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Omega-3 fatty acids induce apoptosis in human breast cancer cells and mouse
mammary tissue through syndecan-1 inhibition of the MEK-Erk pathway
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Human epidemiological studies have shown that diets enriched in n-
3 polyunsaturated fatty acids (n-3 PUFA) are associatedwith a lower
incidence of cancers including breast cancer. Our previous studies
showed that the n-3 PUFA, docosahexaenoic acid (DHA), upregu-
lated syndecan-1 (SDC-1) expression to induce apoptosis in the
human breast cancer cell line MCF-7. We now present evidence
of a signaling pathway that is impacted by SDC-1 in these cells
and in mouse mammary tissues to result in apoptosis. In MCF-7
cells and SK-BR-3 cells, DHA and a SDC-1 ectodomain impaired
signaling of the p44/42 mitogen-activated protein kinase (MAPK)
pathway by inhibiting the phosphorylation of MAPK/Erk (MEK)/
extracellular signal-regulated kinase (Erk) and Bad to induce apo-
ptosis. SDC-1 siRNA significantly enhanced phosphorylation of
these signal molecules and blocked the inhibitory effects of DHA
on their phosphorylation. SDC-1 siRNA diminished apoptosis of
MCF-7 cells, an effect that was markedly blocked by MEK inhib-
itor, PD98059. In vivo studies used (i) Fat-1 mice, a genetic model
able to convert n-6 to n-3 PUFA to result in higher SDC-1 levels in
Fat-1 mammary tissue compared with that of wild-type (wt) mice.
Phosphorylation of MEK, Erk and Bad was lower in the Fat-1
versus wt tissue and (ii) SDC-12/2 mice that demonstrated mark-
edly higher levels of phosphorylated MEK, Erk and Bad in mam-
mary gland tissue compared with those of SDC1/1 mice. These data
elucidate a pathway whereby SDC-1, upregulated by DHA, induces
apoptosis in breast cancer cells through inhibition ofMEK/Erk/Bad
signaling.

Introduction

Human epidemiological studies have shown that a high dietary intake
of fish is associated with a lower incidence of cancers including breast
cancer (1–3). Animal studies clearly support the idea that dietary
supplementation with fish oil or its constituent, fatty acids not only
slows the growth of both xenograft (4–6) and chemically induced
tumors (7,8) but also increases sensitivity to chemotherapy (9,10)
and inhibits metastases (4,5). There are two main omega-3 polyunsat-
urated fatty acids (n-3 PUFA) in fish oil: eicosapentaenoic acid (EPA;
20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3). DHA in partic-
ular was shown to be a potent enhancer of tumor cell chemosensitivity
(11,12) and ongoing studies are showing promise of DHA improving
outcome of chemotherapy in patients with metastatic breast cancer
(13). We previously reported that DHA and EPA were delivered to
MCF-7 cells by n-3 PUFA-enriched low-density lipoproteins or by
albumin to result in major changes in gene transcription (14).

In agreement with reports that the transmembrane heparan sulfate
proteoglycan, syndecan-1 (SDC-1) is downregulated in malignant

tumors (15–22) and tumor cells (23), our previous studies showed
that levels of SDC-1 in human breast cancer cells were lower than
those of non-cancer cells (14). SDC-1 has been shown to act as a tumor
suppresser by inhibiting cell proliferation (24) and inducing apoptosis
(25). Importantly, we showed that DHA upregulated SDC-1 expres-
sion in human breast cancer cells (26) and moreover, that DHA in-
duced apoptosis, an effect that was blocked by SDC-1 silencing (27).
That is to say, DHA induced apoptosis of human breast cancer cells
through SDC-1.

