
[CANCER RESEARCH 53.641 -651, February I. 1993]

Heterogeneity of Mucin Gene Expression in Normal and Neoplastic Tissues1

Samuel B. Ho,2 Gloria A. Niehans, Carolyn Lyftogt, Pei Sha Van, David L. Cherwitz, Elizabeth T. Gum,

Rajvir Dahiya, and Young S. Kim
Departments of Medicine and Pathology, University of Minnesota and Veterans Affairs Medical Center. Minneapolis, Minnesota 55417 [S. B. H., G. A. N., C. L, D. L C.I, and
Departments of Medicine and Pathology, University of California and Veterans Affairs Medical Center, San Francisco, California 94121 Â¡P.S. Y., E. T. C., R. D., Y. S. K.Â¡

ABSTRACT

To determine the relative expression of distinct mucin genes in normal
and neoplastic tissue, antibodies and cDNA probes that recognize the core
tandem repeat sequences of membrane-bound (MUC1) and secreted

(MUC2 and MUC3) mucins were used for immunohistochemical and RNA
Northern and slot-blot analysis. Miri mRNA was detected in all epithe

lial tissues tested. MUC1 core peptide, recognized by monoclonal antibod
ies 139H2 and DF3, was highly expressed on apical membranes of bron
chus, breast, salivary gland, pancreas, prostate, and uterus, and was
sparsely expressed in gastric surface cells, gallbladder, small intestine, and
colonie epithelium. In contrast, MUC2 and MUC3 gene expression was
primarily restricted to the intestinal tract. MUC2 mRNA was highly ex
pressed in normal jejunum, ileum, and colon, compared with very low
levels in normal bronchus and gallbladder. MUC3 mRNA was highly
expressed in normal jejunum, ileum, colon, and gallbladder. Immunohis
tochemical studies using antibodies against synthetic MUC2 (anti-MRP)
and MUC3 (anti-M3P) peptides indicate that MUC2- and MUC3-produc-

ing cells in the gastrointestinal tract are distinct. Goblet cells of the small
intestine and colon reacted strongly with anti-MRP, whereas M3P reac

tivity was restricted to columnar cells of small intestinal villi, surface
colonie epithelium, and gallbladder. Mucin protein epitopes and mRNA
levels were frequently altered in adenocarcinomas compared to corre
sponding normal tissues. Alterations included increased expression, aber
rant expression, and, less frequently, loss of expression. Increased MICI
immunoreactivity was observed in most adenocarcinomas of the breast,
lung, stomach, pancreas, prostrate, and ovary. In addition, with the ex
ception of prostrate cancer, focal aberrant expression of MUC2 and
MUC3 epitopes was frequently observed. Increased MICI, MUC2, and
MUC3 epitopes were present in colon adenocarcinomas of all histolÃ³gica!
subtypes, with the greatest increase of MUC2 epitopes observed in colloid
(mucinous) colon cancers. MUC2 or MUC3 mRNA levels were increased
in colloid colon cancer compared with normal colon, however in well- and
moderately well-differentiated colon cancers MUC1, 2 and 3 mRNA levels
were decreased. Compared with corresponding normal tissue, Ml (I
mRNA levels were increased in breast cancer and well-differentiated lung

cancers, and MIO mRNA was increased in gastric adenocarcinomas.
Normal stomach lacked both MUC2 and MUC3 immunoreactivity and
mRNA, however, MUC2 and MUC3 proteins and mRNA were highly
expressed in gastric intestinal metaplasia. In conclusion, mucin genes are
independently regulated and their expression is organ- and cell type-
specific. Furthermore, neoplastic transformation is associated with dys-
regulated expression of both membrane-bound and secreted mucin core

protein epitopes and may be due to altered mucin mRNA levels and/or
altered mucin glycosylation.

INTRODUCTION

Mucins are large molecular weight glycoproteins characterized by
carbohydrate sugars attached via "O-glycosidic" linkages to serine or

threonine. Mucins are synthesized by a variety of secretory epithelial
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tissues as membrane-bound or secreted proteins. Numerous alterations
of mucin-associated carbohydrates can be detected in neoplastic epi

thelial tissues and on circulating mucins in patients with adenocarci
nomas (1-3). Several mucin antigens are rarely detectable in normal

sera, but can be detected in the sera of patients with pancreatic,
ovarian, breast, and colon cancer (3). These antigens, which include
CAI9-9, CAI25, Ã‡A15-3, SPan-1, and DuPan-2, are currently being

used as diagnostic tumor markers. In addition, mucin expression may
alter the biological characteristics of a cancer. Mucinous or "colloid"

colon cancers are generally diagnosed at a more advanced stage com
pared with other histolÃ³gica! classifications of colon cancer, and may
have a worse prognosis (4). Mucinous human colon cancer cell lines
demonstrate greater tumorigenicity and metastatic ability when inves
tigated in athymic "nude" mouse models (5, 6). The mechanism(s)

responsible for these biological effects are poorly understood; how
ever, recent reports indicate that mucins such as the DF3 antigen and
episialin may alter the function of immune effector cells (7, 8) or
cellular adhesion properties (9).

The carbohydrate structures of cancer-associated mucins have been

well characterized; however, little is known about the molecular basis
for mucin protein expression. Recently, several human mucin genes
have been cloned and sequenced. Characterization of the first human
mucin gene (designated MUC1) resulted from studies of the high
molecular weight (M, >400,000) glycoproteins (previously labeled as
PUM, PEM, MAM-6, PAS-O, EMA, NPG, and DF-3) that occur in

human breast milk and are highly expressed in breast and other
adenocarcinomas (10-13). Data from full length cDNA' sequencing

indicate that two-thirds of this protein consists of 20 amino acid

residues repeated in tandem (designated tandem repeats). These tan
dem repeats were rich in serine and threonine glycosylation sites. The
amino terminus contains a putative transmembrane sequence and a 69
amino acid cytoplasmic tail. The corresponding gene is located on
chromosome lq21-24 (14-16). This gene is highly polymorphic due

to variable numbers of tandem repeats in each alÃele.In addition, 2
different intestinal mucin genes have been cloned and partially se
quenced. cDNA clones SMUC40-42 encoded 23 amino acid tandem

repeats that were rich in threonine and proline. The corresponding
gene was localized to chromosome llplS.5 and designated MUC2
(17). The second group of intestinal mucin cDNA clones (labeled
SIB 124-139) encoded 17 amino acid tandem repeats rich in threonine

and serine. The corresponding gene was localized to chromosome 7
and termed MUC3 (18). This study will use antibodies against MUC1,
-2, and -3 protein epitopes and cDNA probes to examine whether

mucin gene expression varies in different epithelial tissues and cell
types and how this is altered following malignant transformation.

