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ABSTRACT
We have monitored the effects of sodium butyrate on expres
sion of a human breast tumor-associated antigen defined by a
murine monoclonal antibody designated DF3. This cell surface
antigen has a molecular weight of approximately 300,000 and is
related to a higher-molecular-weight antigen detectable in human
milk. The results demonstrate that butyrate increases the mem
brane expression of the DF3 tumor-associated antigen. Further,
butyrate treatment specifically enhances production of the DF3related milk antigen. These effects occur at butyrate concentra
tions lower than that required for maximal expression of carcinoembryonic antigen and occur in the absence of changes in the
expression of nonspecific cross-reacting antigen. The results
suggest that butyrate induces a more differentiated MCF-7 phe-

the cross-reacting higher-molecular-weight antigen detectable in
human milk. The results also demonstrate that the enhanced
expression of each of these antigens occurs on the cell mem
brane. Further, the increase in DF3 antigen expression occurs
at butyrate concentrations distinct from that required for the
maximal expression of CEA. In contrast, butyrate treatment had
no detectable effect on the expression of NCA (19). These
findings should provide a useful model for the study of human
breast cancer cell maturation.

MATERIALS AND METHODS
Cell Culture. The human breast carcinoma MCF-7 cell line was
obtained from the Michigan Cancer Foundation, Detroit, Ml. Cells were
grown as a monolayer in Dulbecco's modified Eagle's medium with the

notype and that this model may be useful in studying maturation
of human breast cancer cells.

addition of 10% heat-inactivated

INTRODUCTION

tissue culture dishes (Falcon Plastics, Oxnard, CA). Sodium butyrate
was added 1 day after plating at concentrations of 1, 2, 3, and 4 mw.
The medium was changed every other day. At the appropriate time, cells
were harvested with 0.5% trypsin-0.2% EDTA, pelleted, and then resus-

Sodium butyrate is a potent inducer of erythroid differentiation
in murine erythroleukemia cells (12) and of myeloid differentiation
in human promyelocytic leukemia cells (6). Butyrate treatment
increases sialyltransferase activity (9) and modulates the activity
of other membrane-associated enzymes in human colon carci
noma cells (8). Butyrate-treated colon cancer cells also had
increased levels of CEA3 (17, 18). Similarly, we have recently
demonstrated that butyrate slows proliferation of MCF-7 breast
carcinoma cells (1). This effect is associated with morphological
changes and increased production of CEA. These findings have
suggested that butyrate can enhance expression of differentiated
phenotypes in carcinomas as well as in leukemias.
Another approach to assess differentiation of breast carcino
mas involves monitoring for the synthesis of milk proteins. The
synthesis of milk-related proteins has been used as a specific
biochemical marker of differentiated function in mammary gland
tissue and has been reported previously in human breast cancers
(2, 15). We have recently developed a MAb reactive with an
antigen present on the apical borders of more differentiated
secretory mammary epithelial cells and in the cytosol of less
differentiated cells (10). This MAb also reacts with an antigen
present in human milk and thus provides an opportunity to
monitor for a specific biochemical marker of differentiation.
The results of the present study demonstrate that butyrate
enhances production of both the DF3 antigen in MCF-7 cells and
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fetal bovine serum, 2 HIM L-glutamine,

100 units penicillin/ml, 100 Â¿Â¿g
streptomycin/ml, and 0.25 IU insulin/ml.
MCF-7 cells in logarithmic growth phase were plated in 60- x 15-mm

pended in medium. Cell counts were performed by hemocytometer, and
viability was monitored using trypan blue exclusion. Cell suspensions for
antigen and protein determination were prepared by sonication in distilled
water.
Solid-Phase Radioimmunoassay. The solid-phase radioimmunoassays using MAbs and sonicated cell suspensions were performed as
described previously (5). The purified CEA and NCA antigens used in the
solid-phase radioimmunoassay
were kindly provided by Dr. Peter
Thomas, Mallory Institute of Pathology, Boston, MA.
Cell Surface Binding Assay. MCF-7 cells in logarithmic growth phase
were harvested with 0.5% trypsin-0.2% EDTA, pelleted, and resuspended in medium. This procedure had no detectable effect on DF3
antigenicity. The MCF-7 cells were then reacted with MAb DF3 and an
isotype-identical control antibody for analysis by fluorescence-activated
flow cytometry (11). Live cell radioimmunoassays were performed as
described previously (5).
Molecular Weight Determination of MAb DF3-reactive Antigens.
Antigen preparations from MCF-7 cells, a human breast carcinoma
metastatic to liver (5) and human milk (4), were analyzed on a 4%
polyacrylamide gel. After electrophoresis, the proteins from the polyacrylamide gel were transferred to nitrocellulose paper (Schleicher and
Schuell, Inc., Keene, NH) using a Bio-Rad TransBlot apparatus (Bio-Rad,
Rockville. MD) with a 25 mw Tris-192 mw glycine-20% methanol transfer
buffer (pH 8.3). The blot was then incubated in 5% bovine serum albumin
and washed 3 times. The washed nitrocellulose sheet was incubated
with MAb DF3 for 120 min at room temperature, washed, incubated with
rabbit anti-mouse immunoglobulin for 60 min, and then reincubated for
an additional 120 min with 125l-Protein A (specific activity, 2 x 107 cpm/
tÂ¿g).
The binding of radioactivity was determined by exposure of a Kodak
X-AR film for 12 hr at -70Â°.
Preparation of MCF-7 Plasma Membrane, Mitochondrial-Endoplasmic Reticulum, and Supernatant
Fractions. MCF-7 cells were
harvested with trypsin-EDTA, washed in medium, and treated according
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Butyrate-induced MCF-7 Cell Maturation
to the method of Perdue (13). The isolation of the plasma membrane
fraction was confirmed by assaying for CTPase activity (14).