The present studies were conducted to determine the intracellular
signaling pathways impacted by DHA–SDC-1 in breast cancer cells to
promote apoptosis. Activation of the p44/42 mitogen-activated pro-
tein kinase (MAPK) pathway plays a major role in regulating cell
growth and survival in breast cancer cells (28) and is protective
against apoptosis through phosphorylation of Bad (29). Previous stud-
ies have indicated that this pathway may be a target for differential
effects of n-3 and n-6 PUFA. DHA was shown to inhibit, whereas the
n-6 PUFA, linoleic acid (LA), increased extracellular signal-regulated
kinase (Erk) phosphorylation in human lymphocytes (30). LA en-
hanced Erk phosphorylation in colorectal cancer cells (31). DHA,
but not EPA, was shown to decrease Erk activation in mesangial cells
(32). Furthermore, it was reported that minican, a truncated form of
SDC-1 inhibited Erk phosphorylation of S115 mouse mammary car-
cinoma cells (33). Our study is the first to examine the involvement of
this pathway in the growth-inhibitory effects of DHA mediated
through SDC-1 in breast cancer cells. The results demonstrate that
SDC-1 impairs signaling of the MAPK pathway by inhibiting phos-
phorylation of MEK, Erk and Bad. This results in apoptosis induction
in the breast cancer cells. In addition, we have used two animal
models to demonstrate the in vivo relevance of this pathway. Firstly,
the Fat-1 mouse is a model engineered by Kang et al. (34) to express
the Fat-1 transgene from Caenorhabditis elegansthat encodes an n-3
desaturase to convert n-6 to n-3 fatty acids. This results in tissues
enriched in n-3 PUFA (34–36) and higher levels of SDC-1 in mam-
mary glands of Fat-1 compared with those of wild-type (wt) mice
(37). This model was used to demonstrate that endogenous synthesis
of n-3 PUFA in the mammary gland is associated with a decrease in
phosphorylation of MEK, Erk and Bad. Secondly, we have used SDC-
1 null mice (38) to demonstrate that MAPK signaling is elevated when
SDC-1 is absent. Together, these data indicate that SDC-1, upregu-
lated by DHA, induces apoptosis of breast cancer cells by inhibiting
the activity of the MEK/Erk signaling pathway.

Materials and methods

Preparation of fatty acid (FA)–bovine serum albumin (BSA) complexes. FA–
BSA complexes were prepared as our previous report (26). FA-free BSA
(Sigma, St Louis, MO) was prepared as a 125 lM solution in Dulbecco’s
modified Eagle medium (DMEM)/Ham’s F-12. FA salts (including DHA,
EPA and LA) were solublized to 600 lM stocks in the BSA media as described
(4:1 ratio of FA:BSA) and stored in aliquots at �20�C.

Preparation of SDC-1 ectodomain

The SDC-1 ectodomain was prepared as described in our previous report (27).
The SDC-1 ectodomain expression construct was designed to encode a C-
terminal polyhistidine fusion protein and was created using a two-step cloning
process as follows. The SDC-1 ectodomain complementary DNA (cDNA) was
amplified by polymerase chain reaction using the SDC-1 plasmid (OriGene
Technologies, Rockville, MD) as the source of template, 5#-gcagaattcggcag-
catgaggcgcgcggcgctct-3# as the forward primer and 5#-gcaggatcctttcctgtccag-
gaggccctgtga-3# as the reverse primer. The resulting cDNA was cut with
BamHI and EcoRI restriction endonucleases and ligated into the pTcam4
expression plasmid (39). In the second round of polymerase chain reaction,
5#-gcaaagcttgaattcggcagcatgaggcgcgcg-3# (forward) and 5#-gcactcgagttagtg-
atggtgatgatggtgctgcag-3# (reverse) primers were used to amplify the SDC-1
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ectodomain cDNA from the modified pTcam4 plasmid. The amplified cDNA
was treated with HindIII and XhoI and subsequently ligated into the pCEP4
(Invitrogen, Corp., Carlsbad, CA) expression plasmid. The resulting plasmid
was transfected into 293-EBNA cells and stable expressing cells selected by
the addition of 200 lg/ml hygromycin B. The cells were then amplified and
grown to confluence in T175 flasks. Upon confluence, the culture media was
replaced with serum-free DMEM. Media was then collected every 48 h and
fresh media added back to the cells. Under these conditions, the transfected
cells remain viable for several weeks allowing for the collection of condi-
tioned media over an extended period of time. After collecting several liters of
conditioned media, recombinant SDC-1 ectodomain was purified. Condi-
tioned media was first concentrated using a Millipore Pellicon 2 tangential
flow system (Millipore Corporation, Bedford, MA). Concentrated conditioned
media was then subjected to anion exchange chromatography using an Amer-
sham Biosciences ÄKTAexplorer chromatography system equipped with
a 5 ml HiTrap Q column and bound SDC-1 ectodomain eluted with a linear
gradient of 0–2 M sodium chloride in a buffer consisting of 20 mM Tris, 0.2%
3-[(3-Cholamidopropyl)-dimethylammonio]-1-propanesulfonate, pH 8.0.

