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Background: Equol, a daidzein metabolite, is a potent regulator of the cancer-promoting effects of dietary daidzein.
Results: Silencing of eIF4G or c-Myc demonstrated that the equol-mediated c-Myc up-regulation is central to the pro-cancer
effects of equol.
Conclusion: Equol may promote cancer via c-Myc.
Significance: Caution must be exercised regarding soyfood consumption for patients with ER (�) breast cancer.

Epidemiological studies implicate dietary soy isoflavones as
breast cancer preventives, especially due to their anti-estrogenic
properties. However, soy isoflavones may also have a role in pro-
moting breast cancer, which has yet to be clarified. We previ-
ously reported that equol, a metabolite of the soy isoflavone
daidzein, may advance breast cancer potential via up-regulation
of the eukaryotic initiation factor 4GI (eIF4GI). In estrogen
receptor negative (ER�) metastatic breast cancer cells, equol
induced elevated levels of eIF4G, which were associated with
increased cell viability and the selective translation of mRNAs
that use non-canonical means of initiation, including internal
ribosome entry site (IRES), ribosome shunting, and eIF4G
enhancers. These mRNAs typically code for oncogenic, survival,
and cell stress molecules. Among those mRNAs translationally
increased by equol was the oncogene and eIF4G enhancer,
c-Myc. Here we report that siRNA-mediated knockdown of
c-Myc abrogates the increase in cancer cell viability and mam-
mosphere formation by equol, and results in a significant down-
regulation of eIF4GI (the major eIF4G isoform), as well as
reduces levels of some, but not all, proteins encoded by mRNAs
that are translationally stimulated by equol treatment. Knock-
down of eIF4GI also markedly reduces an equol-mediated
increase in IRES-dependent mRNA translation and the expres-
sion of specific oncogenic proteins. However, eIF4GI knock-
down did not reciprocally affect c-Myc levels or cell viability.
This study therefore implicates c-Myc as a potential regulator of
the cancer-promoting effects of equol via up-regulation of
eIF4GI and selective initiation of translation on mRNAs that
utilize non-canonical initiation, including certain oncogenes.

Isoflavones are found in nutritionally relevant amounts in
soybeans comprising �3.5 mg/gm soy protein in traditional soy
foods. Studies have reported a range of 1–25 �M soy isoflavones
in the human circulation following consumption of soy prod-
ucts, which is sufficient for physiological activity (1– 4).
Because of the structural similarity to 17� estradiol, these phy-
toestrogens have been extensively studied for their potential
estrogenic or antiestrogenic effects in breast cancer (5, 6).
Moreover, soy isoflavones may have additional estrogen-inde-
pendent effects in aggressive estrogen receptor negative (ER�)2

breast cancers (5, 7).
Daidzein is the second most prominent isoflavone in soy and

�70% of daidzein can be metabolized by the intestinal micro-
flora to the metabolite equol (8). Only �30 –50% of humans
have the gut microflora necessary to convert daidzein to equol
(8, 9); therefore, not all humans are affected by equol. Equol is
also chemically similar to estrogen and has 80 times more ER�
affinity than daidzein (10 –12). The effects of equol, specifically
in ER� breast cancers, or established aggressive breast cancers,
remains unclear and requires additional study (7, 8, 13, 14).

At high concentrations (50 –350 �M), equol has been impli-
cated in inhibition of cancer cell growth, invasion, tumor pro-
gression, and cancer risk (15–19), while low physiological
concentrations of equol reportedly increases cancer cell prolif-
eration (14, 20). In ER� human breast cancer cells, equol
increases estrogenic activity and cell proliferation, but does not
affect tumor growth in mice (20 –23). Dietary daidzein also
failed to reduce mammary tumor growth in rats when metabo-
lized to �1 �M equol in serum (24), although others have shown
inhibitory effects of daidzein and equol on ER� breast cancer
cells and tumors (25, 26). Thus, whether daidzein and equol
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prevents or promotes breast cancer in experimental models is
not established, and may be concentration and ER status
dependent. Accordingly, the molecular mechanisms by which
equol acts on breast cancer cells need to be better understood,
enabling recommendations for soy consumption in breast can-
cer patients.

To this end, we previously tested the effect of individual and
combined soy isoflavones on immune impaired (nude) mice
with mammary tumors, established from ER� cancer cells. We
reported that dietary daidzein increases mammary tumor
growth and metastasis (27). These findings support our recent
in vitro studies, which demonstrated that equol is the active
metabolite of daidzein and increases breast cancer cell malig-
nancy, primarily via up-regulation of the eukaryotic initiation
factor eIF4GI and its translation of mRNA-encoding oncogenic
proteins (28).

