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Human endometrial glands syntbesize and se-
crete a bigh molecular weight mucin-like glycop-
rotein in a menstrual cycle-dependent fashion. A
novel moiety within this Golgi-associated glycop-
rotein is strongly reactive with IgG antibodies in
numerous murine ascites, and bas been termed
MAG (mouse ascites Golgi). Immunobistochemi-
cal staining of 201 endometrial biopsies revealed
the following patterns: MAG first appeared in the
Golgi on cycle day 5, peaked on day 15, was
present on the surface of the luminal epitbelium
between days 17 and 19, and was no longer de-
tectable after day 19. MAG was also present in
cervical, prostate, seminal vesicle, and lacrimal
glands, pancreatic acinar cells, gall bladder and
bile duct epitbelium, and certain cells of the sali-
vary and sweat glands. Interestingly, only tissues
Jrom blood group A individuals exhibited this
staining. As a common link among all these cell
types is the expression of mucins, we speculated
that the MAG epitope could be a mucin-associ-
ated blood group A-related epitope. This bypotb-
esis was tested by absorption experiments with a
variety of glycoconjugates and erytbrocytes and
by immunoblots of MAG-ricb material. The ab-
sorption studies demonstrated that only type III
porcine mucin (<1% sialic acid) and blood type A
or AB erytbrocytes were able to absorb the anti-
MAG antibody. Inasmuch as N-acetyl-galac-
tosamine alone, the terminal blood group A car-
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bobydrate, did not block MAG antibody binding,
the MAG epitope appears to involve N-acetyl-
galactosamine plus otber determinants. Immuno-
blots of endometrial extracts and saliva from
blood type A individuals revealed MAG-reactive
material with a molecular weight >200 kd under
reducing conditions. Because the MAG epitope
appears on the endometrial surface during the
purported implantation window, we speculate
that mucin-like epitopes could play a role in
the earliest apposition phbases of conceptus-
endometrial interaction. (Am J Patbol 1995,
146:166—181)

The molecular basis for the apposition and adhesion
phases of implantation is not precisely understood
but may involve cell-cell recognition moieties.” Syn-
chronization between embryonic and uterine devel-
opment leading to the receptive phase, or “implan-
tation window,” appears to be necessary for
successful implantation in the rodent? and human -5
In preparation for the implantation process, the uter-
ine epithelium produces both secreted and mem-
brane-bound glycoproteins,® some of which are hor-
monally regulated.”-® Biochemical changes, such as
a decrease in the thickness and charge of the uterine
epithelial glycocalyx, have been shown to precede
implantation.'®-'2 The carbohydrate complexes of
the luminal endometrial surfaces (glycocalyx) have
also been shown to change during the adhesive
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phase,’®® as demonstrated by changes in lectin
binding. Lindenberg and colleagues,'*'® have dem-
onstrated the presence of a specific oligosaccharide
determinant, lacto-N-fucopentaose |, on the mouse
endometrium that appears at the time of implantation
and specifically binds to a lectin receptor on the
trophoblast surface of the blastocyst. These workers
showed that the addition of lacto-N-fucopentaose |
inhibited blastocyst attachment to endometrial
monolayers.'® In addition to binding to specific re-
ceptor molecules, endometrial cell surface glycop-
roteins may act as substrates for cell surface glyco-
syltransferases. Galactosyl transferase has been
identified on the surface of early mouse preimplan-
tation embryos.’ As demonstrated in sperm-egg
binding,'® glycosyltransferases present at the em-
bryonic-endometrial interface could facilitate the
complex heterotypic cell-cell interactions required
for implantation.

While characterizing the immunolocalization pat-
tern of oncofetal fibronectin in human implantation
sites, '® we observed highly specific Golgi staining in
certain endometrial biopsies. Although initially attrib-
uting this Golgi staining to the anti-oncofetal fi-
bronectin antibody, we later identified IgG antibodies
in other non-fibronectin-related murine ascites that
exhibited the same specific Golgi-associated stain-
ing. This fortuitous finding led us to further charac-
terize the mouse ascites Golgi moiety, termed MAG.
In this study, detailed analysis of multiple endome-
trial samples revealed that MAG has a unique pat-
tern of expression in the normal hormonally respon-
sive endometrium. Furthermore, MAG is present in
various secretory epithelia and appears to be part of
a large mucin-like glycoprotein. The specific tempo-
ral regulation and secretion of MAG by normal cy-
cling endometrial glands suggests an important role
for mucin-like glycoconjugates in early embryo-
endometrial interactions.

Materials and Methods
Specimens

Endometrial tissue was examined from endometrial
biopsies, endometrial curettings, and hysterectomies
performed at the Hospital of the University of Penn-
sylvania, Yale-New Haven Hospital, and the Pacific
Fertility Medical Center. A total of 201 specimens
were examined, including specimens throughout the
entire menstrual cycle. Endometrial specimens with
stromal/glandular dyssynchrony, hyperplasia, atypia,
or carcinoma were not included. Occasionally, pa-
tients were biopsied in sequential cycles, and one
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patient was biopsied five times during the follicular
phase of one cycle. Tissues from other organs were
examined from the files of both the Hospital of the
University of Pennsylvania and the Yale-New Haven
Hospital. Brain tissue was examined from resections
performed at the Hospital of the University of Penn-
sylvania. The specimens were fixed in either Bouin’s
solution or 10% neutral buffered formalin overnight at
room temperature and either embedded immediately
or stored in 70% ethanol until embedding (usually
within a few days of tissue collection). All human ma-
terial was collected with the approval of the Institu-
tional Review Boards at each institution.

Endometrial Dating

Standard hematoxylin and eosin stained sections
were examined for dating. The endometrial samples
were dated according to the general principles of
Noyes et al,2° as more fully detailed in Hendrickson
and Kempson's2! Decision Tree for Endometrial Dat-
ing. As described by these authors, only the portions
of each biopsy from the functionalis layer were used
for dating, and the most advanced area was used to
assign the final date.