A. DF3

RESULTS
The effects of varying concentrations of sodium butyrate on
MCF-7 cellular proliferation are illustrated in Chart 1. Although 1
rriM butyrate partially slowed MCF-7 growth, 2 mw butyrate
inhibited proliferation by nearly 90% after 7 days of exposure.
Cytostasis was achieved with 3 mw butyrate, and no loss of cell
viability was observed following a 7-day exposure to either 3 or
4 rnw butyrate. This inhibition of MCF-7 proliferation was asso
ciated with morphological changes that included an increase in
cell size and development of an epithelioid configuration with
long processes projecting from the cytoplasm (1).
The effect of butyrate on the expression of DF3 antigen in
MCF-7 cells is illustrated in Chart 2A. DF3 antigen was detectable
in untreated MCF-7 cells, and the level remained relatively con
stant during 7 days of culture. In contrast, 1 and 2 HIM butyrate
treatment resulted in up to 5-fold increases in total cellular DF3
antigen content. Although treatment with 3 and 4 ITIMbutyrate
also resulted in significant increases in DF3 antigen during the
first 3 days of exposure, the subsequent increases were not as
pronounced as those obtained with the lower concentrations of
butyrate.
The increases in DF3 antigen following butyrate exposure
could be related to increases in cell size and not due to a selective
enhancement of DF3 antigen production. We have thus moni
tored total cellular protein following 7 days of butyrate treatment
(Chart 2B). Total protein content increased with increasing bu
tyrate concentration and duration of exposure. These findings
were consistent with the observed changes in morphology. The
DF3/protein ratio remained elevated in cells treated with 1 and
2 mM butyrate, while exposure to 3 or 4 mM butyrate had little if
any effect on the DF3 antigen expression (Chart 2C). These
findings are in contrast to the CEA/protein ratio which was
increased in MCF-7 cells treated with 3 and 4 mw butyrate (1).
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Chart 2. Effects of butyrate on DF3 antigen production and total protein content.
MCF-7 cells were seeded for 24 hr and then treated with 1 mm (â€¢),2 rnw (â€¢),3
rnw (*), or 4 mM (A) sodium butyrate for 3, 5, and 7 days. O, control untreated
cells. DF3 content (A) was monitored using MAb DF3 in a solid-phase radioimmunoassay, and total protein (B) was determined by the Bio-Rad assay. Ratio (C) of
125Icpm x ICf/mg total protein. Results are expressd as the means of 5 separate
determinations; bars, S.D.
Table 1
Effect of butyrate on expression of DF3, CEA, and NCA In MCF-7 cells
125Icpm bound in solid-phase radioimmunoassay
antigensMAbDF3
Purified

104)Control44,748cells8 (1 x

(10ng)330 (10 ng)89
Â±8,429*
2 Â±29,867
DF2
13,767
114
10,197 Â±1,191
16,938 Â± 1,473
DF11CEA
646NCA 6,602MCF-7 4,438 Â±1,158Butyrate205,91
5,227 Â± 1,359
" MCF-7 cells obtained after 7 days from control and 2 mw butyrate-treated
cultures.
Mean Â±S.D. of 4 determinations.