Translational control has received increased attention in
recent years due to its emerging significance in cancer develop-
ment and progression (29). Translation initiation is typically
the rate-limiting step and therefore, a primary site for regula-
tion. Accordingly, the levels of two eukaryotic initiation factors
that are members of the cap-initiation eIF4F complex, consis-
ting of eIF4E (Cap-binding protein) and eIF4G (initiation com-
plex molecular scaffold), are frequently elevated in human can-
cers, and have been associated with poor prognosis and
outcome (29 –31). Overexpression of eIF4GI is critical for the
modes of translation initiation in eukaryotic cells that bypass or
have a reduced requirement for eIF4E, including IRES-depen-
dent mechanisms that allow the 40 S ribosome to be directly
recruited to the mRNA (32, 33). It is thought that under the
physiological stress conditions that exist in large tumors (i.e.
growth arrest, amino acid starvation, hypoxia), cancer cells rely
on non-canonical, eIF4E-deficient, IRES-dependent transla-
tion of a subset of mRNAs encoding pro-growth, pro-angio-
genic and pro-survival proteins, such as, BCL2, Bcl -Xl, c-Myc,
p120 catenin, and vascular endothelial growth factor A (VEGF)
A, among others (29, 34 –36).

In our recent study using MDA-MB 435 ER� metastatic
breast cancer cells treated with equol, we showed that the tran-
scription factor c-Myc was also elevated in addition to up-reg-
ulated levels of eIF4GI and the increased translation of IRES-
containing mRNAs that control cell survival and cell
proliferation (28). This result is relevant because c-Myc is over-
expressed in a variety of human cancers and plays an important
role in multiple signaling pathways including cell growth, cell
proliferation, metabolism, ribosome biogenesis, microRNA
regulation, cell death, and cell survival (37–39).

With the objective of determining whether the equol-medi-
ated up-regulation of eIF4G promotes preferential synthesis of
c-Myc, which has an IRES element (40), or whether c-Myc up-
regulation by equol leads to eIF4GI transcription, as shown in
(41), we investigated the effects of silencing eIF4GI or c-Myc in
equol-treated metastatic breast cancer cells. Here, we show that
reducing eIF4GI levels results in a marked reduction in IRES-
dependent mRNA translation, decreased polysomal association
of those mRNAs, and corresponding oncogenic protein levels
of specific IRES-containing mRNAs. The increase in cell viabil-
ity and mammosphere formation (an indicator of tumorigenic

potential (42, 43)) in response to equol was not affected until
c-Myc was also targeted by siRNA, which in addition, signifi-
cantly down-regulated eIF4GI levels.

Taken together, these data implicate c-Myc, and the conse-
quent increase in eIF4GI followed by selective translation of
oncogene mRNAs, in the pro-transforming effects of equol on
breast cancer progression.

EXPERIMENTAL PROCEDURES

Cell Culture—Metastatic variant of MDA-MB-435 (ER�)
(gift of Dr. Danny Welch, The University of Kansas Cancer
Center) and Hs578t (ER-) metastatic human breast cancer cells
(American Type Culture Collection (ATCCC), Manassas, VA)
were maintained in complete culture medium: Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen, Houston, TX)
supplemented with 10% fetal bovine serum (Invitrogen) at
37 °C in 5% CO2. The MCF-10A mammary epithelial cells
(ATCCC) were maintained in DMEM supplemented with 10%
horse serum, EGF, hydrocortisone, cholera toxin, and insulin,
as described previously (44). Cell lines were authenticated and
found to be mycoplasma free.

Cell Treatment—Quiescent mammary epithelial cells or
metastatic cancer cells were treated with 0 (vehicle, 0.1%
DMSO) or 25 �M of (R,S) Equol (LC Laboratories, Woburn,
MA) in DMEM and 5% FBS medium for 24 h.

Western Blotting—Cells were lysed and Western blotted, as
described in Ref. 27. Primary antibodies to eIF4E, eIF4GI,
c-Myc, p120 catenin, Bcl-Xl, Cyclin-D1, GAPDH, JunB, and
�-actin proteins (Epitomics, Burlingame, CA, Cell Signaling,
Danvers, MA, Sigma-Aldrich) were used. The integrated den-
sity of positive bands was quantified using Image J software, as
described in Ref. 27.

Cell Viability Assay—Cell viability was determined by the
CellTiter 96 Non-Radioactive Cell Proliferation kit according
to the manufacturer’s instructions (Promega, Madison, WI).
Briefly, quiescent 1 � 105 MDA-MB-435 cells were added to
each well of a 96-well plate and treated for 24 h with vehicle or
25 �M equol. Following equilibration, 15 �l/well of MTT
(3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) reagent was added, and the plates incubated at 37 °C for
4 h. Stop solution (100 �l) was added to each well, and the plates
incubated to facilitate solubilization of newly formed formazan
salts. The absorbance at 570 nm was measured using an ELISA
plate reader.