Ascites, Antibodies, and Lectins

Mouse ascites were generated by first priming male
and female retired breeders with the mineral oil
pristane (Sigma Chemical Co., St. Louis, MO), fol-
lowed by intraperitoneal inoculation with 1 X 10° hy-
bridoma cells (see Table 1) 10 to 14 days after the
pristane injection. Mice were observed daily for as-
cites development. When sufficient fluid had accu-
mulated in the peritoneal cavity (5 ml or more) of each

Table 1. Frequency of MAG-Positive Ascites in Balb/c

Mice*

Mouse Sex Hybridoma MAG Reactivity
A male 9018 -
B —
C _
D1 female X18A4 +
D2 *
D3 -
E1 female P20 -
E2 +
E3 +
E4 -
F1 male 9018 -
F2 -

*Ascites were generated in mice as described in Materials and
Methods. The resultant ascites were tested by immunohistochem-
istry against known MAG-positive endometrial biopsies. —, no MAG
staining; *+, weakly MAG-positive; +, strongly MAG-positive. Only
ascites that were MAG-positive for endometrium were able to stain
other MAG-containing tissues (see Table 3).
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mouse, it was tapped by inserting an 18-gauge 1-inch
needle intraperitoneally. Mice were repeatedly
tapped in this way as long as the ascitic fluid reac-
cumulated and the animal remained healthy. A variety
of ascites from both private and commercial sources
was also tested (Table 2). Mouse ascites were used
at 1:1000 dilutions. Anti-A, -B, and -O (H) monoclonal
antibodies from Dako Corp. (Carpinteria, CA) were
used, the former at a dilution of 1:1000, the latter two
at 1:250. Biotinylated anti-mouse a, vy, and p specific
secondary antibodies from Vector Laboratories (Bur-
lingame, CA) were used at a final concentration of
2.25 pg/ml, as instructed by the manufacturer. Bioti-
nylated lectins from Vector were used at the following
dilutions: Ulex europaeus |, 1:250; Dolichos biflorus,
1:500; Bandeiraea simplicifolia, 1:200; and Vicia vil-
losa, 1:200.

Immuno- and Lectin Histochemistry

Sections (5 p) from paraffin-embedded tissue were
placed on glass slides previously coated with a film
of 1% poly-d-lysine, 30,000 to 70,000 molecular
weight (Sigma), dried for 30 minutes at temperatures
no greater than 60 C, and stored at room temperature
until used. Immunoperoxidase staining was per-
formed by the avidin-biotin detection method with kits
from Vector with diaminobenzidine (Sigma) as the
chromogen. The temperature at which the immu-
noperoxidase procedure was performed proved to
be critical. If the slides were incubated for as little as
10 minutes at 37 C in the blocking, primary, or sec-
ondary antibody steps, as much as 80% of the stain-
ing intensity was lost. The best protocol was achieved
when blocking, secondary, and avidin-biotin complex
steps were performed at 22 to 24 C for 45 to 60 min-
utes and the primary antibody step at 4 C overnight.
Biotinylated lectins were incubated for either 1 hour at
room temperature (20 to 22 C) or 4 C overnight, fol-
lowed directly by avidin-biotin complex and then dia-
minobenzidine. Slides were counterstained with he-

Table 2. MAG Reactivity of Ascites From Various Sources*

matoxylin. Commercially available ascites, ascites
acquired as gifts, and ascites generated by pristane
priming followed by intraperitoneal hybridoma inocu-
lation were tested for MAG activity (Tables 1 and 2).
Those ascites that intensely stained select human en-
dometrial gland Golgi were used to test the remaining
specimens. Control slides were incubated with either
undiluted P3X63Ag8 mouse myeloma cell line super-
natant (American Type Culture Collection, Bethesda,
MD) or control ascites that were unreactive to known
positive endometrial samples. Allimmunohistochemi-
cal studies included known positive control slides.

Absorption Studies

For 1gG absorption, 10 pl of MAG-positive and
-negative ascites, diluted 1:10 in phosphate-buffered
saline-0.1% bovine serum albumin, were added to
10 pl of protein G Sepharose beads (Pharmacia, Pis-
cataway, NJ), incubated overnight at 4 C with gentle
agitation, centrifuged, and used for immunohisto-
chemistry. For glycoconjugate absorption, MAG-
positive ascites was diluted to an IgG concentration
of approximately 5 ug/ml. Between 2 and 4 pl of
glycoconjugate were added to 100 pl of antibody
solution to make a 1:1 molar ratio of IgG to glyco-
conjugate (Sigma), incubated overnight at 4 C, and
centrifuged in a microcentrifuge at maximal speed
for 5 minutes, and the resultant supernatant was
used to perform MAG immunohistochemistry. Ab-
sorption studies with red blood cells RBCs were per-
formed in a similar manner. Whole blood from types
O, A, B, and AB individuals were washed two times
with cold phosphate-buffered saline (150 mmol/L
NaCl and 10 mmol/L phosphate buffer, pH 7.4) by
centrifugation and pelleted, and the RBCs were di-
luted 1:1 with cold phosphate-buffered saline. A total
of 50 pl of this 50% suspension was added to 100 pl
of diluted MAG antibody solution, incubated over-
night at 4 C, and centrifuged, and the supernatant
was used to perform MAG immunohistochemistry.

MAG
Designation Strain:Sex Source Reactivity
H4C4 CBG6F,/J X C57Black/BALB/c:unknown J. Thomas August, Johns Hopkins University +
H4.8 Balb/c:female Stephen Warren, Yale University -
A137 Not known Adeza Biomedical Corporation, Sunnyvale, CA +
Pooled Control Balb/c:female Zymed, San Francisco, CA -
Pooled Control Balb/c:female Immunovision, Springdale, AR +
Pooled Control Not known International Bio Sphere, Springdale, AR +
NS-1, pooled  Balb/c:female Biomakor, Rehovot, Israel +
SP2/0 Balb/c:female Harlan Bioproducts for Science, Indianapolis, IN +
NMA Balb/c:male and female Sigma Chemical Coop St. Louis, MO +

“Ascites acquired as gifts and commercial sources were tested for MAG reactivity by immunohistochemistry against known MAG-positive

endometrial biopsies. -, no MAG staining; +, strongly MAG-positive.



Sialidase (from Clostridium perfringens) and a-N-
acetylgalactosaminidase (from chicken liver; Oxford
Glycosystems, Rosedale, NY)-treated ovine sub-
maxillary mucin (OSM; a generous gift from V. P.
Bhavanandan, Hershey Medical Center, Hershey,
PA) was prepared according to the manufacturer’s
instructions. This treatment sequentially converted
the OSM carbohydrate side chains from sialyl-(2'6)-
N-acetyl-galactosamine (GalNAc)?2 to GalNAc to
core protein free of carbohydrates.?® GalNAc
(Sigma) was used at a concentration of 200 mmol/L.