MATERIALS AND METHODS

Tissue Specimens. Human tissue specimens were obtained from surgical
resections and biopsies, fixed in buffered formalin, and embedded in paraffin
using standard methods. "Normal" tissue was obtained from histologically

3 Abbreviations used are: cDNA, complementary DNA; SSPE, 3.6 Msodium chloride/

0.2 M sodium phosphate dibasic/0.02 M ethylenediamine tetraacetic acid; SDS. sodium
dodecyl sulfate: SSC, standard saline-citrate (3 Msodium chloride/0.3 Mtrisodium citrate);
HFB, hydrogen fluoride treated mucin B; MRP. a synthetic peptide with the mucin repeat
sequence; SIB, deglycosylated human small intestinal mucin.
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normal specimens adjacent to carcinomas, with the exception of one group of
colonie specimens obtained via immediate autopsy, as descibed previously
(19). Human specimens for RNA isolation were collected immediately follow
ing surgery, snap frozen in isopenlane at -60Â°C, placed in sterile jars, and
stored at -70Â°C. Tissue specimens were collected in accordance with human

studies guidelines and approval.
Antibodies. Antibodies, type, and epitope specificity are listed in Table 1.

The antisera HFB and SIB were raised against deglycosylated human colon
cancer mucin and normal small intestinal mucin as described previously (20).
The antiserum MRP was raised against a synthetic MUC2 tandem repeat
consensus sequence (KYPTTTPISTTTMVTPTPTPTGTQT), as described pre
viously (17). The K and Y residues were added to allow glutaraldehyde
conjugation and radioiodination tor future studies. The antiserum M3P was
raised against synthetic MUC3 tandem repeat sequence (KTTSNSTPSFTS-

SITTTETTSHS). conjugated to keyhole limpet hemocyanin (18), using similar
methods. The monoclonal antibodies 139H2 and DF3 were kindly provided by
John Hilkens and D. Kufe, respectively.

Immunohistochemistry. The streptavidin-peroxidase technique was used
as described previously (21). Briefly, tissue sections were deparaffinized, re-

hydrated. incubated with fresh 3% hydrogen peroxide in methanol for 10 min.
and then washed with buffer [phosphate-buffered saline (0.15 M NaCl/10 HIM

sodium phosphate, pH 7.4)] containing O.I M phosphate and 0.15 M sodium
chloride, pH 7.4). Normal goat serum or normal rabbit serum (5%) was applied
for 20 min and removed by blotting. Next the sections were incubated with
primary antisera for 90 min at room temperature, washed 3 times in buffer, and
incubated with the biotinylated secondary antibody (1:75 dilution in phos
phate-buffered saline) for 20 min. After washing, the sections were incubated
with streptavidin-peroxida.se conjugate (10 ug/ml) for 30 min followed by

repeated washing. Next the sections were incubated with diaminoben/.idine in
0.03% hydrogen peroxide for 10 min, washed, counterstained with hemato-

toxylin or methyl green, rinsed in tap water, and mounted. Immunoreactivity
was graded as - (negative), Â±(trace positive), + (positive), or + + (strongly

positive). A specimen was considered positive if immunoreactive cells were

found in at least 5% of low power fields (10X objective). Semiquantitative
staining of colon cancer specimens was performed by evaluating the intensity
of staining (- = 0, + = 1, + + = 2) and the proportion of tissue with positive
staining (0-100%). The final score was the product of these 2 variables (range,
0-2.00; interobserver reliability, r = 0.95; degrees of freedom = 31; P <
O.(XK)I). Biotinylated goat anti-rabbit IgG, biotinylated rabbit anti-mouse
IgG.A.M, streptavidin-peroxidase conjugate, and normal rabbit and goat serum
were obtained from Zymed Laboratories (San Francisco, CA). Diaminobenzi-

dine was obtained from the Sigma Chemical Company (St. Louis, MO).
Statistical analysis consisting of analysis of variance using repeated measures
was performed using Statview SE software (Abacus Concepts, Inc., Berkeley,
CA).

Immunohistochemical Controls. Negative controls included substituting
similar dilutions of preimmune rabbit serum or mouse serum for the primary
antibodies, which resulted in negative staining. In addition, working dilutions
of anti-MRP and anti-M3P serum were preabsorbed using synthetic MRP

peptide and synthetic M3P peptide (10 ug/ml), respectively, which resulted in
negative staining when used on anti-MRP and anti-M3P-positive specimens.

MRP and M3P staining intensity was evaluated in frozen tissue sections fixed
in methanol and compared to specimens fixed in buffered formalin and em
bedded in paraffin. Staining for both antibodies had greater intensity, improved

antigenic localization, and lower background staining after formalin fixation
compared with the frozen tissue sections. Formalin fixation has previously
been shown to be optimal for reactivity with monoclonal antibody 139H2 (22).

RNA Analysis. Total RNA was isolated form tissue specimens using
guanidium thiocyanate-phenol-chloroform extraction (23). Frozen tissue spec
imens (100-500 mg) were placed in guanidinium thiocyanate solution and
homogenized on ice using a Polytron PT-IO-35 (Brinkman Co., Westbury,

NY). RNA was extracted using phenol, chloroform, and isoamyl alcohol, as
described (23). The RNA was washed twice with 70% ethanol, once with
abso'jte ethanol, resuspended in water treated with diethylprocarbonate. and

quantitated spectrophotometrically. RNA samples of 10 ug were separated on
1.2% agarose gels in the presence of formaldehyde. RNA ladders (0.24-9.5 kb)

were included for size reference (BRL/Life Technologies, Inc., Gaithersburg,
MD). The integrity and amount of RNA loaded on each gel were determined
by staining with ethidium bromide (1 ug/ml in 100 ITIMammonium acetate).
Samples with evidence of ribosomal RNA degradation were discarded. The
RNA was transferred to Nytran nylon membranes (Schleicher and Schuell Co.,
Keene, NH) by capillary action, and cross-linked using UV radiation. Slot-blot

analysis was also performed by applying 0.4, 2.0, and 4.0 ug of total RNA to
f-probe nylon membranes using a slot-blot apparatus (Bio-Rad, Richmond,