Real-time Reverse Transcriptase Polymerase Reaction (RT-
PCR) Analysis—Real-time quantitative RT-PCR analysis was
performed as described (28). Briefly, total RNA was extracted
using the Qiagen RNeasy Kit (Qiagen). RNA concentration was
detected using NanoDrop (NanoDrop Technologies, Wilming-
ton, DE). RNA (0.5 �g) was used to synthesize cDNA using the
iScript cDNA synthesis kit (Bio-Rad). RT-PCR primers were as
follows. MYC: forward, 5�-TTCTCAGAGGCTTGGCGGG-
AAA-3�, reverse, 5�-TGCCTCTCGCTGGAATTACTACA-3�.
B- 2-microglobulin (B2M): forward, 5�-GGCTATCCAGCGT-
ACTCCAAA-3�, reverse, 5�-CGGCAGGCATACTCATCTT-
TTT-3�. GAPDH: forward, 5�-TTGCCATCAATGACCCCT-
TCA-3�, reverse, 5�-CGCCCCACTTGATTTTGGA-3�.
CCND1: forward, 5�-TGGTGAACAAGCTCAAGTGGA-3�.
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reverse, 5�-TGATCTGTTTGTTCTCCTCCGCCT-3�. eIF4GI:
forward, 5�-TTGTGGATGATGGTGGCT-3� reverse, 5�-
TTATCTGTGCTTTCTGTGGGT-3�. CTNND1: forward, 5�-
TCCAGCAAACGATACAGTGG-3�, reverse, 5�-GAACCAC-
CTCTGGCTGAAAT-3�. Real-time reactions were performed
using iQ-SYBR-Green PCR Master Mix (Bio-Rad). The amplifi-
cation reaction was performed for 40 cycles (10 s at 95 °C, 30 s at
59 °C, and 30 s at 72 °C). B2M mRNA was used as an internal
control. The fold change was determined by the 2 ��CT
method as described (27, 28).

Polysome Fractionation—MDA-MB-435 cells (non-silencing
control or eIFGI silenced), treated with vehicle or equol, were
used for polysome profiling, as described in Ref. 36. Cells were
pre-treated with 100 �g/ml cycloheximide (Calbiochem),
washed twice in PBS with 100 �g/ml cycloheximide, pelleted,
and resuspended in 700 �l of polysome isolation buffer (200 mM

Tris, pH 7.5, 100 mM NaCl, and 30 mM MgCl2). After 5 min of
incubation, 250 �l of detergent buffer (1.2% Triton, 0.2 M

sucrose in polysome isolation buffer) was added, and cells were
lysed. Clarified lysates were layered onto 10 –50% sucrose gra-
dients (Sigma-Aldrich) and sedimented at 36,000 rpm for 2 h in
a SW40 rotor (Beckman Coulter) at 4 °C. Gradients were col-
lected as 15 � 750 �l fractions, by pumping 60% sucrose into
the bottom of the gradient and collecting from the top using an
ISCO fraction collector while simultaneously monitoring
absorbance at 254 nm. RNA was isolated by extraction with
phenol/chloroform. Fractions 4 –12, representing polysomes,
were pooled and classified as light polysome fractions (2–3
ribosomes) and heavy polysome fractions (� 4 ribosomes).
RNA preparations from each fraction were subjected to qRT-
PCR for c-MYC, CTNND1 (p120-catenin), CCND1 (cyclin
D1), eIF4G, GAPDH, and B2M, as described above.

shRNA/siRNA Transfection—eIF4GI knockdown using shRNA
adenovirus (Ad) vectors were conducted as described (36). MDA-
MB-435 and Hs578t cells were infected with Ad vectors twice over
4 days with non-silencing (NS control) or eIF4GI-silencing (Ad)
shRNA vectors at a multiplicity of infection (MOI) of 100, then
treated with vehicle or 25 �M equol for 24 h. Control or c-Myc
siRNAs (Santa Cruz, CA) were transfected into MDA-MB-435
and Hs578t cells using Lipofectamine (Invitrogen) according to
the manufacturer’s instructions, followed by treatment with vehi-
cle or equol for 24 h.

IRES-dependent Protein Synthesis—MDA-MB-435 cells with
non-silencing control or eIF4GI siRNA were transfected with a
bicistronic reporter or control plasmid containing the lucifer-
ase constructs without an IRES, using Lipofectamine 2000
(Invitrogen), as per the manufacturer’s directions. As described
(36), this plasmid contains a cap-dependent Renilla luciferase
(RLuc) followed by a 5�-UTR containing the p120 catenin IRES
driving a firefly luciferase (FLuc). 24 h following transfection,
cells were treated with equol for an additional 24 h. Relative
IRES activity was analyzed as 570 nm FLuc/480 nm RLuc in a
luminometer using a dual luciferase assay kit (Promega),
according to the manufacturer’s instructions.

Mammosphere Formation Assay—Mammosphere assays
were performed, as described in Ref. 42. MDA-MB-435 cells
were seeded in ultra-low attachment plates (Corning) at a den-
sity of 500 –5000 cells/well in serum-free mammary epithelium

basal medium (Lonza) supplemented with 1% penicillin/strep-
tomycin (Lonza), B27 supplement minus vitamin A (50�, Invit-
rogen), 5 �g/ml insulin (Invitrogen), 1 �g/ml hydrocortisone
(Sigma), 20 ng/ml EGF, and 20 ng/ml fibroblast growth factor
(Sigma). Mammospheres were counted using an inverted
microscope after 3 days of incubation in 37°C, 5% CO2. Mam-
mosphere-forming efficiency (MFE) was calculated as the num-
ber of mammospheres divided by the number of cells seeded
per well and is expressed relative to cells expressing control
siRNA treated with vehicle.

Statistical Analysis—Data were analyzed and reported as
mean � S.E. of at least three independent experiments. Statis-
tical analyses were conducted using Microsoft Excel. Differ-
ences between means were determined using the Student’s
t-test, and values p � 0.05 or p � 0.01 were considered
significant.