Cell culture

MCF-7 cell line was obtained from ATCC (Rockville, MD) and maintained in
DMEM/F12 supplemented with 5% fetal bovine serum (FBS), 10 mg/ml
porcine insulin (Sigma), penicillin/streptomycin and L-glutamine at 37�C
in 5% CO2. In experiments measuring phosphorylation of MAPK signaling
molecules, the cells grown in 0.5% FBS of medium were treated with 30 lM
DHA, 30 lM EPA and 30 lM LA for 48 h or with a range of concentrations of
SDC-1 ectodomain for 4 h. SK-BR-3 cells were cultured in RPMI containing
10% FBS, penicillin/streptomycin and L-glutamine at 37�C in 5% CO2. To
determine the effect of n-3 fatty acid and SDC-1 ectodomain on phosphor-
ylation of Erk, SK-BR-3 cells grown in 1% FBS of medium were treated with
30 lM DHA for 48 h or with a range of concentrations of SDC-1 ectodomain
for 4 h.

Fat-1 and SDC-1�/� mice

All animal care was conducted in compliance with the state and federal Animal
Welfare Acts and standards and policies of the Department of Health and Human
Services. The protocol was approved by the Wake Forest University Animal
Care and Use Committee. Fat-1 transgenic mice were generously supplied by Dr
Jing X.Kang, Department of Medicine, Massachusetts General Hospital and
Harvard Medical School, Boston, Massachusetts. The genetic groups (Fat-1
and wt littermates) consisted of five animals. All animals were housed in an
isolated environment in barrier cages and a fed specific diet for 7 weeks after
weaning. Diets were prepared by the custom animal diet laboratory of the
Animal Resources Program at Wake Forest University and contained
397 kcal/100 g; 30% of energy was from fat, 50% from carbohydrates and
30% from proteins. The fatty acid content was 30% saturated (16:0 þ 18:0),
26% monounsaturated (18:1) and 43% n-6 polyunsaturated (18:2). Detailed diet
composition has been described previously (40). At termination, mice were
fasted for 4 h and then euthanized. SDC-1�/� mice were obtained from
Dr Caroline Alexander, University of Wisconsin–Madison and fed a chow diet
for 7 weeks after weaning and prior to termination.

SDC-1 siRNA transfection

The SDC-1 siRNA, #142557 was purchased from Ambion, Austin, TX. For
transfection, 50 nM siRNA was added to 2.0 � 105 cells in six-well plates using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and DMEM/F12 medium lack-
ing serum and antibiotics. Control cells were transfected with a negative control
siRNA with no known messenger RNA target designed by Ambion (AM4624).
At 6 h after transfection, each well was supplemented with 2 ml of complete
growth medium. Twenty-four hours after transfection, the medium was replaced
with 2 ml of DMEM/F12 medium containing 5% FBS for another 24 h and the
cells were harvested to determine the effect of SDC-1 siRNA on phosphorylation
of MEK, Erk and Bad and on apoptosis. Alternatively, 24 h after transfection, the
medium was replaced with 2 ml of DMEM/F12 medium containing 0.5% FBS
and cells were treated with DHA (30 lM) for an additional 48 h before cell
harvest.

Western blot analysis

Cells were washed twice with ice-cold phosphate-buffered saline and lysed
for 10 min on ice; debris was then removed by centrifugation and equivalent
amounts of protein were separated by 10 or 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred onto polyvinylidene
fluoride membrane. The membranes were blocked with 10 mM Tris–base,
100 mM NaCl, 0.1% Tween-20, pH 7.5 (TBST) containing 5% nonfat dry
milk for 2 h at room temperature and then were washed three times with
TBST for 5 min and exposed to anti-MEK, Erk, Bad and poly (ADP ribose)
polymerase (PARP) (Cell Signaling Technology, Beverly, MA) antibodies in

TBST containing 3% BSA at 4�C overnight, followed by three washes with
TBST. They were then incubated with horseradish peroxidase-conjugated
secondary antibody for 1 h, washed with TBST and developed using the
Super Signal West Pico Kit (Super Signal West Pico; Pierce, Rockford,
IL). The band densities on photographic films were analyzed using Image J
software. For phosphorylated MEK, Erk and Bad measurement, band densi-
ties were normalized to total MEK, Erk and Bad and presented as the frac-
tional change from control values.