CA). The membranes were prehybridized in 50% formamide, 5X SSPE, 0.3%
SDS, 5X Denhardt's solution, and 200 ug salmon sperm DNA and incubated

at 42Â°Covernight. The nylon membranes were then hybridized to radiolabeled

cDNA probes as described (17). cDNA probes were labeled with [32P]dCTP
(deoxycytidine 5'-triphosphate triethyl ammonium salt, 3000 Ci/mmol; New

England Nuclear-Dupont. Boston. MA) using random hexamer primers
(Gibco-BRL, Grand Island, NY). Radiolabeled probes were purified using a
G-50 Sephadex column according to manufacturer's directions (Boehringer-

Mannheim, Indianapolis, IN). Following hybridization, the membranes were
washed using high stringency conditions: 2 washes with 2x SSC, 0.1% SDS
30 min at room temperature, one wash with 0.1% SSC, 0.1% SDS for l h at
room temperature, followed by one wash with 0.1% SSC, 0.1% SDS at 55-
65Â°Cfor 30 min. Autoradiography was performed using Kodak X-Omat AR
film with a Cronex intensifier screen (DuPont) at -70Â°C for 24 h. Following

autoradiography, each membrane was stripped and reprobed. The characteris
tics of the cDNA probes used in this study are listed in Table 1. The probe for
MUCI. pum24p, was kindly provided by Dr. Dallas Swallow. The MUC2
(probe SMUC41) and MUC3 (probe sib 139) sequences have been described
previously (17, 18).

An oligonucleotide probe 5'AACGATCAGAGTAGTGGTATTTCACC 3'

corresponding to sequence 4011^1036 of human 28s rRNA was used to verify
equal loading on slot-blot membranes (24). The oligonucleotide was purified

using an OPC cartridge (Applied Biosystems, Foster City, CA) and labeled
with [<2P]dCTP using terminal deoxynucleotidyl transferase (Gibco/BRL).

Radiolabeled nucleotides were purified using a G-25 Sephadex column ac
cording to manufacturer's directions (Boehringer-Mannheim). Final probe spe

cific activity was 3.5-30 x IO7 cpm/ug. Prehybridization and hybridization

conditions were as listed above. After hybridization, the membranes were
washed 3 times at room temperature (15 min) in 6X SSPE/0.1% SDS and
washed once at 37Â°C(15 min) in 2x SSPE/0.1% SDS. Autoradiograms were

prepared as above. Positive controls were used on each blot and consisted of
RNA isolated from colon cancer cell lines Caco-2, HM7, and MGC803, as

described previously (21, 25). Hybridization signals were quantitated using a
Bio-Rad Model 620 Video Densitometer (Richmond, CA). Densitometric units

Table 1 Mucin core peptide-specific reagents

MucingeneMucin

core peptideantibodiesMUCIMUCIMUC2MUC2MUC2

+MUC3MUC3Mucin

cDNAprobesMUCIMUC2MUC3Antibody

nameDF3I39H2HFBMRPSIBM3PTypeMouse

MAbMouse
MAbRabbit
PAbRabbit
PAbRabbit
PAbRabbit

PAhcDNA

(base pairlength)pum

24p(280)SMUC4I

(836)SIB
139 (260)Sequence

specificityMUCI

core protein Â±carbohydrateMUCI
coreproteinMUC2
coreproteinSynthetic

MUC2 tandem repeatpeptideMUC2
+ MUC3 coreproteinsSynthetic

MUC3 tandem repeatpeptideMUCI

tandemrepealsMUC2

tandemrepeatsMUC3
tandem repeatsRef.44102017181815II1718
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were calculated for each sample after normalization of the readings with
corresponding densitometric readings obtained using the 28S rRNA probe.

RESULTS

Min-in Expression in Normal Nongastrointestinal Tissues.

MUC1 epitopes were strongly expressed in apical membranes and
cytoplasm of epithelial cells in many glandular tissues (Table 2). In
pulmonary tissue, the apical membrane of epithelial cells lining small
bronchioles and the apical membranes of most serous cells in the
bronchial glands were reactive with 139H2 and DF3. MUC2 epitopes
recognized by antibodies HFB and MRP were present in the cyto
plasm of the ciliated epithelial cells of large bronchi and occasional
serous glands, however the staining intensity was weak. Similarly,
MUC3 tandem repeat epitope recognized by antibody M3P was trace-

positive in 4 of 11 specimens of bronchial epithelial cells and serous
bronchial glands. Peripheral pulmonary tissue was unreactive with all
antisera. Prominent apical membrane staining with 139H2 and DF3
was present in inter- and intralobular ducts and glandular alveoli of

mammary gland tissue. Glandular secretions found in mammary

Table 2 Cellular location of MUCI-. 2-, and 3-assaciated epilopes in normal
epithelial tissues"

MUC I MUC 2 MUC 3

DF3 139H2 HFB MRP SIB M3P

Nongastrointestinal tissue
Bronchus(n - 12)

Ciliated epithelium
Serous glands
Mucous glands
Lung alveoli

Breast (n = 9)
Secretory tubule, acini
Intralobular duct

Uterus (n = 6)
Endometrium ++ ++ - -
Columnar cells - - - - - -

Prostate (n = 10)
Glandular epithelium ++ - Â± Â± -

Ovary (n = 3)
Follicular epithelium
Surface epithelium

Gastrointestinal tissue
Salivary gland (n = 3)

Serous acini â€”¿� - - - â€”¿� â€”¿�
Mucous acini â€”¿� - - - â€”¿� â€”¿�

Intercalated duct + + + + + +
Striated duct + + + + + +

Esophagus (n = 7)
Squamous epithelium + + - Â± Â± -

Stomach-body (n = 7)
Surface epithelium + + - - + -
Mucous neck cells + + t â€”¿� â€”¿� -
Gastric glands + +

Stomach-atrium (n = 9)
Surface epithelium + + - - + -
Pyloric glands + - + - - -

Stomach-intestinal metaplasia (n = 5)
Goblet cells - ++ ++ ++ -
Columnar cells - - - +

Gallbladder (n = 8)
Epithelium Â± Â± - - - ++

Pancreas (n = 10)
Ducts, ductules + + + - - -
Centroacinar cells + + â€”¿� - - -
Acini
Islets of Langerhans - â€”¿� - - -

Small intestine (n = 14)
Columnar enterocytes - - Â± +
Goblet cells - Â± ++++++-

Colon (n = 20)
Columnar cells â€”¿� - Â± +
Goblet Cells - ++++++-

" Immunohistochemical reactivity: -, negative; Â±,trace positive; +, positive; ++,

strongly positive.

ductules were similarly reactive. MUC1 epitopes were also highly
expressed in the apical membranes of the glandular alveoli of prostate
and endometrial tissue. MUC2- and MUC3-related epitopes were not

expressed in breast, prostate, or endometrium. RNA blots demon
strated detectable MUC 1 mRNA in all epithelial tissues tested (Fig. 1).
In contrast, very low or undetectable levels of MUC2 and MUC3
RNA were detected in the nongastrointestinal tissues tested.