RESULTS

eIF4GI Silencing Partially Rescues the Pro-cancer Effects of
Equol—We recently reported that the daidzein metabolite
equol, through the up-regulation of eukaryotic protein synthe-
sis initiation factor eIF4GI, may specifically direct the synthesis
of IRES-containing mRNAs that induce cell survival and prolif-
eration, and increase cancer progression. In the previous study,
we used 0, 1, 5, 25, or 50 �M equol and reported that the effects
of equol on cell viability and up-regulation of oncogenic protein
expression saturated at 25 �M equol (28). Therefore, the pres-
ent study was conducted with 25 �M equol, using two meta-
static cancer cell lines.

To investigate whether equol regulates breast cancer cell
malignancy via eIF4GI, we determined the effects of equol on
MDA-MB-435 and Hs578t cells with eIF4GI knockdowns.
Using eIF4GI shRNA vectors, eIF4GI protein expression was
silenced by �60%, compared with cells expressing non-silenced
vector controls, in both vehicle and equol-treated MDA-MB-
435 and Hs578t cells (Fig. 1A). Notably, the �1.8-fold increase
in eIF4GI mRNA levels in response to equol treatment was
effectively abolished by the eIF4GI targeting, resulting in a
3-fold reduction in eIF4GI mRNA in the presence and absence
of equol (Fig. 1C).

Because equol up-regulates expression of IRES containing
oncogenic proteins (28), cells expressing control or eIF4GI
knockdown were analyzed for protein expression levels of
members of the eIF4F complex, as well as proteins from IRES
containing mRNAs (Fig. 1, A and B). At 25 �M, equol protein
expression in Hs578t and MB-435 cells, respectively increased
levels of eIF4GI (�1.4, 1.6-fold), c-Myc (�1.5, 1.8-fold), Cyclin
D (�1.4, 1.5-fold), Bcl-Xl (�1.3, 1.5-fold), and p120 catenin
(�1.3, 1.6-fold) in a statistically significant manner, compared
with control shRNA-expressing cells. Cells expressing eIF4GI
shRNA demonstrated a �50% reduction in eIF4GI in vehicle
treatments and an 80�120% reduction in equol-treated cells,
while the eIF4E levels remained unchanged. Knockdown of
eIF4GI also caused a marked �40 – 60% reduction in expres-
sion levels of proteins encoded by mRNAs with IRESs: Cyclin D,
Bcl-Xl, and p120 catenin, from both vehicle and equol-treated
cells. Protein expression of GAPDH, JunB, and Actin from
mRNAs with short 5�-UTRs lacking an IRES were not affected
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by equol treatment or eIF4GI silencing. These results suggest
that elevated eIF4GI levels are essential for the significant and
selectively increased level of translation of IRES-containing
cancer promoting mRNAs, in response to equol treatment.
Interestingly, the equol-mediated �1.7-fold increase in c-Myc,
a reported IRES containing mRNA, remained elevated regard-
less of the eIF4GI knockdown (Fig. 1). The reason for sustained
c-Myc expression is unknown but may reflect an ability to use
other eIF4GI homologs such as DAP5 (45), or contribution
from eIF4E-mediated cap-dependent protein synthesis.

To determine whether silencing eIF4GI alters transcrip-
tional activity of the mRNAs examined in Fig. 1, we quantified
the mRNA levels of eIF4GI, C-MYC, CTNND1 (p120), and
CCND1 (Cyclin D) in MDA-MB-435 cancer cells expressing
control or eIF4GI shRNAs, treated with vehicle or 25 �M equol.
Fig. 1C demonstrates that as previously reported by us from
MDA-MB-435 mammary tumors and cells (27, 28), equol
increased eIF4GI transcription by �1.8-fold. This increase was
abolished in cells expressing eIF4GI shRNA, where eIF4GI
expression was reduced by �3-fold in both vehicle and equol-
treated cells. The mRNA levels of CTNND1 (p120) and
CCND1 (CyclinD1) were not affected by equol treatment or
eIF4GI knockdown, indicating that cyclin D1 and p120 catenin
expression were regulated entirely at the translational level.
However, c-Myc mRNA levels increased almost 2-fold in
response to equol in both control and eIF4GI-silenced cells,
confirming that the equol-mediated up-regulation in c-Myc
protein levels is independent of eIF4GI (Fig. 1).

As previously reported, in metastatic cancer cells, equol at 1,
5, 10, 25, or 50 �M increased c-Myc protein and mRNA expres-
sion by 2-fold (28) (Fig. 2A). However, the immortalized but
non-transformed mammary epithelial cell line MCF-10A did
not demonstrate statistically significant changes in c-Myc pro-
tein expression in response to equol treatment at 5 or 25 �M

(Fig. 2, B and C). Therefore, the equol-mediated up-regulation
of c-Myc appears to be limited to transformed cancer cells.

Next, we determined whether the elevated levels of eIF4GI,
as found in highly transformed cells in response to equol treat-
ment, might be necessary for efficient translation of IRES-con-
taining mRNAs. Dual luciferase assays were performed to
measure both cap-dependent and p120 catenin IRES-depen-
dent protein synthesis in MDA-MB-435 cells expressing con-
trol or eIF4GI shRNA, treated with vehicle or equol. Data
shown in Fig. 3 demonstrates that equol increased IRES-depen-
dent mRNA translation in cells expressing control shRNA by
�1.7-fold, while this increase was reduced by half when eIF4GI
was silenced, effectively abolishing the effect of equol. Vehicle
treatment of cells with eIF4GI knockdown did not statistically
decrease IRES activity (data not shown). Thus, the elevated pro-
tein synthesis of mRNAs with IRESs can be attributed to the
increased levels of eIF4GI in response to equol.