Immunoblotting

Immediately after hysterectomy, a uterus from a pre-
menopausal 33-year-old gravida 1, para 1 woman
(day 17 by dates) with a history of dysmenorrhea and
menorrhagia was opened sterilely, and endometrial
samples were removed and fixed for later histological
dating. The remaining endometrial tissue was curet-
ted and placed in 10 ml of Dulbecco’s modified
Eagles’ medium, containing 25 mmol/L glucose and
25 mmol/L HEPES supplemented with gentamicin (50
pg/ml), glutamine (4 mmol/L), and 20% (v/v) heat-
inactivated fetal calf serum, and transported to the
laboratory. Pathological examination of the uterus re-
vealed two small leiomyomas and day-15 endome-
trium by histological criteria. The freshly removed en-
dometrium, 0.9 grams, was homogenized with a
model PT 15/35 Brinkman homogenizer (Brinkman In-
struments, Westbury, NY) for 3 minutes at a setting of
3.5 in 2 volumes of room temperature 4X solubilizing
buffer (250 mmol/L Tris, 280 mmol/L sodium dodecy!
sulfate, 160 mmol/L dithiothreitol, 40% glycerol (v/v),
and 0.02% bromphenol blue, pH 6.8) and stored at 4
C until used. Saliva from healthy donors was collected
into sterile 50-ml centrifuge tubes, immediately solu-
bilized, 1:1 (v/v), with 2X solubilizing buffer with di-
thiothreitol and used immediately or stored at -80 C
until used. From 25 to 100 pl of the solubilized en-
dometrial tissue or saliva was electrophoresed on 6%
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sodium dodecyl sulfate polyacrylamide gel electro-
phoresis gels under reducing conditions. Rainbow
protein molecular weight markers (Amersham, Arling-
ton Heights, IL) were run on each gel. The gels were
electrotransferred to nitrocellulose (Schleicher and
Schuell, Keene, NH) overnight at 0.5 volts at 4 C, in-
cubated with MAG-positive ascites as primary anti-
body (1:1000 dilution), undiluted P3X63Ag8 mouse
myeloma cell line supernatant, or MAG-negative as-
cites as the negative controls, with immunodetection
using a biotinylated anti-mouse |gG or y-specific sec-
ondary antibody (ABC Vectastain, Vector Laborato-
ries) and developed with the substrate diaminoben-
zidine.

Results

Identification and Characterization of
Murine Ascites Containing Anti-MAG
Antibodies

Our initial identification of MAG staining in normal cy-
cling human endometrium followed a detailed immu-
nohistochemical analysis with A-137,'® an ascites
generated with the anti-oncofetal fibronectin hybri-
doma FDC-6 (see Table 2). Initially, the highly specific
staining pattern described below led us to conclude
that oncofetal fibronectin was synthesized and se-
creted by the endometrium and that this adhesive
protein was present on the endometrial surface at the
initiation of implantation. However, studies comparing
A-137 ascites with pure FDC-6 antibody obtained
from hybridoma supernatant demonstrated that MAG
immunostaining was not due to the FDC-6 antibody
per se (Figure 1) but due to some other component
in the ascites. We have also confirmed that the pure
FDC-6 specifically identifies trophouteronectin, an
implantation site oncofetal fibronectin isoform derived
from trophoblasts.2# In addition, the pure FDC-6 does
not react with endometrium (Figure 1B). These results

Figure 1. MAG immunobistochemistry with ascites versus
supernatant forms of FDC-6. Serial sections of formalin-
Sfixed, paraffin-embedded normal buman endometrium
was stained with FDC-6 monoclonal antibody made as an
ascites (A) or as a supernatant (B). Only the ascites form of
the antibody (A) resulted in supranuclear immunoreactiv-
ity (MAG reactivity), suggesting that the anti-oncofetal fi-
bronectin antibodies were not responsible for the MAG
staining. Note the supranuclear, cap shape of the MAG-
reactive material (large arrowbead). Also note the distance
between the MAG-reactive material and the apical portion
of the endometrial gland cells (small arrowbeads). Magni-
Sfication, X 350.
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suggest that the anti-oncofetal fibronectin antibodies
were not responsible for the MAG staining.

When v-, p-, and a-chain-specific secondary anti-
mouse antibodies were used in the immunohisto-
chemical staining procedure against known MAG-
positive tissue specimens, only y-chain-specific
secondary antibodies yielded Golgi staining with the
MAG-positive ascites. This result suggested that the
MAG staining component in the ascites was one or
more |gG antibodies generated in the mice before or
during the ascites manufacture. We confirmed that
the MAG-reactive material is an IgG by demonstrating
that protein G sepharose beads were able to absorb
out the MAG-reactive material from known positive
ascites (data not shown).

To evaluate whether the generation of the MAG-
active IgG was specific to the sex or strain of mice, or
possibly related to the hybridoma used to generate
the ascites, we injected male and female Balb/c mice
with a variety of hybridomas and tested the resultant
ascites for MAG activity (Table 1). MAG-positive as-
cites was generated in 50% of the female mice but in
none of the male mice tested. MAG antibody produc-
tion appeared to be independent of the hybridoma
injected to promote the ascites. In addition to our own
ascites, we tested ascites from a variety of sources
(Table 2). Analogous to our result with A-137, we iden-
tified a number of ascites with MAG immunoactivity,
especially pooled ascites in which both MAG-reactive
and nonreactive ascites were likely to have been
blended together. This survey of MAG immunoreac-
tivity demonstrated that MAG antibodies are not a uni-
versal phenomenon but are produced only by certain
mice.