Mucin Expression in Normal Gastrointestinal Tissues. MUC 1
epitopes were detected in most gastrointestinal tissue derived from the
embryological foregut (Table 2). This included the esophagus, stom
ach, gallbladder, and pancreas. These tissues were unreactive with
most MUC2- and MUC3-related antibodies, with the exception of

gallbladder epithelium, which was strongly reactive with antibody
M3P. Reactivity with M3P was diffusely present in the cytoplasm of
the gallbladder epithelium in all specimens. Salivary gland tissue was
unique in that the intercalated and striated ducts appeared to be reac
tive with all mucin core peptide antibodies. The mucous and serous
acini of these salivary gland tissues were unreactive.

The surface epithelium, mucous neck cells, and gastric glands
(chief cells) of gastric fundus were reactive with 139H2 and DF3
(Fig. 2). The cellular location again consisted of apical membrane
staining and gland luminal contents. Antral epithelium gave similar
reactivity, with the exception of absent I39H2 staining in pyloric
glands. Occasional weak cytoplasmic staining was observed in surface
epithelium with antibody SIB, and occasional staining of mucous neck
cells and pyloric glands with HFB. However, despite the large amount
of secreted mucins synthesized by the surface epithelium of the fundus
and antrum, these tissues were unreactive with antibodies against
synthetic MUC2 and MUC3 proteins. The only gastric specimens with
strong reactivity with MUC2 and MUC3 antibodies are intestinal
metapalsia, which expressed similar epitopes as found in normal small
intestine.

MUC 1 immunoreactivity was uniformly present in the apical mem
branes and luminal content of pancreatic ducts and ductules. Staining
with antibody HFB, which recognizes deglycosylated colon cancer
mucin, was also observed in pancreatic ducts and ductules, however
the staining intensity was weak. Normal pancreatic tissues were un
reactive with the more specific antibodies against synthetic MUC2
and MUC3 tandem repeats.

RNA analysis confirmed that MUC2 and MUC3 mucins were ab
sent in normal gastric mucosa (Fig. 1). However, one specimen of
fundic mucosa with intestinal metaplasia was strongly reactive with
MUC2 and MUC3 antisera and demonstrated MUC2 and MUC3
mRNA levels comparable with the small intestine (Fig. 1). Similarly,
RNA analysis confirmed the expression of MUC1 and MUC3 in
gallbladder specimens. The intense M3P immunoreactivity observed
in gallbladder epithelium correlated with high levels of MUC3 RNA
(Fig. 3). The immunohistochemical data for salivary gland tissue have
not been confirmed with RNA analysis at this time.

Normal small intestinal and colonie epithelium (midgut and hindgut
derivatives) were frequently reactive with MUC2- and MUC3-related
antibodies (Table 2). MUC 1-related epitopes were observed in the

apical membranes of crypt bases in only a few of the specimens
examined. Positive reactivity with HFB, MRP, and SIB was observed
in the supranuclear and perinuclear area of goblet cells of most spec
imens of duodenum, jejunum, and ileum (Table 3; Fig. 2). However,
only a minority of goblet cells demonstrated reactivity in these spec
imens, and the reactivity was usually found in the crypt rather than the
villous goblet cells. Strong reactivity with the antisera HFB, MRP, and
SIB was more frequently observed in colonie specimens and located
in the supra- and perinuclear cytoplasm of goblet cells in 90% of

specimens. In contrast, columnar cells rather than goblet cells of the
small intestine and colon were reactive with antibody M3P (Fig. 2). In
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MUC1

Fig. I. Steady state mucin mRNA levels in sur
gical resection specimens of normal human tissue.
Serial dilutions of total RNA were blotted onto
nylon membranes, which were then serially probed,
erased, and reprobed with cDNAs for the indicated
mucins (see "Materials and Methods"). Densito-

metric readings were normalized according to the
amount of total RNA present as measured by a 28S
rRNA oligomer probe. Bars, mean Â±SEM.
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the small intestine, the columnar cells of the villous epithelium reacted
more intensely compared with columnar cells at the crypt base. Sim
ilarly, the surface columnar cells of the colon were more intense than
cells within the lower portions of the crypt. M3P-reactive columnar

cells were observed in both the proximal and distal colon (Table 3).
The intensity and distribution of 139H2, MRP, and M3Pepitopes were

similar in "normal" colon from immediate autopsy specimens com

pared with specimens taken from the distal resection margins of
patients with colon cancer.

RNA analysis confirmed that high levels of MUC2 and MUC3
RNA were present in the jejunum, ileum, and colon. Higher levels of
MUC3 RNA were observed in the small intestine compared with the

â€¢¿�v;â€¢'

:Â»v

I
Fig. 2. Mucin core peptide expression in normal human tissue. Streptavidin-biotin-peroxidase immunohistochemical analysis: A-C, gastric fundic epithelium; D-F, small intestine;

C-/, colon. Antibodies used: A, D, and G, 139H2 (MUCI tandem repeat). Note reactivity in the apical membranes of fundic glands and negative reactivity in small intestine and colon;
B. E, and//, anti-MRP {MUC2 tandem repeat). Note negative reactivity in gastric epithelium and positive reactivity in the supranuclear and perinuclear area of goblet cells of the small
intestine and colon; C. F. and /, anii-M3P (MUC3 tandem repeat). Note negative gastric reactivity and positive reactivity in columnar cells of small intestine and colon. Counterstain

is hematoxylin (F) or methyl green. Hematoxylin produces a stronger nuclear counterstain. Bars, 50 prn.
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Fig. 3. Streptavidin-biolin-peroxidase immuno-

histochemical analysis: specificity of mucin core
peptide staining with anti-M3P and anti-MRP. A,
M3P reactivity is present as diffuse cytoplasmic
staining in the columnar cells of gallbladder epi
thelium. B, serial section of the same gallbladder
specimen stained with anti-M3P preabsorbed with
synthetic M3P peptide. Note negative staining. C
intense MRP reactivity in a specimen of colloid
colon cancer. D, same colloid cancer specimen
stained with anti-MRP preabsorbed with synthetic
MRP peptide, resulting in negative staining. Coun-
terstain is hematoxylin. Bars. 50 pm.

colon, however the numbers of small intestine specimens analyzed
were small (Fig. 1).