The increase in DF3 antigen expression following a 7-day
exposure to 2 mw butyrate was compared to that obtained with
CEA and NCA production. The results obtained are listed in
Table 1. MAb DF3 was unreactive with purified preparations of
CEA and NCA. In contrast, MAb DF2 reacted specifically with
CEA, while MAb DF11 reacted with NCA. As listed in Table 1,
DF3 antigen expression increased by over 4-fold in MCF-7 cells
treated with 2 mM butyrate for 7 days. A less pronounced
increase in CEA production was obtained in the butyrate-treated
cells, while there was no significant increase in the expression
of NCA. These findings are consistent with the differential
expression of certain genes following butyrate exposure and
confirm the specific increase in DF3 antigen expression.
It was of further interest to determine whether the increase in
DF3 antigen content was associated with cell surface expres
sion. MCF-7 cells were treated with 2 mM butyrate for 1, 3, and
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Chart 1. Effect of butyrate on MCF-7 proliferation. MCF-7 cells were seeded in
60- x 15-mm dishes for 24 hr prior to the addition of 1 mw (â€¢),
2 mw (â€¢),or 3 ITIM
(*) sodium butyrate. Cell counts were performed at 1, 3, 5, and 7 days of butyrate
exposure. O, control untreated cells. The results are expressed as the mean count
for 5 separate dishes. Viability remained over 90% in all determinations.
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B. Protein

7 days, and the cell surface reactivity of MAb DF3 was deter
mined by indirect immunofluorescence. The fluorescence histo
gram pattern of reactivity is illustrated in Chart 3. A nonreactive
MAb 287 of the same lgG1 isotype showed no binding. In
contrast, MAb DF3 was reactive with the cell surface of untreated
and butyrate-treated cells. The pattern of reactivity was similar
on Day 1, while membrane expression of DF3 antigen was
significantly increased in butyrate-treated cells on Day 3 (Chart
38). Further increases were observed in the butyrate-treated
cells on Day 7 (Chart 3C). These findings have been confirmed
using a live cell radioimmunoassay (Table 2). Using this method
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Chart 3. Effect of butyrate on DF3 oeil surface
antigen expression using indirect Â¡mmunofluorescence. MCF-7 cells were seeded for 24 hr and then
treated with 2 mu butyrate for 1, 3, and 7 days.
Immunofluorescence profiles represent reactivity of
MAb DF3 with untreated cells (
) and butyratetreated cells (
).
, reactivity of an isotopeidentical control MAb 287.

A. Day 1

Fluorescence

Live-cell radioimmunoassay

Days of exposure

Table 2
of DF3 cell surface antigen expression
cpm bound/105 cells*
Control

Butyrate (2 mm)

5,321
5.447
11,717

51,805
100,250

C. Day 7

B. Day 3

Intensity
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66Fig. 1. Reactivity of MAb DF3 with metastatic breast carcinoma, butyratetreated MCF-7 cells, and human milk. Lane A, membrane-enriched fraction of a
breast carcinoma metastatic to liver (0.66 ^g); Lane B, MCF-7 cells (Day 1, 50 fig);
Lane C, MCF-7 cells treated with 2 ITIM butyrate (Day 1, 50 fig); Lane D, MCF-7
cells (Day 3, 50 fig); Lane E. MCF-7 cells treated with 2 ITIM butyrate (Day 3, 50
fig); Lane F, MCF-7 cells (Day 7, 50 fig); Lane G, MCF-7 cells treated with 2 ITIM
butyrate (Day 7, 50 fig); Lane H, human milk protein (50 fig). The antigen prepara
tions were subjected to electrophoresis on a 4% polyacrylamide gel, transferred to
nitrocellulose paper, and analyzed for reactivity with MAb DF3.

of analysis, cell surface expression of DF3 antigen was increased
by nearly 10-fold after 3 and 7 days of 2 mM butyrate exposure.

Fig. 2. Reactivity of MAb DF3 with cytoplasmic membrane preparations from
Day 7 untreated and butyrate-treated MCF-7 cells. Lane A, membrane-enriched
fraction of a breast carcinoma metastatic to liver (1 fig); Lane B, cytoplasmic
membrane fraction from untreated MCF-7 cells (1 fig); Lane C, cytoplasmic mem
brane fraction from 2 ITIMbutyrate-treated MCF-7 cells (1 fig); Lane D, mitochondrialendoplasmic reticulum fraction from untreated MCF-7 cells (1 /Â¿g);Lane E, mitochondrial-endoplasmic reticulum fraction from 2 HIM butyrate-treated cells (1 /<g);
Lane F, supernatant fraction from untreated MCF-7 cells (1 fig); Lane G, supernatant
fraction from 2 ITIM butyrate-treated cells (1 fig); Lane H, human milk protein (10
Mg). The antigen preparations were subjected to electrophoresis on a 4% polyacrylamide gel, transferred to nitrocellulose paper, and analyzed for reactivity with
MAb DF3. CTPase activity (fimol phosphate released/mg protein) for the butyratetreated cells was as follows: cytoplasmic membrane fraction, 25.8; mitochondrialendoplasmic reticulum fraction, 1.5; and supernatant fraction, 1.0.