MAG Expression in the Normal Human
Menstrual Cycle

Examination of 201 endometrial biopsies revealed
that MAG expression was linked to the specific cycle
phase of each sample. Of the 201 biopsies examined,
MAG staining was demonstrated in 81 (40.3%). The
earliest expression of MAG was on day 5 of the men-
strual cycle (Figures 2 and 3). The staining first ap-
peared in the endometrial glands in an apical pe-
rinuclear location—consistent with a Golgi staining
pattern (Figure 2B, C). Biopsies on day 6 began to
show similar perinuclear staining in the luminal sur-
face glands. Between days 6 and 15, the Golgi stain-
ing became more diffuse throughout the specimens
examined, and more intense in each individual gland.
Maximal MAG staining for both endometrial glands

'and surface epithelium was on day 15 of an idealized

28-day cycle (Figure 2C). Beginning on day 16, when
subnuclear vacuoles could be identified in greater
than 50% of the glandular epithelial cells,?' the MAG
staining began to spread throughout the apical por-
tion of the glandular cells, suggesting movement of
the MAG epitope from the Golgi to secretory vesicles
(Figure 2D). At this time, the MAG staining in the sur-
face epithelium still remained within the Golgi. Be-
ginning on day 17, MAG staining could be identified
within the gland lumens (Figure 2E) and associated
with scattered patches of apical surfaces on the lu-
minal epithelial cells—possibly deposited there in
part by secretion of the MAG-positive material out of
the glands onto the luminal surface of the endome-
trium (Figure 2F). On days 18 and 19, almost no MAG
activity remained in the Golgi of the gland cells but
could be identified more frequently in the Golgi of the
cells of the luminal epithelium. MAG staining could
still be identified on luminal apical surfaces on day 19.
After day 19, no MAG staining could be identified in
the cells of the functionalis or surface epithelium, pre-
sumably because it had all been secreted from the
epithelial cells. Occasionally, deeper basalis glands,
which appeared morphologically to be either inactive
or proliferative, could be MAG-positive during the
later part of the menstrual cycle. Menstrual endome-
trium, although negative for MAG in the functionalis
layer, also occasionally contained MAG-positive
basalis glands.

Occasionally an endometrial biopsy showed vari-
ability of morphological date from one part of the bi-
opsy to another. Interestingly, the MAG staining re-
flected the date of each individual gland, not an
average of the entire biopsy. For example, in biopsy
specimens that contained glands that spanned sev-
eral days by histological dating, MAG staining also
spanned these dates (Figure 4). These results sug-
gest that MAG expression is related to the specific
state of biochemical differentiation of each individual
cell and not to the ambient conditions of the endo-
metrium as a whole.

MAG Tissue Survey

We next examined a variety of other tissues to deter-
mine whether the MAG epitope was specific to the
endometrium or was more generally distributed
throughout the body (Table 3). MAG staining was
found in a wide variety of tissues. It was mostly
present in epithelial cells—especially secretory
epithelium—and was not detectable in mesenchymal
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Figure 2. MAG expression throughout the menstrual cycle. Endometrial biopsies were fixed and processed for MAG immunobistochemistry as de-
scribed in Materials and Methods. A: No staining was noted in menstrual to day-4 endometria. B: Patchy, light Golgi staining (arrowbeads) was
first identified in glands on day 5. C: Golgi staining progressively increased in intensity during the proliferative phase to day 15 and could be iden-
tified in the Golgi of both endometrial glands and the surface epithelial cells. The staining was seen only close to the nuclei in a supranuclear dis-
tribution, leaving the apical cytoplasm free of staining (arrowbeads). D: Day-16 and -17 endometria exhibited a loss of tight supranuclear glan-
dular Golgi staining with an increase in diffuse apical staining (arrowbeads), suggesting transport of MAG to apical secretory vesicles. E: Gland
lumens on days 17 and 18 exhibited positively staining material, suggesting secretion of the MAG epitope. F: Day-19 endometria exhibited almost
no glandular Golgi staining, bad gland lumen secretion positivity, retained surface epithelium Golgi staining, and also exhibited occasional strong
staining of the apical surface of luminal epithelial cells (arrowbeads). Beyond day 19, no staining could be identified in either the glands or sur-
Sface epithelial cells. Magnifications, X 180 (A, C, and E) and X450 (B, D, and F).

cells. One exception to this pattern was the staining
of the perivascular astrocytes of the central nervous
system. One of the common links between all of the
sites that were MAG-positive was the ability of these
cells to produce and secrete mucins. Mucins are high
molecular weight glycoproteins containing peptide
cores surrounded by numerous oligosaccharide
chains.?® The protein cores (ranging in molecular
weight between 0.3 X 106 to 0.5 X 10° kd) are con-
nected to each other via disulfide bonds, resulting in
complex supramolecular structures that range in mo-
lecular weight between 10° and >45 X 10° kd.2® To
examine whether the MAG antibody was recognizing

a mucin-like glycoprotein, we next performed im-
munoblotting of MAG-containing extracts.

MAG Immunoblotting

When the endometrium from the day-15 hysterectomy
specimen was electrophoresed under reducing con-
ditions and immunostained with either control anti-
body or MAG-positive ascites, a high molecular
weight smear (>200 kd) was seen only in the MAG-
incubated blot (Figure 5). This smear is typical of
highly glycosylated proteins and suggests a marked
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heterogeneity of glycosylations on each polypeptide
core. Although many nonspecific lower molecular
weight bands were noted in both the control and
MAG-positive ascites blots, an additional band at ap-
proximately 35 kd was also seen in the MAG-treated
membrane. This band may either represent a proteo-
lytic fragment of the higher molecular weight band or
a distinct MAG-reactive protein.

Because we had shown by immunohistochemistry
that salivary gland Golgi stained with the MAG anti-
bodies (Table 3), we postulated that saliva might con-
tain MAG-reactive material. Saliva was collected from
seven healthy adult male and female donors, immu-
noblotted, and stained with MAG-positive and MAG-
negative ascites (Figure 6). All three male donors ex-
pressed MAG-positive saliva, whereas one out of the