Mucin Expression in Adenocarcinomas. Mucin core peptide
epitopes and RNA levels were frequently altered in adenocarcinomas
compared with corresponding normal tissue (Fig. 4). For example,
strong DF3 and I39H2 immunoreactivity was observed in all primary
lung adenocarcinomas tested. Staining for these antibodies appeared
to be more intense in cancers compared with normal bronchial tissues,
and correlated with slightly higher steady state mRNA levels (partic
ularly in well-differentiated cancers) (Fig. 5 and 6). In addition, M3P

immunoreactivity was rarely present in normal bronchi and lung tis
sue, however focal or diffuse M3P reactivity was observed in 42% of
adenocarcinomas. Again, increased MUC3 RNA was measured in
lung adenocarcinomas compared with adjacent normal tissue. HFB
and MRP reactivity was sparse in both normal lung and lung adeno
carcinomas, and minimal MUC2 RNA was detected in 1 of 2 speci
mens of normal bronchus only. Increased MUC1 epitopes were de
tected in breast cancer specimens compared with normal breast, and
increased MUC1 RNA was detected in one breast cancer tested.

MUC2 and MUC3 reactivity was absent in all normal breast speci
mens tested, however focal MRP and M3P tandem repeat immunore
activity was observed in 37 and 19% of breast adenocarcinomas.
respectively.

Gastric adenocarcinomas also demonstrated MUC1-related epi
topes in most (80-91%) of the specimens tested. HFB and SIB im

munoreactivity was detected in normal gastric tissue and in 82 and
70% of gastric adenocarcinomas, respectively. In contrast, focal reac
tivity with the more specific synthetic tandem repeat peptide antise-

rum MRP was only present in 41% of these cancers. However, MUC2
mRNA was not detected in the 4 specimens of normal stomach and 6
specimens of gastric adenocarcinoma tested (Fig. 5). These results
may be due to sampling error, or to the possibility that MUC2 im
munoreactivity observed in these tissues may be related to cross-

reactivity with a similar but unique type of mucin core peptide. Focal
M3P immunoreactivity was observed in 45% of gastric adenocarci
nomas (Fig. 6), and MUC3 mRNA was measured in all 6 gastric
cancers tested, compared with unmeasurable MUC3 mRNA in 4 spec
imens of normal stomach.

Table 3 Distribution of MUCÃŒ-.2-, and 3-associated epitopes in normal intestine"

SmallintestineDuodenumVilliCryptJejunumVilliCryptIlcumVilliCryptColon*ProximalSurfaceUpper

cryptLower
cryptDistalSurfaceUpper

CryptLower
cryptDF30/80/80/3+

1/30/20/20/90/90/90/100/10+

2/10139H2+

1/12+
4/120/50/50/3Â±

1/30/170/170/170/190/19+

2/19HFB+

1/11+
4/110/30/30/2

+0/2++

8/9++
8/9++
8/9-n-

9/10++

9/10++
9/10MRP+

5/10+
6/10+

3/4+
3/41/3

++
3/3++

15/17++
15/17-M-
15/17++

18/19++
18/19â€¢H-

18/19SIB+

3/10+
6/10+

1/2+
1/21/2

++
2/2++

8/10++
8/10++
8/10++
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" Staining intensity indicated as: -, negative; Â±,trace positive; -f, positive; ++, strongly positive; numbers indicate number of positive specimens/total number of specimens tested.
* Included immediate autopsy specimens and distal resection margins of patients with colon cancer. No differences noted between these groups.
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Fig. 4. Steady state mucin mucin mRNA levels in surgical resection specimens of paired normal and cancerous human tissue. Serial dilutions of total RNA were blotted onto nylon
membranes, which were then serially probed, erased, and reprobed with cDNAs for the indicated mucins (see "Materials and Methods"). Densitometric readings were normalized

according to the amount of total RNA present as measured by a 28S rRNA oligomer probe. Bart, mean Â±SEM; numbers in parentheses, number of specimens with reactivity per total
number of specimens; N, normal; Ca. cancer; Br. normal bronchus; I.M.. intestinal metaplasia.

Pancreatic and prostate adenocarcinomas and esophageal squamous
cell carcinomas were similar to lung and breast adenocarcinomas with
strong MUC1 expression and only occasional focal staining with
MUC2- and MUC3-related antibodies (Table 4). No pancreatic cancer

specimens were collected for RNA analysis during the period of this
study. Interestingly, ovarian mucinous cystadenocarcinomas fre
quently were reactive with MUC2- and MUC3-related antibodies,

however the specificity of this staining will need confirmation by
RNA analysis or in situ hybridization.

Colonie adenocarcinomas expressed mucin core peptides and
mRNA corresponding to all 3 mucin genes (Figs. 1 and 5). In contrast
with sparse MUC1 immunoreactivity in normal colon, DF3 and
139H2 epitopes were strongly expressed in 86 and 71% of colon
cancers, respectively. DF3 and 139H2 immunoreactivity was localized
to the cytoplasm, cell membranes, and luminal contents of malignant
glands. Despite the appearance of MUC 1-related epitopes in colon

cancers, levels of MUC I RNA were similar to or less than levels
found in normal colon. This suggests that MUC1 immunoreactivity in
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Fig. 5. Comparison of MUC1, MUC2, and
MUC3 core peptide immunoreactivity in colon can
cers according to degree of histological differenti
ation. Antibodies used include 139H2 (MUC1), an
ti-MRP (MUC2), and anti-M3P (MUC3). Each low

power (10X) field of each specimen was graded,
and the intensity score was calculated by the sum
mation of the staining intensity (- = 0, + = 1,
+ + = 2) multiplied by the proportion of the cancer
with that intensity. Bars, mean Â±SEM. *P < 0.05

compared with well/moderate, poor, and colloid
differentiation: **P < 0.05 compared with poor
differentiation and normal colon; ***P < 0.05

compared with poor and colloid differentiation and
normal colon.