Apoptosis assays

MCF-7 cells were seeded in 96-well plates at a density of 3 � 103 cells per well
in DMEM/F12 with 5% FBS and pretreated with 50 lM MEK inhibitor
PD98059 (EMD Chemicals, Gibbstown, NJ) for 24 h and then transfected with
SDC-1 siRNA for 48 h. Apoptotic activity in adherent cells was measured with
the Caspase-Glo 3/7�. Assay in which 30 ll of Caspase-Glo 3/7 reagent was
added to each well and incubated for 1 h at room temperature. Luminescence
was measured by a Reporter Microplate Luminometer (Turner Biosystems). To
measure the levels of cleaved PARP, MCF-7 cells were planted in six-well
plates at a density of 1.5 � 105 cells per well in DMEM/F12 with 5% FBS and
pretreated with 50 lM MEK inhibitor PD98059 for 24 h and then transfected
with SDC-1 siRNA for 48 h. Apoptotic activity was determined by cleaved
PARP using western blots.

Data analysis

Data were analyzed by analysis of variance and Student’s t-test. The assays
were carried out in triplicate and the averages are shown, together with stan-
dard error.

Results

DHA inhibits phosphorylation of MEK, Erk and Bad in MCF-7 and
SK-BR-3 cells

Previously, we had reported that 30 lM DHA–BSA, a concentration
close to that obtained physiologically through dietary supplementa-
tion (41), can induce apoptosis through SDC-1 in MCF-7 cells. EPA
was ineffective at concentrations up to 100 lM (27) and the n-6
PUFA, LA likewise had no apoptotic activity (14). To investigate
the mechanism by which DHA and SDC-1 induce apoptosis in these
cells, we examined the effect of DHA on the MEK/Erk/Bad signal-
ing pathway. MCF-7 cells were treated with 30 lM DHA–BSA,
EPA-BSA and LA-BSA for 48 h. Consistent with the effect of
DHA on apoptosis (27), the results showed that DHA, but not EPA
and LA, significantly diminished phosphorylation of MEK, Erk and
Bad (Figure 1A, B and C). Compared with control, the relative
phosphorylated MEK, Erk and Bad levels were, respectively, re-
duced 25–40%, 49–67% and 26–28% by DHA in three separate
experiments. The effect was not specific to MCF-7 cells since SK-
BR-3 cells also demonstrated a marked reduction of phosphorylation
of p-Erk (Figure 1D), p-MEK and p-Bad (data not shown) when
similarly treated with DHA.

SDC-1 diminishes phosphorylation of MEK, Erk and Bad in MCF-7
and SK-BR-3 cells

Our previous studies had shown that like DHA, SDC-1 ectodomain
can induce apoptosis in MCF-7 cells (27). To determine whether
SDC-1 can block phosphorylation of MEK, Erk and Bad, cells were
cultured for 4 h in the presence of human recombinant SDC-1 ecto-
domain, which resulted, as shown in Figure 2A, in a dose-dependent
decrease in phosphorylation of MEK, Erk and Bad. Similarly, SDC-
1 ectodomain inhibited the phosphorylation of Erk (Figure 2B),
MEK and Bad (data not shown) in SK-BR-3 cells, showing that
SDC-1 suppression of this pathway is also effective in breast cancer
cells that over express Her-2/neu. To further confirm an effecter role
for SDC-1 in suppression of this signaling pathway, SDC-1 siRNA
was transfected into the MCF-7 cells to silence SDC-1 expression.
Consistent with previous data (27), this reagent was shown to
effectively inhibit SDC-1 messenger RNA by 80 ± 2.8, 86 ± 9.2,
70 ± 1.3% at 24, 48 and 72 h, respectively, after transfection. As
shown in Figure 2C, compared with untransfected cells or cells
transfected with a control siRNA (no known target), phosphorylation
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Fig. 1. DHA inhibits phosphorylation of MEK, Erk and Bad in MCF-7 and SK-BR-3 cells. MCF-7 cells were preincubated in media containing 0.5% FBS for 18 h
and then media was supplemented with 30 lM DHA, EPA or LA for 48 h. SK-BR-3 cells were preincubated in media containing 1% FBS for 18 h and then media
was supplemented with 30 lM DHA for 48 h. Cell protein extracts were used for western blot analysis of phosphorylated (p)-MEK, MEK, p-Erk, Erk, p-Bad (ser
112) and Bad. Bargraphs (A–C) show means ± standard error of triplicate experiments performed in triplicate and represent ratios of p to total MEK, Erk and Bad,
respectively, in MCF-7 cells. D represents a ratio of p-Erk to Erk in SK-BR-3 cells. Inserts show a representative blot for each protein. Values with asterisk are
significantly different from control (P , 0.05).