four females had MAG-positive saliva. The MAG-
reactive bands appeared as smears from a molecular
weight of >200 kd to approximately 70 kd. Why didn’t
all of the samples show MAG reactivity? When we
obtained the blood types of the donors, we were sur-
prised to find that only samples from blood type A
individuals, male and female, contained any MAG-
reactive material. At first we considered that this
would limit the usefulness of the antibody, but further
analysis proved that this result was actually an op-
portunity to elucidate the nature of the MAG epitope.
This blood type association suggested that the MAG
epitope may be related to the blood group A oligo-
saccharide. We therefore next set out to determine
the oligosaccharide specificity of the MAG-positive
ascites.
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Figure 4. MAG expression in endometrial glands is dependent on the maturity of each individual gland. Early proliferative (A and B) and early
secretory (C and D) endometrial biopsies were fixed and stained for MAG as described in Materials and Methods. Every endometrial biopsy shows
a small degree of variability throughout the specimen. When MAG expression was analyzed and compared with the specific bistological pattern of
each gland we found that MAG expression varied in relation to the bistological date of each portion of the biopsy. A: Simple, early proliferative
gland with surrounding stroma containing neutrophils (arrows), consistent with day 6. Only two glandular epitbelial cells show any supranuclear
MAG reactivity (arrowbeads). Note daughter cells (d) and prophase nucleus ( p), consistent with proliferation. B: Folded, early proliferative gland
consistent with day 8 from same biopsy as shown in A. Virtually all of the glandular epitbelial cells now show supranuclear MAG reactivity. C:
Interval gland with a few, minute subnuclear vacuoles (arrowbeads), consistent with a day-15 biopsy. Note uniform, strong supranuclear MAG
staining throughout the entire gland. D: Early secretory gland showing almost uniform subnuclear vacuoles from a region near the gland shown
in C. The fact that the nuclei are not lined up, but greater than 50% of the cells are vacuolated (eg, arrowbeads) makes this gland consistent with
day 16 ( possibly 16.5). Unlike the day-15 gland in this same biopsy (C), this gland shows only a few cells with residual, tightly supranuclear MAG
reactivity Carrows). Some cells show light, diffuse MAG reactivity (triangles; see also Figure 2D), suggestive of movement of the epitope into apical

secretory vesicles. Magnification, X 350.

Absorption Studies: Glycoproteins, RBCs,
and GalNAc

Blood group-related oligosaccharides can be found
on erythrocytes and glycoproteins, especially the mu-
cin glycoproteins. Mucins are glycosylated through
O-linked carbohydrates attached to either a serine or
threonine in the protein core.?” These oligosacchar-
ides are similar to the carbohydrates seen on eryth-
rocytes and terminate with several sugars, including
galactose, GalNAc, fucose, and sialic acid. To de-
termine whether a carbohydrate structure is a com-
ponent of the MAG epitope, we next performed a se-
ries of absorption experiments with a variety of natural
and enzymatically produced glycoconjugates as well
as erythrocytes of the major blood types.

We examined the ability of N-linked, O-linked, and
erythrocyte glycoconjugates, as well as the mono-
saccharide GalNAc, to neutralize MAG antibody from
known positive ascites (Table 4), by immunohisto-
chemical analysis of known MAG-positive endome-

trial biopsies. None of the N-linked glycoproteins ab-
sorbed out the MAG activity. Heparin and chondroitin
sulfate, two members of the proteoglycan family, also
had no effect. Types | and I-S bovine submaxillary
mucins (which contain 12 and 5% terminal sialic acid,
respectively) did not absorb any MAG activity. In con-
trast, type lll porcine stomach mucin, which contains
less than 1% sialic acid, was able to absorb out all of
the MAG activity. Because this mucin contains oligo-
saccharides that resemble human blood group oli-
gosaccharides,?® we next examined the ability of
erythrocytes (RBCs) from A, B, O, and AB donors to
absorb out the MAG antibody activity. O erythrocytes
contain the H oligosaccharide and terminate with a
B-linked galactose. B erythrocytes express the H oli-
gosaccharide with an additional terminal a-linked ga-
lactose. A erythrocytes differ from B cells by termi-
nating with an a-linked GalNAc in place of galactose.
AB cells contain a roughly equal mixture of A and B
oligosaccharides. O and B RBCs had no effect on the
anti-MAG activity, whereas A RBCs absorbed out all
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Table 3. Tissue Survey of MAG Reactivity*

MAG
Tissue Staining

Endometrial glands (menstrual cycle +
dependent)

Cervical glands

Fallopian tube epithelium

Ovary

Prostate glands

Seminal vesicle glands

Lacrimal glands

Pancreatic acinar cells

Pancreatic islets

Liver (parenchyma)

Intrahepatic bile ducts

Gall bladder epithelium

Common bile duct epithelium

Stomach mucosa

Duodenal mucosa

Duodenal submucosal glands

Small intestine mucosa

Large intestine mucosa

Kidney (proximal collecting ducts only)

Salivary glands (exocrine cells)

Breast (lobules, lactating, or nonlactating)

Breast (ducts)

Sweat glands (eccrine only)

Nasal mucosa glands

Bronchial glands

Smooth muscle

Skeletal muscle

Endothelial cells

Adipose tissue -

Lymph node -

Spleen -

Squamous epithelium and mucosa (skin, -t
oral, and vaginal)

Brain (only perivascular astrocytes +

L+ +++ 1 ++

F+ 10 +++0

P+ 4+ 40 +++

*Tissues only from blood group A patients were processed and
stained for MAG as described in Materials and Methods.

tFor an unknown reason, occasional squamous epithelium
specimens showed MAG reactivity in between the keratinocytes.

of the MAG activity. AB RBCs absorbed out most, but
not all, of the MAG activity.

These results suggested that GalNAc must be at
least part of the MAG epitope. We therefore next in-
vestigated whether GalNAc alone would be sufficient
to compete with the MAG activity. When GalNAc was
added to the primary antibody at a concentration of
200 mmol/L, there was no effect, suggesting that, al-
though GalNAc is necessary for MAG binding, itis not
sufficient. Because the first carbohydrate in each
O-linked glycoprotein is GalNAc linked to either a
serine or threonine residue, we next evaluated
whether a GalNAc linked to the protein core was suf-
ficient to absorb out MAG or whether the full oligo-
saccharide with GalNAc as the terminal sugar was
necessary for MAG absorption. To test these two pos-
sibilities, we used ovine submandibular mucin (OSM).
OSM has the particular characteristic that it only con-
tains the disaccharide sialyl-(2'6)-GalNAc linked to
either a serine or threonine. By treating OSM with ei-
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Figure 5. Immunoblot showing MAG expression by day-15 human
endometrium. Endometrial tissue (0.9 g) removed from a bysterec-
tomy specimen was solubilized with sodium dodecyl sulfate and re-
ducing agents. Amounts of 10, 25, 50, and 100 pl were loaded per
lane in two sets of lanes. After electrophoresis, the proteins were elec-
trotransferred from the gel to nitrocellulose and immunochemically
stained with either (A) control mouse myeloma supernatant or (B)
with an ascites with anti-MAG activity. Notice the diffuse band in gel
B corresponding to the bigh molecular weight (>200 kd) MAG
mucin-like glycoprotein. An approximately 35 kd band can also be
seen in gel B, possibly representing a proteolytic fragment of the
mucin-like glycoprotein or a distinct MAG-reactive protein. Molecular
weight markers are in kd.

ther sialidase alone or sialidase with a-N-acetyl-
galactosaminidase, one can produce OSM with only
GalNAc attached or with no sugars attached. All
forms of OSM, including native and enzymatically
treated forms, were unable to absorb out the MAG
activity (Table 4), suggesting that a single GalNAc
attached to a mucin protein core is not the MAG
epitope. It appears, therefore, that the MAG epitope
is closely related to the blood group A oligosaccha-
ride that is found on type A RBCs and material con-
taining mucin oligosaccharides that terminate with a
GalNAc.