MUC1 MUC2 MUC3

T
T

normal well/mod poor
n-20 n-18 n-16

colloid
n-19

2.0-

normal well/mod poor colloid
n-20 n-18 n-16 n-18

normal wall/mod poor colloid
n-20 n-15 n-15 n-20

* V^P

.

H

Fig. 6. Streptavidin-biotin-peroxidase immunohistochemical analysis: mucin core peptide expression in cancer. Antibodies include 139H2 (MUC1) in the first column (A, D, G, and
7); anti-MRP (MUC2) in the second column (B, E, H, and K); anti-M3P in the third column (C, F, I, and /). Specimens are serial sections of individual cancers as follows: A-C.
gastric adenocarcinoma (note apical membrane reactivity with 139H2, negative anti-MRP and diffuse cytoplasmic staining with anti-M3P); D-F, well-differentiated colon cancer
(note coexpression of all 3 mucin core peptides); G-l, pancreatic adenocarcinoma (note strong membrane and luminal content 139H2 reactivity, negative anti-MRP, and weakly positive
cytoplasmic M3P reactivity); J-L, well-differentiated lung adenocarcinoma (note coexpression of all 3 mucin core peptides). Counterstain is methyl green. Bars, 50 pm.
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Table 4 Expression of MUCl-, 2-, and 3-associated epitopes in cancers0

Esophageal squamous cellcarcinoma%+Gastric

adenocarcinoma%+Pancreatic

adenocarcinoma%Colonie

adenocarcinoma%Breast

adenocarcinoma%Ovarian

mucinouscystadenocarcinoma%Prostate

adenocarcinoma%Lung

adenocarcinoma%SarcomaLymphomaDF34/5808/108012/1210018/21865/51002/45010/1010012/121000/20/2139H25/510010/119111/1110015/217113/16810/4010/1010012/121000/20/2HFB1/5209/11823/122515/19791/1662/4500/1002/12170/20/2MRP0/5207/17412/111821/211006/16373/4750/1001/1280/20/2SIB0/207/10705/124219/21904/16253/4750/1004/12300/20/2M3P05/11455/11459/15603/16192/4500/1005/12420/20/2

" Expressed as the number of specimens positive/total number of specimens.

kb
1 9.50-7.46-

4.40-

2.37-

1.35-

I

CDEFG H l J K

3 9.50* 7.46

A 9-50
4 7.46

Fig. 7. Northern blot analysis demonstrating tissue-specific expression of mucin
mRNA in paired normal and cancer tissue. RNA samples of 10 ug were separated on 1.2%
agarose gels in the presence of formaldehyde and transferred to nylon membranes. The
membranes were serially probed, erased, and reprobed with cDNAs for MUCl (Panel I ),
MUC2 (Panel 2), and MUC3 (Panel.?). RNA ladders (1.35-9.5 kb) were used as size
markers. Ethidium bromide staining of original gels before transfer to nylon membranes
indicates equivalent loading of RNA (Panel 4). A, breast adenocarcinoma; B, normal
breast; C, lung adenocarcinoma; D, normal lung; E, normal bronchus; F, gastric adeno
carcinoma; C, normal stomach; H. gallbladder (mild chronic cholecystitis): /. normal
ileum; J, colon adenocarcinoma; K. normal colon.

these cancers may result from posttranscriptional alterations. These
may include diminished glycosylation, which results in increased
exposure of core peptide repeats, or increased RNA translation rates.

MUC2 and MUC3 epitopes were frequently expressed in colon
cancers and were restricted to the cytoplasm of malignant glands
(Fig. 6). The intensity of staining was recorded in a large group of
primary colorectal cancers using a semiquantitative grading system.
The intensity of MRP staining appeared to be greater in well-/
moderately well-differentiated cancers compared with poorly differ
entiated cancers, however mucinous or "colloid" cancers demon

strated the strongest reactivity (Fig. 3). M3P staining intensity was
greatest in well-or moderately well-differentiated cancers, and only

occasional colloid cancers were strongly reactive. Steady state MUC2
mRNA levels were decreased in colon cancers in most paired speci
mens. The exceptions included 2 cases of colloid cancer: one speci
men demonstrated high levels of MUC2 RNA and the other contained
high levels of MUC3 RNA compared with normal mucosa, whereas
their levels of MUCl RNA were similar to adjacent normal mucosa
(Fig. 5). These data demonstrate that intestinal mucin core peptide
expression is a function of higher levels of histological differentiation
in colon cancers. In addition, these immunohistochemical studies
indicate that the majority of colloid-type cancers can be characterized
by overexpression of MUC2, rather than MUCl- or MUC3-related

mucin, and correlate with increased steady state MUC2 mRNA levels

observed in one specimen.
Northern blot experiments confirmed the specificity of the probes

used in this study (Fig. 7). In addition, MUCl allelic polymorphisms
were similar in the paired normal and cancer tissues tested, indicating
that allelic deletion may be rare at this locus. However, Merlo et al.
(26) reported frequent mutations at the DF3 antigen locus in breast
carcinomas. Loss of heterozygosity was present in 20 (29%) and
increased copy number of one alÃelewas observed in 8 ( 11%) of 70
informative specimens (26).