Fig. 2. SDC-1 decreases phosphorylation of MEK, Erk and Bad in MCF-7 cells. (A) MCF-7 cells and (B) SK-BR-3 cells were incubated in media containing
indicated concentrations of SDC-1 ectodomain for 4 h. (C) MCF-7 cells were transfected with control siRNA or SDC-1 siRNA for 48 h. Cell protein extracts were
used for western blot analysis of phosphorylated (p)-MEK, MEK, p-Erk, Erk, p-Bad (ser 112) and Bad. Data are presented relative to control (51.0) and are means
± standard error of three independent experiments performed in triplicate. Values with asterisk are significantly different from control (P , 0.05).
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of MEK, Erk and Bad was markedly enhanced in cells transfected
with the SDC-1 siRNA. Thus, SDC-1 silencing resulted in enhance-
ment of progrowth/survival signals in the cells.

DHA inhibits phosphorylation of MEK, Erk and Bad through SDC-1
in MCF-7 cells

We previously demonstrated that DHA induced apoptosis in MCF-7
cells through upregulation of SDC-1 (27). To test the hypothesis that
inhibition of phosphorylation of MEK, Erk and Bad by DHA in these
cells is mediated by SDC-1, SDC-1 siRNA was transfected into the
cells to silence SDC-1 expression and after 24 h, the cells were in-
cubated in media with or without DHA (30 lM) for 48 h. As shown in
Figure 3, the reduced levels of phosphorylated MEK (Figure 3A), Erk
(Figure 3B) and Bad (Figure 3C) achieved by DHA treatment of cells
transfected with control siRNA were lost in cells transfected with
SDC-1 siRNA, thus indicating that the inhibitory effect of DHA on
phosphorylation of MEK, Erk and Bad is controlled by SDC-1. This
result is in agreement with and furthers our understanding of the
mechanism by which DHA induces apoptosis of MCF-7 cells (27).

MEK inhibitor blocks the inhibitory effect of SDC-1 siRNA on
apoptosis of MCF-7 cells

To further confirm that SDC-1 induces apoptosis by diminishing phos-
phorylation of MEK and Erk, MCF-7 cells were pretreated with MEK
inhibitor PD98059 for 24 h and then a control or SDC-1 siRNA was
transfected into the cells. The results showed that SDC-1 silencing

resulted in a decrease in apoptosis as measured by caspase activity.
This effect was blocked when MEK was inhibited by PD98059.
As expected, MEK inhibition resulted in increased caspase activity
(Figure 4A). A similar effect was observed using a second indicator of
apoptosis: measurement of PARP cleavage product (Figure 4B).
Compared with control, the cleaved PARP level in cells treated with
PD98059 was increased 42%, and in the cells transfected with SDC-1
siRNA, the MEK inhibitor enhanced the cleaved PARP by 3.7-fold.
Thus, the inhibitory effect of silencing SDC-1 on PARP cleavage was
lost when the cells were treated with the MEK inhibitor. These ob-
servations further support the hypothesis that SDC-1 promotes apo-
ptosis of human breast cancer cells through inhibition of MEK and
Erk phosphorylation.

SDC-1 and n-3 PUFA decrease phosphorylation of MEK, Erk and Bad
in vivo

We have demonstrated elevated level of SDC-1 in the n-3 PUFA-
enriched mammary glands of Fat-1 mice compared with their wt
littermates (37). To further confirm that SDC-1 and n-3 PUFA induce
apoptosis through inhibition of MEK, Erk and Bad phosphorylation,
the mammary glands of female Fat-1 and wt mice were examined for
levels of these three phosphorylated signaling molecules. The ratios
of phosphorylated to unphosphorylated Erk and Bad were lower in
Fat-1 than in wt mice but those of MEK did not reach statistical
significance in this small group of animals (Figure 5A). We also
examined levels of phosphorylated MEK, Erk and Bad in mammary
glands of female SDC-1�/� mice. Higher levels of these

Fig. 3. DHA inhibits phosphorylation of MEK, Erk and Bad through SDC-1 in MCF-7 cells. MCF-7 cells were transfected with control siRNA or SDC-1 siRNA
for 24 h and then treated with DHA (30 lM) for 48 h. Cell protein extracts were used for western blot analysis of phosphorylated (p)-MEK, MEK, p-Erk, Erk,
p-Bad (ser 112) and Bad. Data are presented relative to control (51.0) and are means ± standard error of three independent experiments performed in triplicate.
Values with asterisk are significantly different from control (P , 0.05).