MAG Staining and the Blood Type
of the Patient

We speculated that the apparent A oligosaccharide
specificity of MAG might explain why we could iden-
tify MAG staining in only 40.3% of the endometrial
biopsies examined (see above). When we sorted the
immunohistochemical results according to blood
type, the correlation became clearer (Table 5). We
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Figure 6. Immunoblot showing MAG expression
in saliva. Saliva from seven normal adults, three
male (HJK, RFF, and CLW) and four female
(STS, ELM, LBS, and KAN), was immunoblotted
in two parallel sets for MAG expression as de-
scribed in Materials and Methods. The sets were
separated and reacted with either MAG-positive
ascites (A) or MAG-negative ascites (B). A Sev-
eral of the samples revealed a MAG-reactive
smear between >200 kd to approximately 70 kd.
Only blood type A individuals (HJK, STS, RFF,
and CLW) expressed the high molecular weight
smear. Although weak in this particular blot, a
distinct band was always seen with the RFF
sample. ELM is blood type B, whereas LBS and
KAN are blood type O. Notice that the approxi-
mately 35-kd band that was seen in the endome-
trial sample (Figure 5B) was not seen here. B:
No bigh molecular weight smear was seen in the
MAG-negative blot for any of the samples. Very
light, identical nonspecific bands were noted in
both MAG-positive and MAG-negative blots.

Absorbs

Glycoconjugate/Sugar Linkage Terminal carbohydratest MAG?
Ovalbumin GlIcNAc-Asp Gal, GIcNAc, Man No
a1-Acid glycoprotein GIcNAc-Asp Gal No
Bovine serum albumin GicNAc-Asp Gal, GIcNAc, Man No
Heparin Xylose-Ser GIcNSOQ,, GIcUA, GIcNAc No
Chondroitin sulfate Xylose-Ser GIcUA No
Type I* bovine submaxillary mucin GalNAc-Ser(Thr) Sialic Acid (12%), Gal, GIcNAc, GalNAc No
Type I-S* bovine submaxillary mucin GalNAc-Ser(Thr) Sialic Acid (5%), Gal, GIcNAc, GalNAc No
Type IlI* porcine stomach mucin GalNAc-Ser(Thr) Sialic Acid (1%), Gal, GIcNAc, GalNAc >95%
Type O RBCs GalNAc-Ser(Thr) GalB-GIcNAc No
Type B RBCs GalNAc-Ser(Thr) Gala-Galp-GIcNAc No
Type A RBCs GalNAc-Ser(Thr) GalNAca-Galp-GIcNAc >95%
Type AB RBCs GalNAc-Ser(Thr) Gala-Galp-GIcNAc ~50%

GalNAcea-Galp-GIcNAc

GalNAc No
OSM GalNAc-Ser(Thr) Sialyl-GalNAc- No
OSM, Sialidase Rx'd GalNAc-Ser(Thr) GalNAc No
OSM, Sialidase & GalNAcase Rx'd Ser(Thr) None No

T Gal, galactose; GIcNAc, N-acetyl-glucosamine; Man, mannose; GIcNSO,, glucosamine sulfate; GIcUA, glucuronic acid; Sialyl, N-acetyl

neuraminic acid2®
*Sigma designation

were able to positively determine the blood types of
only 90 of the patients examined. Of these, 29 were
A, 13 were B, 45 were O, and 3 were AB, in general
agreement with the distribution of ABO blood types in
the United States.° All of the biopsies from the blood
group A patients between cycle days 5 and 19 were
MAG (Golgi)-positive (23 of 23). In addition, 5 of the
10 blood type A and 2 of the 2 blood type AB biopsies
between days 17 and 19 had apical surface MAG
reactivity. In contrast, all the biopsies from patients
with blood groups B and O (n = 58) were MAG

(Golgi)-negative at all times of the cycle, as were all
day-20 to -28 and menstrual biopsies from all blood
types. Interestingly, 3 non-A biopsies from days 17 to
19, 1 from a blood group B patient and 2 from blood
group O patients, did show MAG reactivity but only in
the region of the apical surface of the luminal epithe-
lium. These results suggest that, although blood
group B and O patients are not capable of generating
the MAG epitope in their Golgi, they may be capable
of generating the epitope on their surface epithelium
between days 17 and 19 of the menstrual cycle.
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Table 5. MAG Staining and Patient Blood Type*

MAG-Positive MAG-Positive

Patient Number (%) day-5 to -19 menstrual and day Day-17 to -19 endometria
blood of patients endometria -20 to -28 endometria with MAG-positive surface
type (total = 90) (No. positive/total) (No. positive/total) (No. positive/total)

A 29 (32%) 23/23 0/6 5/10

B 13 (14%) 0/10 0/3 1/2

O 45 (50%) 0/30 0/15 2/6

AB 3 (3%) 3/3 0/0 2/2

*Patient blood types of 90 of the total of 201 biopsies examined were able to be obtained from Blood Bank records. The number of MAG-
positive biopsies out of the number of biopsies in each day range is expressed for days 5 to 19 and menstrual and days 20 to 28. A separate
listing of the biopsies between days 17 and 19 that exhibited any MAG epitope staining of the apical surface luminal epithelium is given in the
last column. The amount of surface epithelium in each biopsy varied greatly and may partly explain why not all of these day-17 to -19 biop-

sies expressed luminal apical MAG.