DISCUSSION

Mucins are composed of a family of molecules that are synthesized
by a wide variety of epithelial tissues. Molecular cloning experiments
have demonstrated that multiple mucin genes exist in the human
genome, which can be grouped into 2 types: membrane-bound mucin

(mammary and pancreatic MUCl) and secreted mucin (intestinal
MUC2 and MUC3). The total number of unique mucin genes in
human tissue remains to be determined, and potentially can be quite

648

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/641/2452622/cr0530030641.pdf by guest on 19 M

ay 2023



HliTKRtXÃ¬KNF.ITY OF MUCIN GENK KXPRKSSION

heterogeneous, as demonstrated by recent reports of unique human chemical differentiation in cell culture. The cell line Caco-2 has been

tracheobronchial mucin cDNA (27) and human gastric mucin cDNA

sequences (28).
The MUC1 core peptide, detected by antibody 139H2, is present on

the apical membranes of most secretory epithelial tissues, such as the
ductular and glandular tissue of bronchus, breast, pancreas, prostate,
and uterus. MUCI core peptide can be detected less frequently in
intestinal tissue, such as gastric surface epithelium, gallbladder, and
small and large intestinal epithelium. These results are similar to those
of other investigators who have used 139H2 and other antibodies
(HMFG-1, HMFG-2, SM-3, 115F5) directed against the core peptide

of this molecule (22, 29). The lack of I39H2 reactivity in intestinal
tissue despite relatively high levels of steady state MUCI mRNA
suggests that MUCI immunoreactivity is determined by posttranscrip-
tional or posttranslational events. As proposed previously, the immu-

nohistochemical detection of MUCI core peptide may be determined
by differences in the amount of glycosylation present, which could
result in concealment of antibody recognition sites (30).

In contrast to MUCI distribution, the distribution of MUC2 is
restricted primarily to intestinal epithelium. Steady state MUC2
mRNA levels are highest in normal colon, followed by normal small
intestine. In comparison, very low levels of MUC2 mRNA were
measured in gallbladder and bronchial tissue, and no detectable
mRNA was found in normal lung, breast, seminal vesicle, stomach,
and pancreas. Goblet cells of the small intestine and colon appear to
be the source of MUC2 proteins, as indicated by their strong supra-
and perinuclear reactivity with anti-MRP, directed against a synthetic

MUC2 tandem repeat sequence. In addition, several specimens of
bronchial epithelium and glands demonstrated trace reactivity, corre
sponding to low levels of MUC2 mRNA measured in these tissues.
These results were confirmed by anti-HFB and anti-SIB, which re

acted most intensely with intestinal goblet cells, and also demon
strated less intense reactivity with bronchial tissue. However, anti-
HFB and anti-SIB reactivity was also demonstrated in gastric mucous
neck cells and gastric surface mucous cells, respectively, and anti-

HFB reactivity was noted in pancreatic ductular cells. Since these
tissue specimens lacked measurable MUC2 and MUC3 mRNA, this
may represent nonspecific reactivity or cross-reactivity against a new
and as-of-yet uncharacterized mucin peptide. The latter is a distinct

possibility since the colon cancer mucin and small intestinal mucin
preparations used as immunogens for these antibodies could have
easily contained small amounts of multiple mucin core peptide spe
cies. The pattern of MRP reactivity that we have observed in the
present study has recently been confirmed by Xing et al. (31), using
monoclonal antibodies raised against a synthetic MUC2 tandem repeat
sequence.

Similar to MUC2, the expression of MUC3 is relatively restricted
to the gastrointestinal tract. However, immunohistochemical data in
dicate that MUC2 and MUC3 core peptides are expressed in different
cell types within these tissues. Anti-M3P reactivity was restricted to

the cytoplasm of columnar cells located in the upper villi of the small
intestine and in columnar cells of the surface epithelium in the colon.
Anti-M3P immunoreactivity appeared to be absent from goblet cells.

In addition, the columnar epithelial cells of gallbladder specimens
demonstrated strong anti-M3P reactivity in each specimen. The inten
sity of anti-M3P reactivity in these tissues correlated with steady state

mRNA levels: high levels were observed in gallbladder and small
intestine, lower levels in colon, and very low to absent levels in other
tissues that did not demonstrate anti-M3P immunoreactivity. Intestinal

columnar cells have not been previously considered to be a major
source of mucin synthesis in the intestine. In support of this finding
was the previous analysis of colon cancer lines Caco-2 and T84, which
demonstrates spontaneous enterocyte-like morphological and bio-

shown to synthesize mucin similar to that of undifferentiated (HT-29)

and mucinous (LSI74T) colon cancer cell lines, as quantitated by
Sepharose CL-4B chromatography, CsCl density gradient centrifuga-

tion, and enzymatic degradation experiments. Interestingly, mRNA
isolated from Caco-2 hybridized primarily with the MUC3 cDNA

probe rather than MUC2 (25).
Intestinal goblet cells have been demonstrated to be heterogeneous

using lectins and monoclonal antibodies. For example, in the proximal
colon only the goblet cell mucins of the upper crypt bind Dolichos
biflorous agglutinin, whereas in the distal colon D. biflorous aggluti-

nin binding is present in goblet cells of both the upper and lower
crypts. In addition, Ulex europaeus agglutinin is bound by goblet cells
of the proximal colon much more frequently than distal colon (32). A
panel of monoclonal antibodies made against purified human colonie
mucin also demonstrated that normal human goblet cells were
heterogeneous, with variations in reactivity within the axis of small
intestinal and colonie crypts and between proximal and distal regions
of the small intestine and colon (33). In the present study, anti-MRP,

HFB, and SIB reactivity in goblet cells was similar in all regions of the
colon and in the upper and lower crypts, indicating that the described
goblet cell heterogeneity is independent of mucin core protein syn
thesis. However, in the duodenum and small intestine more goblet
cells were noted to be unreactive with these antisera, suggesting that
populations of goblet cells may exist in these tissues that synthesize a
unique mucin core protein.

Several investigators have noted similarities between intestinal mu
cins and bronchial mucin. We and others have demonstrated cross-
reactivity of anti-mucin antibodies in specimens of bronchial and

intestinal tissues (34, 35). Jany el al. (36) used the MUC2 cDNA
SMUC4I to screen a cDNA library constructed from RNA isolated
from a surgical specimen of bronchial mucosa from a patient with
chronic bronchitis. A bronchial cDNA was isolated (HAM-1 ) that was
96% homologous to the first repeat of SMUC-41, and hybridized to
the same restriction fragments of human genomic DNA as SMUC-41
(36). Similarly. Gerard el al. (37) used a 30-mer oligonucleotide

corresponding to a portion of the MUC2 tandem repeat sequence to
probe a cDNA library constructed with RNA isolated from a specimen
of cystic fibrosis trachea. The cDNAs isolated contained tandem re
peat units that contained 69 nucleotides and differed in only 2 amino
acids when compared with tandem repeat consensus sequences re
ported for SMUC 40â€”42(37). Our data demonstrate that when quan
titated using RNA slot-blot analysis, the amount of MUC2 RNA in

human lung and bronchial tissues is very small compared with human
intestine and colon. The specimens of lung used in the present study
were histologically normal or at most demonstrated mild chronic
bronchitis or emphysema. Possibly, up-regulation of MUC2 gene ex

pression could occur in disease states such as chronic bronchitis and
cystic fibrosis, as has been demonstrated to occur in rat airways after
exposure to sulfur dioxide (38). We also demonstrated low levels of
MUC3 mRNA in several normal lung and bronchial specimens, and
higher levels were detected in 4 of 6 lung adenocarcinomas. These
findings, in addition to the recent description of a unique tracheobron
chial cDNA [proposed as MUC4 (27)], indicates that considerable
heterogeneity of mucin core peptide species exists in the lung. This is
supported by the finding of biochemically distinct fractions of mucin
isolated from airways (39).