FIGURE 2. Effect of equol on eIF4G and c-Myc expression in cancer and
non-cancer cells. Quiescent cells were treated with vehicle or equol
(0 –50 �M) for 24 h and equal amounts of lysates were immunoblotted for
the indicated proteins. A, c-Myc expression in MDA-MB-435 human metat-
satic cancer cells. B and C, eIF4G and c-Myc expression in MCF-10 mam-
mary epithelial cells. Representative immunoblots (B) fold changes of pro-
tein expression compared with vehicle control, calculated from the
integrated density of bands normalized for actin expression. Results are
shown as fold-changes in equol-treated cells relative to vehicle controls
(n 	 3). An asterisk indicates statistical significance at p � 0.05.

FIGURE 3. Effect of eIF4GI knockdown on IRES-dependent mRNA trans-
lation in response to equol treatment. MDA-MB-435 cells with control
or eIF4GI silencing expressing a bicistronic reporter mRNA containing a
cap-dependent Renilla luciferase (RLuc) followed by a 5�-UTR containing
the p120 catenin IRES driving the firefly luciferase (FLuc), or a control
without an IRES. Cells were treated with vehicle or equol for 24 h, lysed,
and the relative IRES activity analyzed as 570 nm FLuc/480 nm RLuc from
equal amounts of lysate. IRES activity was quantified relative to control
activity for vehicle or equol treated cells. Results show fold change in IRES
activity compared with vehicle for n 	 3 � S.E. An asterisk indicates sta-
tistical significance of p � 0.05.

FIGURE 1. Protein and mRNA levels in response to equol treatment of transformed MDA-MB435 and Hs578t cells expressing control or eIF4GI
shRNAs. MDA-MB-435 and Hs578t cells were infected with non-silencing (control) or eIF4GI silencing (eIF4GI) adenovirus (Ad) shRNA vectors, then
treated with vehicle or 25 �M equol for 24 h. Equal amounts of lysates were immunoblotted for the indicated proteins or mRNAs quantified by qRT-PCR.
A, representative immunoblots. B, fold changes of protein expression compared with vehicle control, calculated from the integrated density of bands
normalized for actin expression. C, fold changes in EIF4G, MYC, CTNND, and CCND1 mRNAs. B2M was invariant and used as an internal control. Results
are shown as fold-changes in equol-treated cells relative to vehicle controls (n 	 3). An asterisk indicates statistical significance at p � 0.05. Two asterisks
indicate statistical significance of p � 0.01.
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To investigate whether translation initiation is sensitive to
the reduction in eIF4GI levels, we performed polysome profil-
ing for control and eIF4GI-silenced MDA-MB-435 cells treated
with vehicle or equol. The ribosome content on mRNA is an
established surrogate for translation activity. As previously
reported (28), Fig. 4A shows that equol increased the total
mRNA associated with the polysomal fractions compared with
vehicle alone, a manifestation of increased eIF4GI levels. In
equol-treated MDA-MB-435 cells with eIF4GI knockdown,
total RNA associated with polysomes was only very slightly
decreased, again indicative of a selective reduction in transla-
tion of specific mRNAs rather than a global decrease. As
expected in vehicle-treated cells, in the absence of equol,
eIF4GI knockdown resulted in a general decreased association
of RNA with both light and heavy polysomal fractions.

To identify specific mRNAs differentially associated with
polysome fractions in control or eIF4GI silenced cells, real-time
quantitative (q) RT-PCR was performed to measure IRES-con-
taining mRNAs: CTNND1, CCND1, EIF4G, C-MYC, and the
non-IRES containing housekeeping genes GAPDH and B2M.

Fig. 4B demonstrates that in MDA-MB-435 cells expressing
control shRNA, equol treatment increased the association of
eIF4GI with both light and heavy polysomal fractions (�1.7-
fold), while the association of C-MYC, CTNND1, and CCND1
with the heavy polysomal fraction was increased by �1.5–1.8-
fold. Equol therefore promoted a greater increase in the trans-
lation of these mRNAs by increasing their polysome content, a
hallmark of increased initiation. In the MDA-MB-435 cells
expressing eIF4GI shRNA, a �2.5-fold reduction in eIF4GI lev-
els was reflected in decreased polysome association of
CTNND1 and CCND1, by �1.2-fold in the light fractions and
by �1.4-fold in the heavy fractions. However, the equol-stimu-
lated C-MYC mRNA levels remained increased by 1.4- and 1.7-
fold in the light and heavy fractions compared with vehicle con-
trols, even in the cells with eIF4GI knockdown. The IRES-
negative GAPDH mRNA was also not affected by eIF4GI
silencing or equol treatment. These data are consisted with the
protein abundance levels shown earlier under identical condi-
tions. The observed down-regulation of equol-mediated lD and
p120 catenin protein expression (Fig. 1, A and B) and decreased

