study that MUC4
adds to the mucin pool of MOM from ELISA data of
middle ear fluid, a similar situation seen in COM (Lin
etal. 2001). MUC4 is regarded as a membrane-bound
mucin and is present in the entire middle ear epi-
thelium, including ciliated, intermediate, and basal
cells under diseased conditions (Fig. 1). It may par-
ticipate in formation of mucous strands in MOM. The
release of MUC4 from the membrane may occur in
the presence of proteases (Kim et al. 1987) that
truncate MUC4 right above transmembrane domain
and leave the transmembrane domain and intracel-
lular tail (COOH terminus) to the bilayer of mem-
brane and release the rest of MUC4 into the middle
ear cavity. It has been noted that the MUC4 mucin in
breast tissue possesses a different version that lacks
the transmembrane domain; therefore, it is meant to
release directly into milk.

Excessive production of mucins in MOM is attrib-
uted to goblet cell metaplasia/hyperplasia in the
middle ear cleft (Lim 1979; Tos and Bak—Pedersen
1976, 1977). Except for goblet cell metaplasia/
hyperplasia, we demonstrated in this study that both
MUC5B and MUC4 mucin-producing cells in the
middle ear epithelium are highly populated, not only
in the surface but also in the entire epithelium layer.
This led us to conclude that MUC5B and MUC4 cell
metaplasia/hyperplasia is an essential problem of
MOM in humans. Goblet cell metaplasia/hyperplasia
(Fig. 2) is obvious in MOM but did not include all
mucin-producing cells (Fig. 1d and h). It does not
reflect those potential cells in the epithelium that are
also recruited to express MUC5B and MUC4 mucins
under the conditions of MOM. The similar phe-
nomenon is also observed in COM where the MUC5B
mucin probe labeled more cells than that of AB-PAS
in serial sections (Kawano et al. 2000). Therefore, we
propose to use MUC5B and MUC4 cell metaplasia/
hyperplasia for describing abnormal mucin produc-
tion in MOM or COM, instead of goblet cell me-
taplasia/hyperplasia, which accounts for only part of
the mucin-producing cells.

The mechanism for MUC5B and MUC4 cell me-
taplasia/hyperplasia is not currently understood but
likely involves extensive infiltration of inflammatory
cells in the middle ear cleft. As shown in this study,
inflammatory cells were mainly T cells identified with
CD4 and CDS8 antibodies, B cells with CD20, and
monocyte macrophages with CD68. TNF-a, one of the
inflammatory products from the above- mentioned
inflammatory cells (CD68 positive cells), may serve as
an inducer for expression of MUC5B and MUC4 mu-
cin genes as well as MUCS5B and MUC4 cell metapl-
asia/hyperplasia, since inoculation of TNF-a into rat
middle ear induced mucin expression (Lin et al.
2000) and phenotypic thick effusion in the middle
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ear cavity and mucous cell metaplasia/hyperplasia in
the middle ear mucosa (Kawano et al. 2002). Evi-
dence accumulated to date suggests that mucin up-
regulation involves infectious factors such as bacteria
and their products (Kim et al. 2001; Li et al. 1997,
1998, 1999; Wang et al. 2002) as well as host response
factors, such as proinflammatory cytokines (Lin et al.
2000; Moon et al. 2000), nitric oxide (Li et al. 2000;
Rose et al. 1996), retinoic acid, and hydrocortisone
(Moon et al. 2000). The regulatory process involves
multiple signal transduction pathways (Lin et al.
2002; Wang et al. 2002). Data obtained from cytokine
knockout mice suggest that mucin regulation is not
controlled by a single factor but perhaps by an ex-
tensive regulatory network, and to knockout a target
gene may not significantly inhibit mucin production
(Shekels et al. 2001). The data suggest that a cocktail-
like therapeutic intervention may be required for
reduction of mucin hyperproduction.

On the other hand, MUC4 itself may have a role in
cellular proliferation of MOM. Unlike other mucins,
MUC4 contains MUC40 and MUC4B subunits.
MUC4B possesses two epidermal growth factor
(EGF)-like domains which contain all of the consen-
sus residues found in EGF-like sequences of proteins
known to possess growth factor activity (Sheng et al.
1992). It has been shown that MUC4 acts as a ligand
and modulator for the receptor tyrosine kinase ErbBe
(Carraway et al. 1999, 2000), suggestive of its role in
cellular growth and proliferation. How MUC4 ex-
pression is upregulated and how that affects middle
ear cellular proliferation is currently unknown. Study
of the molecular mechanism of MUCHB and MUC4
cell metaplasia/hyperplasia will open a new window
for a better understanding of the disease and for
providing the rationale for innovative therapeutic
strategies for MOM.
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