Organ and cell specificity of different mucin core peptides implies
that each peptide may serve different functions. The presence of
membrane-bound mucins inserted into apical membranes of almost all

epithelial cells indicates that these molecules serve an important pro
tective function. The MUCI polypeptide is a monomeric protein from
M, 120,000 to 300.000 in size, with a short membrane spanning
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portion followed by tandem repeats containing 25% serine or threo-
nine glycosylation sites. This rod-like molecule extends 150 nm above

the cell surface, and may play a role in physically shielding surface
antigens or receptors from luminal agents (9). In contrast, secretory
mucins form long polymers by virtue of linkages between cysteine
residues located in nonrepetitive sequences at amino and carboxy
ends, and contain no transmembrane spanning sequences.4 The tan

dem repeat sequences of MUC2 and MUC3 proteins are highly gly-

cosylated, and contain 61 and 71% serine/threonine glycosylation
sites, respectively. These proteins are primarily found in the gas
trointestinal tract, which is constantly exposed to changes in pH,
proteases, bacteria, and foreign ligands. The functional significance of
differences in the core peptide sequences of MUC2- and MUC3-

secreted mucins remains to be determined. However, the presence of
high levels of MUC3 peptide and mRNA in gallbladder epithelium
suggests this mucin may be more protective against the detergent
actions of bile salts. In addition, the noted lack of MUC2 and MUC3
mucins in normal stomach indicates that the major secreted gastric
mucin is most likely a different protein, perhaps structurally adapted
for resistance against an acidic environment. This is supported by
differences in the proportion of threonine, proline, serine, and cysteine
amino acid residues reported for human gastric mucin (40) compared
with MUC1 (41) and MUC2 and MUC3 proteins (17, 18). Further
more, a unique cDNA for human gastric mucin has recently been
described by our laboratories (28).

Altered mucin expression is a hallmark of premalignant conditions
in the stomach. The replacement of gastric glands with intestinal-type

epithelium correlates very well with the incidence of gastric carci
noma in epidemiological studies. In this metaplastic process, the neu
tral mucins of the normal gastric glands are replaced by sialomucins
and sulfomucins, which are characteristic of small and large intestinal
goblet cells (42). We have confirmed that specimens of intestinal
metaplasia express immunoreactive MUC2- and MUC3-specific tan

dem repeat epitopes that are absent in all specimens of normal fundic
and antral mucosa analyzed. In addition, in one specimen of intestinal
metaplasia analyzed, this correlated with the appearance of MUC2
and MUC3 mRNA at levels analogous with normal intestine. This
demonstrates that up-regulated intestinal mucin genes may represent a

marker of preneoplasia in gastric mucosa.
Mucin-type glycoproteins are commonly altered in adenocarcinoma

(2, 3). In the present study, we have observed that alterations of mucin
core peptides in cancer include increased expression, loss of expres
sion, and aberrant expression. Aberrant expression of mucin core
peptides in cancers consisted of the appearance of MUC1, MUC2,
and/or MUC3-reactive epitopes that were not expressed in corre

sponding normal tissues, and was observed in breast, lung, pancreatic,
ovarian, gastric, and colonie cancers. Analysis of corresponding
steady-state mRNA levels suggests that several different mechanisms

could be responsible for these findings. First, the length and number
of carbohydrate side chains have been shown to be reduced in colon
cancer mucin compared with normal colon (43). Diminished glyco
sylation may result in "unmasking" of core peptide epitopes and

increased immunoreactivity, regardless of the total amount of mucin
protein translated. This is evident in well- and moderately well-dif

ferentiated colon cancers that uniformly demonstrate increased MUC2
and MUC3 immunoreactivity compared with normal colon, however
MUC2 and MUC3 mRNA levels were decreased in these cancers
compared with normal colon. This mechanism also may explain the
appearance of MUC2- and MUC3-related epitopes in breast and lung

cancers despite no alterations in the low levels of MUC2 and MUC3
mRNA. The second mechanism is the selective up-regulation of mu

cin gene transcription. This was observed in MUC1 mRNA levels in
one paired specimen of breast cancer and normal breast, as was
previously described using a larger number of breast cancer specimens
by Hareuveni et al. (12). Up-regulation of MUC3 mRNA was ob

served in 6 of 6 gastric cancer specimens compared with 4 specimens
of normal stomach. In addition, up-regulation of MUC2 or MUC3

mRNA was observed in 2 specimens of colloid colon cancer. Deletion
of MUC2-related epitopes was observed in 2 of 12 well- and moder

ately differentiated colon cancers and correlated with absence of mea
surable MUC2 mRNA. Isolation of tumor DNA by cryostat micro-

dissection techniques in one of these cancers and analysis of
restriction fragment polymorphism by Southern blotting using the
SMUC41 cDNA probe revealed no differences compared with DNA
isolated from adjacent normal tissue.5 This suggests that loss of

MUC2 expression in this cancer was not due to MUC2 gene deletion.
Finally, it should be noted that quantitative comparisons of mRNA
levels from slot-blot analysis should be interpreted cautiously due to

differences in the relative types and proportions of cells in individual
specimens used for RNA isolation. Comparison of mucin mRNA
levels in tissues can be confirmed by in situ hybridization studies, and
are currently being performed in our laboratories.

These data indicate that expression of the different mucin genes
appears to be under different regulatory mechanisms and may be
organ- and cell type-specific. Neoplastic transformation is associated
with dysregulated expression of both membrane-bound and secreted

mucin core protein epitopes. The molecular mechanisms of alterated
mucin gene expression in cancer are complex and involve both tran-
scriptional up-regulation and down-regulation.
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