Fig. 4. MEK inhibitor diminishes the inhibitory effect of SDC-1 siRNA on apoptosis of MCF-7 cells. Cells were pretreated with PD98059 (50 lM) for 24 h and
then transfected with SDC-1 siRNA for 48 h. (A) Caspases-3/7 activity was determined with Caspase-Glo� 3/7 assay following the manufacture’s protocol. Data
are means ± standard errors. of three experiments performed in triplicate. Values with different letters are significantly different (P, 0.05). (B) Apoptotic activity
was determined by cleaved PARP using western blots. Data are presented relative to control (51.0) and are means ± standard errors of two independent
experiments.
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phosphorylated signaling proteins were measured in the SDC-1�/�

compared with SDC-1þ/þ littermates (Figure 5B). This supports
the idea that SDC-1 may act as an inhibitor of the MEK/Erk/Bad
signaling pathway and thus reduce pro-proliferative signals in favor
of proapoptotic signals in the cells.

Discussion

Although our previous studies have shown that DHA induces apopto-
sis of human breast cancer cells through SDC-1 (27), the intracellular
signals impacted by SDC-1 to trigger apoptosis remained unknown.
The present studies have identified SDC-1 as an important effecter of
the MEK/Erk/Bad cascade in human breast cancer cells. The most
striking findings are that SDC-1 is a key controller in the ability of
DHA to inhibit phosphorylation of MEK, Erk and Bad in these cells
and further, that there is evidence for this regulation in breast tissue
in vivo. This represents a novel mechanism for the chemopreventive
properties of DHA in breast cancer cells.

Consistent with previous studies showing that DHA but not EPA is
effective in apoptosis induction in human breast cancer cells (27), we
found that DHA, but not EPA and LA, inhibits phosphorylation of
MEK, Erk and Bad proteins in these cells. This finding is supported by
other reports although their data were from human lymphocytes (30)
and mesangial cells (32). We have shown previously that in both
breast (27) and prostate (42) cancer cells, the sdc1 gene is a target
for PPARc and that DHA upregulates SDC-1 through activation of
PPARc. This transcriptional activity was not shared by either EPA or
LA although both are known to bind PPARc (43). The differential
results between binding and activation may be indirect and resulting
from metabolism of the different PUFA to more active compounds
(43). It is also of interest to note that PPARc is phosphorylated by Erk-
1/2 and this results in reducing its ligand binding and gene-regulating
activity (44). Thus, a reduction in Erk activity by DHA may have
a positive effect on PPARc activity.

If DHA inhibits phosphorylation of MEK, Erk and Bad in MCF-7
cells through SDC-1, SDC-1 should have a similar function and our
data confirm this property. We have shown previously that an SDC-1

ectodomain can induce apoptosis in MCF-7 cells (27). In the present
studies, SDC-1 ectodomain, like DHA, blocked phosphorylation of
MEK, Erk and Bad in a dose-dependent manner, thus converting
a mitogenic cascade to one that promotes apoptosis. Minican, a trun-
cated SDC-1, was shown previously to inhibit growth of murine mam-
mary cancer cells through inhibition of Erk phosphorylation, however,
measures of apoptosis were not reported (33). To confirm that SDC-1
is a key mediator in DHA-inhibited phosphorylation of these signal-
ing molecules in MCF-7 cells, an SDC-1 siRNA was transfected into
the cells to silence SDC-1 expression. In the absence of DHA, com-
pared with untransfected or cells transfected with a control siRNA, the
SDC-1 siRNA greatly enhanced phosphorylation of MEK, Erk and
Bad. When SDC-1 was silenced by its siRNA and the transfected cells
were then grown in the presence of DHA the inhibitory effect of DHA
on phosphorylation of MEK, Erk and Bad was blocked thus confirm-
ing a key role for SDC-1 in the ability of DHA to regulate this
signaling pathway. Furthermore, the MEK inhibitor PD98059 was
shown to block the inhibitory effect of SDC-1 siRNA on apoptosis,
thus indicating the involvement of MEK activity in SDC-1-induced
apoptosis. The increase in apoptosis resulting from MEK inhibition is
consistent with in vivo data showing a marked reduction in colon
cancer in mice treated with a MEK inhibitor (45). Bad phosphoryla-
tion on serine 112 is MEK dependent and inhibits Bad association
with the Bcl-xL survival protein; thus inhibition of MEK promotes
Bad-Bcl-xL interaction and leads to apoptosis (46).