FIGURE 4. Analysis of polysome profiles in response to vehicle or equol treatment of MDA-MB-435 cells expressing control or eIF4GI shRNA. Equal
amounts of cytoplasmic cell lysates from vehicle control or 25 �M equol-treated MDA-MB-435 cells expressing control or eIF4GI shRNA were loaded onto
10 –50% sucrose gradients and light (fractions 4 –7, 2– 4 ribosomes) and heavy polysome fractions (fractions 8 –12, 
4 ribosomes) collected. A, polysome
profiles. B, C-MYC, EIF4G, CNND1, CTNND, and GAPDH mRNAs associated with polysome fractions, as detected by qRT-PCR. B2M was used as an internal control.
Results are shown as fold-changes in equol-treated cells relative to vehicle controls (n 	 3). An asterisk indicates statistical significance of p � 0.05.
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polysome association of their mRNAs in cells silenced for
eIF4GI (Fig. 4B), indicates a dependence on increased eIF4GI
abundance to enable preferential translation of some IRES-
containing mRNAs in equol-treated cells.

c-Myc Knockdown Reduces eIF4GI Levels and Abrogates the
Effects of Equol on Cell Viability and Mammosphere Formation—
Our results show that equol up-regulates mRNA and protein levels
and the polysomal association of the key transcription factor and
oncogene c-Myc, independent of eIF4G (Figs. 1 and 4). Therefore,
we tested the effect of reducing c-Myc expression in Hs578t and
MDA-MB-435 cells to investigate the importance of its elevated
expression in equol action. To achieve this, cellular c-Myc levels
were only partially reduced by carefully titrated c-Myc siRNA.
This strategy enabled us to specifically determine the physiological
relevance of elevated c-Myc in response to equol. Cells transfected
with c-Myc siRNA demonstrated a �40% reduction in c-Myc pro-
tein expression compared with control siRNA cells. The 1.5-fold
increase in equol-mediated c-Myc protein expression in cells
expressing the control siRNA was completely abolished in both
Hs578t and MDA-MB-435 cells expressing c-Myc siRNA. This
result indicates that the siRNA targeting of c-Myc is sufficient to
inhibit the de novo protein synthesis of c-Myc in response to equol,
without affecting its basal levels (Fig. 5A). Protein expression of
eIF4GI and cyclin D were also significantly down-regulated in
c-Myc-silenced cells, indicating that increased c-Myc abundance
promotes increased eIF4GI mRNA expression by c-Myc. Interest-
ingly, the levels of Bcl-Xl and p120 catenin proteins were not
altered by c-Myc silencing. Rather, a statistically significant
increase in Bcl-Xl and p120 catenin was demonstrated in response
to equol in cells with control or c-Myc siRNA in the MDA-MB-
435 cells. In the Hs578t cell line, protein expression of eIF4GI,
cyclin D, and Bcl-Xl were down-regulated following c-Myc knock-
down, while p120 catenin expression remained unchanged.

When eIF4GI was silenced, we observed a statistically signifi-
cant decrease in p120 catenin and cyclin D1 expression while the
other oncogenes tested, including c-Myc, remained unchanged.
Therefore, to investigate the relative roles of eIF4GI and c-Myc on
cell viability, Hs578t and MDA-MB-435 cancer cells expressing

control, eIF4GI shRNA, or c-Myc siRNA were treated with vehicle
or 25 �M equol, and subjected to cell viability analysis by MTT
assay. Although the increase in eIF4GI levels in response to equol
was effectively abolished by eIF4GI siRNA targeting (Fig. 1), the
1.4–1.7-fold increase in cell viability in response to 25 �M equol
remained constant in MDA-MB-435 and Hs578t cells, despite
eIF4GI silencing (Fig. 6A). These results indicate that the equol
effect on cell viability is not eIF4G dependent. In contrast, Fig. 6B
demonstrates that knockdown of c-Myc reduced the viability of
MDA-MB-435 cells by 50% in control-treated cells and 50–80% in
equol-treated cells.

To further investigate a role for c-Myc in regulating the
effects of equol on cancer malignancy, non-adherent seeding of
spheroids (mammosphere assays), which measure tumor initi-
ating cell capacity, were performed in response to vehicle or
equol using MDA-MB-435 cells expressing control or c-Myc
siRNA. Our results show that equol increases the size and num-
ber of mammospheres formed by the MDA-MB-435 cell line by
1.5-fold compared with controls. Knockdown of c-Myc expres-
sion (as determined by Western blotting, data not shown) abol-
ished the equol-mediated increase in mammosphere-forming
efficiency (Fig. 7). Therefore, the breast cancer-promoting
effects of equol appear to be dependent on its ability to increase
c-Myc expression.

DISCUSSION

Dysregulation of translational control can have oncogenic
consequences by altering global control of protein synthesis as
well as selective translation of a subset of mRNAs important for
cell growth, survival, metastasis, and proliferation (29, 46).
Accordingly, eIF4F complex members eIF4E and eIF4GI are
overexpressed in advanced cancers. Up-regulation of eIF4GI in
aggressive breast cancers may preferentially enhance cap-inde-
pendent and non-canonical means of initiation such as IRES-
mediated translation; especially, when the cap-dependent scan-
ning mechanism of translation initiation is compromised by
stress conditions (47– 49).