higher-molecular-weight MAb DF3-reactive antigen (Lanes E and
G). The higher-molecular-weight antigen was undetectable in the
metastatic breast carcinoma extract, while an antigen of similar
molecular weight was detectable in human milk (Fig. 1, Lane H).
Finally, these increases in the expression of the MAb DF3 crossreactive antigens in butyrate-treated cells were detectable at
relatively higher levels in the plasma membrane fraction, as
compared to the mitochondrial-endoplasmic reticulum or super

Since the immunogen used to prepare MAb DF3 was a mem
brane-enriched fraction of the human breast carcinoma meta
static to liver, we compared reactivity of MAb DF3 with the
immunogen and MCF-7 cells (Fig. 1). The analysis revealed a

natant cellular fractions (Fig. 2).

reactive antigen having a molecular weight of approximately
300,000 in both the breast carcinoma extract and the MCF-7
cells (Fig. 1, Lanes A and B). The treatment of MCF-7 cells with
2 rnw butyrate for 1, 3, and 7 days resulted in increased expres
sion of the M, 300,000 antigen (Fig. 1, Lanes C, Â£,and G).
Butyrate treatment also resulted in enhanced expression of a

MAb DF3 was generated using a membrane-enriched fraction
of a human breast carcinoma metastatic to liver (10). This MAb
has been shown to react with 87% of 52 primary breast carci
nomas and with 100% of breast tumors metastatic to axillary
lymph nodes or distal sites. The cross-reacting antigen has a
molecular weight of approximately 300,000. The membrane lo-
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cation of the DF3 antigen appears to be related to the functional
activity of mammary cells as well as to the degree of differentia
tion of the tumor cells. Benign breast lesions showed only apical
location of this antigen. In contrast, a cytoplasmic antigen loca
tion was always observed with infiltrating breast carcinomas.
Our previous results thus suggest that the DF3 antigen is
present in high levels on apical borders of differentiated secretory
mammary epithelial cells and in the cytosol of less differentiated
malignant cells. Since milk fat globules are extruded from mam
mary gland cells by reverse pinocytosis, these structures are
surrounded by apical cell membranes (4). The presence of DF3
antigen in human milk and on the apical borders of more differ
entiated cells suggests that the synthesis of this antigen repre
sents a differentiated function of mammary epithelium.
Although there are several models for the study of leukemic
cell differentiation (6,12), there is presently no well-characterized
model for the study of differentiation of malignant human epithe
lial cells. Several previous studies have monitored the effects of
butyrate on colon carcinoma cells (8, 9, 17, 18), and the en
hanced production of CEA has suggested maturation to a more
differentiated phenotype. In this regard, CEA production in hu
man breast cancer cells has reflected biological behavior (20),
and an association has been made between CEA production
and low histological grades (16). However, the production of milk
antigens would clearly provide a more precise biochemical
marker of differentiated function in malignant cells derived from
mammary epithelium.
The results of the present study demonstrate that butyrate
enhances production of DF3 antigen in MCF-7 cells. This antigen
has a molecular weight comparable to that detectable in primary
and metastatic breast carcinomas. More importantly, butyrate
enhances production of a higher-molecular-weight MAb DF3reactive antigen in MCF-7 cells which is also detectable in human
milk. Further, butyrate treatment results in an increase in the
expression of both the carcinoma-related and the milk-related
antigens on the MCF-7 plasma membrane. These findings would
be consistent with the appearance of MAb DF3 reactivity on the
apical membrane borders of more differentiated mammary epi
thelium.
The present results also demonstrate a selective enhancement
in DF3 antigen expression following exposure to 1 and 2 DIM
butyrate. Of particular interest is the finding that higher butyrate
concentrations (3 and 4 mw) were not as effective in increasing
DF3 antigen production. Although 2 ITIMbutyrate exposure also
increases CEA production, we have demonstrated previously
that 3 and 4 mw butyrate treatment of MCF-7 cells results in a
maximal enhancement of CEA content (1). Furthermore, the
present study demonstrates that the selective increases in both
DF3 antigen and CEA production are not accompanied by in
creases in the expression of NCA, an antigen not previously
associated with a differentiated phenotype (19).
Although the mechanism by which butyrate induces differen
tiation remains unclear, the studies should provide a model for
studying maturation of malignant human mammary epithelial
cells. Butyrate alters histone acetylation patterns by reducing
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nuclear histone acetyltransferase and inhibiting histone deacetylase (7). Butyrate also inhibits phosphorylation of histones and
can interfere with methylation of nuclear protein fractions (3).
These effects may be related to the induction of leukemic cell
differentiation and the selective increase in MCF-7 milk-related
antigen production. It will now be of interest to determine whether
other inducers of differentiation will similarly affect DF3 antigen
production and provide a model for the study of specific gene
expression in human mammary epithelium.
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