Anti-Blood Group and Lectin
Immunohistochemistry

Because we now had evidence that the MAG epitope
was similar to the blood group A oligosaccharide, we
investigated whether other anti-A antibodies or anti-A
lectins might stain human endometrium in a fashion
similar to the MAG antibody. Anti-A monoclonal an-
tibody stained tissue from blood group A patients but
not from B or O patients (data not shown). When these
endometrial biopsies were examined, staining could
be identified in the endothelial cells, RBCs, lumens of
the vessels, surfaces of the glands, surface epithe-
lium, and occasionally the Golgi of the glandular epi-
thelial cells. Antibodies to blood group B and O an-
tigens stained the endothelial cells and RBCs of the
corresponding blood type patients, stained the sur-
faces and occasionally the lumens of the glands, but
did not stain the Golgi of any of the endometrial bi-
opsies examined. Anti-A lectins (D. biflorus, V. villosa,
and B. simplicifolia) produced similar results with
endothelial cells, vessel lumens, and cell surfaces of
the endometrial glandular epithelium. Only V. villosa
stained any of the Golgi in the endometrial epithelial
cells. Although GalNAc had no inhibitory effect when
added to the MAG-positive ascites at 200 mmol/L
(Table 4), GaINAc at this same concentration com-
pletely abolished the lectin staining of all the tissue
samples examined. These results suggest that MAG
staining is a specific subset of the staining seen with
anti-A antibody and V. villosa and that neither anti-A
antibodies nor lectins can selectively react with the
MAG epitope.

Discussion

Examination of an unexpected Golgi-reactive immu-
noglobulin in mouse ascites has led us to character-
ize a menstrual cycle-dependent mucin-like glycop-

rotein in human endometrium. MAG first appears in
endometrial gland Golgi as early as day 5, is secreted
on days 16 to 18, and becomes apparent on the api-
cal aspect of the surface epithelium only on days 17
to 19. The antibody that recognizes the MAG sub-
stance is an IgG that can be identified in high levels
in approximately 50% of female mice that are induced
to form pristane-hybridoma ascites. None of the five
male mice we used to make ascites formed MAG an-
tibodies. The menstrual cycle distribution of MAG ap-
peared similar when different active ascites were
used to perform the immunohistochemical studies.
Our data do not exclude the possibility that different
ascites react with slightly different epitopes, or even
different proteins, albeit with the same endometrial
staining pattern.

Our results suggest that MAG antibodies bind to a
mucin-associated moiety, on the basis of the following
observations: 1), the tissue distribution survey dem-
onstrated MAG in many cells and tissues of endoder-
mal origin that are known to secrete mucins3’; 2), the
absorption results that showed that only material that
contained mucins with blood group A oligosacchar-
ides were effective in absorbing out the MAG activity,
specifically, an extract of porcine gastric mucins and
A and AB erythrocytes (which contain the transmem-
brane mucin glycophorin); and 3), the immunoblots
that exhibited high molecular weight smears, a pat-
tern typical of highly glycosylated glycoproteins such
as mucins. An interesting exception to the endoder-
mal association of MAG-reactive tissues was the find-
ing of MAG reactivity in the perivascular astrocytes of
the brain. Although not normally thought of as a site
of mucin production, a high molecular weight mucin
related to the Tamm-Horsfall protein has been iden-
tified at this site32 where it may function in the blood-
brain barrier.

Although we have demonstrated the critical nature
of a terminal GalNAc residue in the MAG epitope, it



appears that the MAG antibody is identifying more
than just GalNAc inasmuch as a single GalNAc resi-
due attached to a mucin peptide backbone or Gal-
NAc alone is not sufficient to absorb or compete with
the MAG activity. In addition, anti-A antibody and
GalNAc-reactive lectins do not stain in a MAG-like
pattern. It appears, therefore, that MAG reactivity is a
subset of more general GalNAc probes. The MAG
epitope may include more proximal carbohydrates
and possibly a portion of the mucin polypeptide back-
bone.

Previous Descriptions of MAG-Like
Activity and Blood Group A-Like Antigens

MAG-like antibodies appear to have been noted pre-
viously, sometimes without inferences being drawn by
the investigators. The first example of an endogenous
antibody in mouse ascites with glycoprotein reactivity
was described by Gooi and Feizi.3® These workers
demonstrated that many samples of ascites con-
tained natural antibodies that reacted with fetal gly-
coproteins (meconium) and other blood group sub-
stances. The first definitive characterization of an
endogenous mouse ascites Golgi-reactive antibody
was made by Smith et al,®* who showed that ascites
and serum from multiple strains of mice contained
endogenous IgG antibodies to Golgi-specific
epitopes. They proved by monensin treatment and
electron microscopy that these antibodies reacted
specifically with the Golgi of pancreatic acinar cells
and with many other exocrine tissues in the rat. In-
terestingly, they observed that the titer of these anti-
Golgi antibodies increased with the length of time the
mice were kept in captivity, suggesting to them that
the antigenic stimulation came from some environ-
mental exposure. It is also of interest to note that mu-
cins are particularly immunogenic in mice.??

The next demonstration of MAG-like activity came
in a series of papers from several laboratories that
were working on P-glycoprotein,3-3° an integral
membrane pump that mediates multidrug resistance
in tumor cells. The common finding in this work was
that ascites antibodies from two different commercial
sources, purportedly specific for P-glycoprotein,
stained the Golgi of endometrial glands. Although
P-glycoprotein was known to be a surface glycopro-
tein, these workers speculated that the endometrium
had a specialized Golgi form of the protein. As this
work developed, the staining seemed to be related to
the blood group of the patient from whom the tissue
was derived.35-3¢ |nterestingly, Axiotis et al®” demon-
strated that their P-glycoprotein staining was men-
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strual cycle dependent in the endometrium and that
staining peaked on days 15 and 16 of the cycle. The
meaning of this work became clear from the elegant
studies of Finstad et al*® who demonstrated that sev-
eral of the particular lots of ascites antibodies used by
these P-glycoprotein workers contained high titers of
an endogenous IgG anti-A blood group-specific an-
tibody that was responsible for the Golgi staining pat-
tern described previously. The MAG antibody we de-
scribe here appears to be similar, if not identical to,
that described by Finstad et al.*° In spite of the cau-
tion implied by that work, papers continue to be pub-
lished showing Golgi staining for P-glycoproteinin en-
dometrial gland Golgi with the same source of
antibodies.*’

Does Endometrial MAG Production
Correlate with Other Endometrial
Mucin Epitopes?