Several studies have implicated elevated activity of the MAPK
pathway in human breast cancer (47–49). Sivaraman et al. (47) first
reported increased expression and activity of MAPK in breast carci-
noma versus benign tissue as well as in metastatic cells within positive
lymph nodes. In a subsequent study, MAPK activity in primary breast
tumors was demonstrated in only a subset of tumors and trended to be
negatively associated with relapse-free survival (49). This kinase cas-
cade presents an obvious target for the development of new anticancer
drugs. To date, the focus has been on small molecule inhibitors of the
various kinases (50). To our knowledge, there is no previous evidence
to show that n-3 PUFA inhibits phosphorylation of MEK and Erk in
mammary tissue or the involvement of SDC-1 in this process. Our
in vivo studies have shown (i) an elevation of SDC-1 in the n-3 PUFA-
enriched mammary glands of Fat-1 mice (37) that we now show is
accompanied by reduced phosphorylation of MEK, Erk and Bad and
(ii) that levels of phosphorylated MEK, Erk and Bad are higher in
mammary glands of SDC-1�/� mice compared with SDC-1þ/þ mice.
These interesting findings, together with the in vitro data, imply that
the inhibitory effect of DHA on phosphorylation of MEK, Erk and
Bad is mediated by SDC-1.

Several details of the mechanistic link between DHA, SDC-1 and
MEK/Erk inhibition are still unclear. Our studies have shown that
DHA upregulates SDC-1 in breast cancer cells through activation of
PPARc and results in apoptosis that can be blocked by SDC-1 siRNA
(27). Apoptosis can also be induced in these cells by exogenous SDC-
1 ectodomain. These observations suggest that shedding of the ecto-
domain may be required for its proapoptotic activity. The SDC-1
ectodomain is known to undergo constitutive and inducible shedding
by proteolytic cleavage of its core protein at a specific membrane-
proximal site, G245-L246 in human (51) and A243-S244 in mouse (52).
Although the identity of the enzyme active in breast cancer cells is not
known, matrix metalloproteinase (MMP)-7 (matrilysin), MMP-9
(gelatinase B) and MMP-14 (MMT-1-MMP) have been identified as
SDC-1 sheddases (51,53–55). In addition, heparanase indirectly pro-
motes SDC-1 shedding through enhanced expression and activity of
MMP-9 (56). Shedding results in a pool of soluble SDC-1 that com-
petes with the same ligands as the membrane-bound proteoglycan and
may result in different physiological effects on the cell (57). It is
unknown whether shed SDC-1 ectodomain interacts with the cell by
binding to a specific cell surface receptor or whether it enters the cell
and whether any of these processes are impacted by DHA.

In summary, our data highlight a novel pathway, SDC-1/MEK/Erk/
Bad, through which DHA promotes apoptosis of human breast cancer
cells. Furthermore, this report is the first to demonstrate that SDC-1

Fig. 5. Levels of phosphorylated MEK, Erk and Bad in mammary glands of
Fat-1 and SDC-1�/� mice. Levels of phosphorylated (p) to total MEK, Erk
and Bad in mammary glands of (A) female Fat-1 and wt mice; (B) female
SDC-1�/� mice and SDCþ/þmice measured by western analysis of tissue
extracts. A representative blot for each protein is shown. Data are means ±
standard errors of five Fat-1 or three SDC-1�/� mice. Values with asterisk are
significantly different from control (P , 0.05).
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inhibits phosphorylation of MEK/Erk in vivo. We have no evidence to
date that SDC-1 is directly interacting with MEK/Erk/Bad or that
SDC-1 is directly inhibiting their phosphorylation. Additional studies
are clearly needed to identify both upstream and downstream media-
tors to further define how SDC-1 inhibits this important signaling
pathway in human breast cancer cells and how this may be impacted
by increasing dietary intake of DHA.
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