FIGURE 5. Expression of oncogenic proteins following equol treatment of MDA-MB 435 cells with c-Myc silencing. Quiescent MDA-MB-435 cells express-
ing control or c-Myc siRNA were treated with vehicle or equol for 24 h. Equal amounts of lysates were immunoblotted for the indicated proteins. A, represen-
tative Western blots. B, fold changes of protein expression compared with vehicle as calculated from the integrated density of positive bands normalized for
actin expression (n 	 3). An asterisk indicates statistical significance of p � 0.05.

Equol Increases Cancer Progression via c-Myc Up-regulation

MARCH 6, 2015 • VOLUME 290 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6053



Therefore, our finding that eIF4GI is up-regulated by the
dietary soy isoflavone equol in MDA-MB-435 human meta-
static cancer cell tumors in immune-impaired mice, as well as in
human metastatic breast cancer cells in vitro, has implicated
the equol-stimulated eIF4GI in selective translational control
(27, 28). We also showed that equol treatment of breast cancer

cells results in increased IRES-dependent mRNA translation,
protein expression, and polysome association of a number of
mRNAs with IRES elements coding for proteins that regulate
cancer cell survival, proliferation, and invasion (27). In this
study, we tested the hypothesis that elevated levels of eIF4GI in
response to equol contribute to breast cancer malignancy.

As shown by our results comparing metastatic cancer cells
and non-cancer cells, the elevated c-Myc and eIF4G expression
in response to equol is a cancer cell-specific effect. This may be
due to the complex deregulation of c-Myc expression in cancer
that would be more responsive to the effects of equol (50).

Our strategy in this study was to achieve only a partial silenc-
ing of eIF4GI levels in equol treated cells; thus, reducing it to
levels found in untreated cells. In so doing, we found that the
increased viability of metastatic cancer cells in response to
equol was insensitive to eIF4GI knockdown. This result corrob-
orates previous reports of eIF4GI depletion, which found only a
small reduction in overall protein synthesis, cell viability, and
only slightly impaired cell proliferation (35, 36). Nevertheless,
similarly partial eIF4GI silencing has been shown previously to
decrease the translation of the IRES-containing mRNAs such as
p120 catenin, which has been implicated in cancer cell invasion
(36).

Confirming this report, we found eIF4GI knockdown in met-
astatic breast cancer cells to result in a significant reduction in
the equol-mediated increase in protein expression of p120
catenin, Cyclin D1, and Bcl-Xl, without affecting their mRNA
levels. These mRNAs all contain an IRES in their 5�-UTR and
have been shown to be under eIF4GI regulation during cancer
progression (36, 51–53). Their decreased IRES-dependent
translation and the associated polysome association also vali-
dates the mechanism that equol increases expression of eIF4GI,
which in turn favors the increased translation of certain IRES-
containing, cancer promoting mRNAs. When eIF4GI was
silenced by 50 – 60%, we observed a parallel 50 – 60% decrease
in the translation of these IRES-containing mRNAs. The
eIF4GI knockdown was sufficient to reduce 100% of the equol-
mediated increases in Cyclin D1, Bcl-Xl, and p120 catenin, pro-
teins that were specifically dependent on elevated eIF4GI levels.

A central finding from our research is that equol increases
mRNA and protein levels of eIF4GI and c-Myc, selectively in
cancer cells. Intriguingly, c-Myc and eIF4E protein levels were
not affected by silencing eIF4GI. The oncogenic transcription
factor c-Myc regulates a large variety of cellular functions
including cell cycle progression, protein synthesis, metabolism,
apoptosis, and genomic stability through several signaling
pathways. Accordingly, c-Myc is increased in many human can-
cers, including breast cancer, and is regulated via direct and
indirect mechanisms (38, 54 –57). We found that reducing the
levels of eIF4GI was not sufficient to down-regulate the equol
increased levels of c-Myc nor to abolish the increase in cell
viability in response to equol. Therefore, equol may activate
c-Myc transcription independently of eIF4GI up-regulation.

Overall, c-Myc appears to be a major player in the cancer
promoting effects of equol in MDA-MB-435 and Hs578t met-
astatic cancer cells. Both eIF4E and eIF4GI are reported to be
transcriptionally regulated by c-Myc (41, 58). Accordingly, we
found a significant reduction in eIF4GI and a trend toward

FIGURE 6. Effect of eIF4GI or c-Myc knockdown on MDA-MB-435 and
Hs578t cell viability in response to equol treatment. A, viability of cells
expressing control or eIF4G shRNA. Quiescent MDA-MB-435 cells or Hs578t
cells were infected with non-silencing control or eIF4GI-silencing (eIF4G) ade-
novirus shRNA vectors, then treated with vehicle or 25 �M equol for 24 h. B,
viability of cells expressing control or c-Myc siRNA. Following 48 h of control
or c-Myc siRNA transfection, cells were treated with vehicle or 25 �M equol for
24 h. For both A and B, fold change in cell viability, from an MTT assay, is
compared with vehicle treatments of cells expressing control vector (1.0).
Mean � S.E. (n 	 3) is shown. An asterisk indicates statistical significance at
p � 0.05. Two asterisks indicate statistical significance of p � 0.01.