Other mucin glycoprotein epitopes have been iden-
tified in the human endometrium.42 TAG-72 (tumor-
associated glycoprotein) is a mucin glycoprotein
found in malignant and normal human tissues. In the
human endometrium it is not detectable by immuno-
histochemistry during the proliferative phase, first ap-
pears around or shortly after the time of ovulation,
then peaks during the late luteal phase.*344 The cel-
lular distribution of TAG-72 appeared to be apical and
cytoplasmic. CA-125, an epitope on a mucin glyco-
protein found in many epithelial tissues of Mdllerian
origin,*® has been shown to have maximal expression
during the early proliferative and mid-secretory
phase, times when MAG levels are low, and lowest
during the early secretory phase, a time at which MAG
expression is high.46-47 In addition to the temporal
differences between CA-125 and MAG, CA-125, un-
like MAG'’s supranuclear distribution, is present in the
infranuclear region of the epithelial cells during the
proliferative phase. A mucin sialoglycoprotein iden-
tified by monoclonal antibody D9B1 has also been
identified in human endometrium.#® The D9B1
epitope first appears on approximately day 15 in a
basal distribution, peaks on day 20, and then is seen
in the gland lumens on days 21 and 22, a pattern
different from that of MAG (Figure 2). In addition to
these specific mucin glycoproteins, Ravn et al*® have
shown that human endometrium expresses a mucin
type-3 chain A antigen in a menstrual cycle-
dependent fashion. Using the HH5 antibody, these
workers demonstrated that this A antigen was first
expressed in mid-proliferative endometrium, peaked
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during late proliferative and interval phases, but re-
appeared during the mid-secretory phase, making it
similar but not identical to the MAG epitope. All of
these epitopes, although apparently part of high mo-
lecular weight glycoproteins, do not appear to parallel
exactly the expression of MAG in the human endo-
metrium.

In contrast, Rye et al,®° using two different mono-
clonal antibodies, have recently described the immu-
nohistochemical expression of polymorphic epithelial
mucin in the human endometrium. One antibody
(NCRC 11), which reacts with a human breast cancer-
associated antigen,®' showed staining only in the lu-
teal phase, much like TAG-72 and D9B1. The other
antibody (HMFG 1), which reacts with the milk fat
globule membrane antigen,%? stained endometrial
glands between days 5 and 18, as does MAG. The
similarity in menstrual cycle expression between
these two epitopes suggests that MAG may be re-
lated or identical to what has now come to be known
as the MUC-1 family of mucin glycoproteins.?”

The MUC-1 mucins are a family of highly glycosy-
lated, high molecular weight (>200 kd) glycoproteins
present on the surfaces of many epithelial cells.27-28
The basic MUC-1 structure consists of a straight pro-
tein backbone that contains many highly glycosy-
lated regions. Carbohydrates are attached to the mu-
cin protein backbone via an «1,3 linkage between
N-acetyl galactosamine and the oxygen atom of
serine or threonine. Many of the carbohydrates found
on epithelial mucin glycoproteins are similar to the
blood group oligosaccharides. MUC-1 synthesis has
been shown to be hormonally regulated in mammary
epithelial cells.5® More recently, additional types of
MUC-1 mucin molecules have been described, the
membrane-associated mucins.®* These include
such molecules as leukosalin (CD43), glycophorin,
ascites sialoglycoprotein-1 (ASGP-1), epiglycanin,
and episialin. Episialin, like some of the mucins de-
scribed above, is encoded by MUC-1 and has been
defined by a variety of names, including polymorphic
epithelial mucin (PEM) and epithelial membrane an-
tigen (EMA). Unlike regular mucins, which are se-
creted by a variety of cells and combine to form large
polymeric gels in the extracellular space, mem-
brane-associated mucins remain attached to the sur-
faces of cells where they may act as ligands for a
variety of receptor molecules.>®> For example, a
membrane-associated mucin (GlyCAM-1) found on
the apical surface of endothelial cells of high endo-
thelial venules in lymph nodes is the ligand for lym-
phocyte L-selectin,®¢ whereas leukosalin, a neutro-
phil membrane-associated mucin, interacts with
the endothelial lectin domain-containing protein

CD62.55:57 Once these mucin-lectin interactions are
initiated, tighter, integrin-mediated interactions are
established.58

A Role in Implantation?

Could similar mucin-lectin interactions take place
between the conceptus and the endometrium during
the earliest phase of implantation? The work of
Lindenberg suggests this possibility.’:1°-12 Like the
lacto-N-fucopentaose | epitope found in the mouse
endometrium, one function for mucin glycoproteins
such as MAG may be to promote embryo-endome-
trial interaction. This hypothesis proposes that lectin-
like proteins exist on the human preimplantation em-
bryo, as has been shown for the macrophage
asialoglycoprotein-binding protein,®® and that per-
haps this lectin specifically reacts with the MAG
epitope. If this is so, how do type O and B women
acquire the terminal N-acetyl galactosamine neces-
sary to make up this epitope? Our finding of the MAG
epitope on the apical surface of the luminal epithe-
lium in some type O and B patients suggests the
possibility of an enzyme or enzymes that are capable
of modifying or adding to pre-existing oligosacchar-
ides on the cell surface. Glycotransferases, usually
thought of as Golgi-localized oligosaccharide syn-
thesizers, are also found on cell surfaces and the
extracellular space.®°-62 Therefore, it is possible that
a cell surface glycotransferase in a non-A endome-
trium may be able to convert a cell surface mucin
oligosaccharide to a MAG mucin-containing oligo-
saccharide. Alternatively, the presence of apical sur-
face epithelial staining in type O and B patients may
reflect the presence of additional IgGs in the ascites
that are specific for these two blood types. Additional
work will be necessary to assess these possibilities.

The MAG glycoprotein, observed at first as an
artifact, appears to be a hormonally regulated mu-
cin-like glycoprotein expressed on the endometrial
surface during the purported implantation window.
Like the lacto-N-fucopentaose | epitope described in
the mouse,’ the essential GalNAc epitope recog-
nized by the MAG antibody may be important for the
initial interaction between the human conceptus and
the endometrium. Interestingly, endometrial integrins
B3%3 and 4% are also expressed during the implan-
tation window. Thus, as has been demonstrated for
neutrophil-endothelial interactions,%57:58 sequential
interactions between endometrial mucins and tro-
phoblast lectins followed by integrin-mediated adhe-
sion could contribute to a fertile, receptive endo-
metrium. Prospective studies correlating MAG



expression with ovulation induction and assisted re-
production technology protocols should help us un-
derstand the relationship between the MAG epitope
and successful implantation in humans.
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