FIGURE 7. Mammosphere-forming efficiency (MFE) in MDA-MB-435 fol-
lowing equol treatment and c-Myc silencing. Quiescent MDA-MB-435 cells
expressing control or c-Myc siRNA were treated with vehicle or equol for 24 h.
Cells, seeded in duplicates in ultra-low attachments plates with 500 –5000
cells/well, were treated with vehicle or equol, and incubated for 3 days to
determine MFE. MFE was calculated by dividing the number of mammo-
spheres formed by the number of cells seeded per well. The data are pre-
sented relative to vehicle-treated control siRNA-expressing cells. Mean � S.E.
(n 	 3) is shown. Two asterisks indicate statistical significance of p � 0.01.
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eIF4E reduction in c-Myc-silenced cells. C-Myc knockdown
resulted in a significant decrease in Cyclin D1 levels, which
were also reduced in cells with eIF4GI knockdown. c-Myc is an
established transcriptional regulator of Cyclin D1, which likely
explains the decreased Cyclin D1 expression and cell viability
we observed in breast cancer cells expressing c-Myc siRNA.
However, c-Myc knockdown did not affect Bcl-Xl and p120
catenin proteins. Since elevated Bcl-Xl and p120-catenin levels
in equol treated cells were inhibited by partial eIF4GI silencing,
as well as with c-Myc knockdown, this result indicates that
equol mediated c-Myc up-regulation leads to the transcrip-
tional activation of eIF4GI. The resultant elevated eIF4GI pro-
tein levels are predicted to stimulate preferential cap-inde-
pendent synthesis of IRES-containing mRNAs such as Cyclin
D1, Bcl-Xl, and p120 catenin. However, when c-Myc is silenced
and the equol-elevated eIF4GI is abolished, cap-dependent
protein synthesis may account for the increased Bcl-Xl and
p120 expression.

Validating the role of c-Myc in control of cell viability in
multiple cancers (59, 60), knockdown of c-Myc to basal levels of
expression as in non-equol treated (control) Hs578t and MDA-
MB-435 cells, completely abolished the increase in cell viability in
response to equol. Furthermore, knockdown of c-Myc expression
abolished the effect of equol on enhanced mammosphere forma-
tion. Mammosphere assays have been used to identify stem cell-
like properties of self-renewal and tumorigenesis in aggressive
cancer cell populations (42, 43, 61). Enhanced c-Myc expression
and the associated increase in translation initiation have been
implicated with mammary stem cell amplification and tumori-
genic potential (62–64); especially in human growth factor recep-
tor 2 (HER2)-amplified breast cancers, such as the MDA-MB-435
HER2�� cell line used in this study (65). Therefore, collectively,
our data suggest that equol-mediated amplification of c-Myc and
eIF4G may direct increased cancer stem cell-like and tumorigenic
properties.

At present, the mechanism by which equol up-regulates
c-Myc transcription, is not known. Equol is structurally similar
to estrogen with 80 times more ER� affinity than their precur-
sor, daidzein (66). c-Myc is a recognized estrogen and estrogen
mimetics regulated oncogene. However, unlike other estrogen
stimulated genes, the mechanism by which c-Myc is regulated
is not completely understood (56). c-Myc transcription is reg-
ulated by cell surface receptors that include Wnt/�-catenin and
growth factor or signaling pathways that activate transcription
factors such as TCF/LEF and AP-1, known to regulate c-Myc
expression in breast cancer (37, 56, 67). Although the role of
equol in Wnt signaling is not yet established, equol has been
implicated in enhanced AP-1 activity (68). In our study, we used
ER� breast cancer cell lines; however, these cells still expresses
steroid receptors and may even express estrogen related recep-
tors (66, 69). Moreover, MDA-MB-435 cells have been shown
to express splice variants of the ER that may still be responsive
to phytoestrogens (70). Therefore, equol may regulate c-Myc
transcription via a variety of mechanisms, some of which may
involve estrogen receptor-related pathways and crosstalk with
growth factor receptor signaling.

c-Myc is highly amplified in human cancers (37). c-Myc reg-
ulates �15% of the human genome, and can also control mul-

tiple stages of ribosome biogenesis including the expression of
translation initiation factors that are important for both cap-
dependent and cap-independent translation (71, 37). Since
equol did not significantly affect c-Myc or eIF4G levels in non-
transformed cells, equol is not expected to affect the function of
normal cells. However, in cancer cells that already have ampli-
fied c-Myc, the 2-fold up-regulation of c-Myc may have a pro-
found effect on cancer potential. Increased c-Myc and eIF4G
levels can promote the selective translation of mRNAs that use
non-canonical eIF4E-independent modes of initiation; thus,
enhancing the survival of cancer cells in the nutrient-deprived
and hypoxic conditions that exist in solid tumors. Moreover,
the equol-mediated c-Myc up-regulation may enhance the
stem cell-like properties of a subset of cancer cells. This action
is also expected to increase the potential for malignant proper-
ties such as therapy resistance and survival during nutrient
deprivation.

Taken together, this study demonstrates that equol possesses
pro-cancer properties and may influence cancer potential via
up-regulation of c-Myc transcription leading to both c-Myc
dependent and -independent eIF4G-mediated translation ini-
tiation of oncogenes and increased cancer cell survival. Thus,
this study contributes to an understanding of the possible
mechanisms by which soy isoflavones can affect breast cancer
by demonstrating a key role for c-Myc up-regulation.
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