
Abstract. Background/Aim: Inhibition of apoptosis is one
of the hallmarks of cancer, and anti-apoptotic genes are
often targets of genetic and epigenetic alterations. Cellular
inhibitor of apoptosis 2 (cIAP2) has a role in degrading
caspases by linking them to ubiquitin molecules, and is
upregulated in triple-negative breast cancer (TNBC).
Previous studies have demonstrated that cIAP2 may play a
role in the epithelial-to-mesenchymal transition (EMT).
Materials and Methods: Suberoylanilide hydroxamic acid
(SAHA), a histone deacetylase (HDAC) inhibitor, was
administered to triple-negative breast cancer (TNBC) cells
alone or in combination with epigallocatechin-3-gallate
(EGCG), a DNA methyltransferase (DNMT) inhibitor
isolated from green tea. Results: The compounds were able
to decrease the expression of cIAP2 while increasing the
expression of pro-apoptotic caspase 7. There were also
changes in histone modifications, suggesting a role of
epigenetic mechanisms in these changes in expression of
cIAP2. These changes resulted in an increase in apoptosis.
SAHA and EGCG were also capable of limiting TNBC cell
migration across a fibronectin (FN) matrix. Conclusion:
SAHA and EGCG reduce the metastatic potential of TNBC
by inducing the apoptotic pathway.

Hanahan and Weinberg first described the hallmarks of
cancer in 2000, which included the inhibition of apoptosis as
one of the key factors that drive cancer progression (1). This
list was updated in 2011 and included two additional
enabling characteristics, one of which was genome instability
and mutation that encompasses epigenetic aberrations (2).
This enabling characteristic can easily influence the
hallmarks of cancer. The apoptotic pathway is a system of
checks and balances, utilizing a suite of caspases to promote
the process and baculovirus IAP repeat (BIR) proteins to
inhibit the process. They are able to do so through linking
pro-apoptotic proteins to ubiquitin molecules (3).
Dysregulation of these proteins can allow cancer cells to
evade apoptosis (4). 

Cellular inhibitor of apoptosis 2 (cIAP2), which is also
known as BIRC3, has been shown to be upregulated in cancers,
including triple-negative breast cancer (TNBC). TNBCs are
typically more refractory to treatment due to the three silenced
targets of hormonal cancer therapy: estrogen receptor alpha
(ERα), progesterone receptor, and human epidermal growth
factor receptor 2 (HER2). In our previous study, we began to
elucidate the anti-cancer effects of suberoylanilide hydroxamic
acid (SAHA) and epigallocatechin-3-gallate (EGCG) on TNBC
cells through the lens of growth potentiation (5). That study
has investigated downstream targets of oncogenic miR-221/222
after treatment with SAHA and EGCG in order to determine
their abilities to directly restore expression of p27, PTEN, and
ERα. After noting the ability of SAHA and EGCG to decrease
the expression of miR-221/222, we aimed to investigate other
oncogenes that are upregulated in TNBCs. cIAP2 was one of
these genes. Jo et al. have linked cIAP2 to an increase in
migration in TNBC through the PI3K/Akt pathway, though
some studies have found differing results (6, 7). In contrast, we
also decided to investigate the expression of pro-apoptotic
Caspase 7 (CASP7), which is sterically inhibited by the XIAP
protein. Higher levels of CASP7 were found in well-
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differentiated tumors, including ER-positive breast tumors.
This is due to the presence of an estrogen response element
located in the promoter region of caspase 7 (8). PTEN acts as
a tumor suppressor through its action as PIP3 phosphatase, by
which the activity of PI3K is opposed and Akt is
dephosphorylated (9). Because we noted a restoration in PTEN
expression levels in TNBC cells, we sought to explore the
implications of SAHA and EGCG on cellular migration and
apoptosis.

Modifications to the cancer epigenome allow many
aberrantly expressed genes to be changed at once. Our research
laboratory focuses on epigenome-modifying dietary
compounds as a means of cancer prevention and treatment (5,
10-13). Though some plant derivatives have been demonstrated
to actually increase the risk of cancers, more are exhibiting
anticancer effects (14). The present study investigated the most
abundant green tea polyphenol, epigallocatetchin-3-gallate
(EGCG). Many studies have shown it to be efficacious in
breast cancer prevention and treatment (15). EGCG acts as a
competitive inhibitor of DNA methyltransferase 1 (DNMT1)
and can therefore prevent the methylation of the genome
during the S phase of the cell cycle. DNA methylation is
generally associated with inactive gene transcription and the
formation of heterochromatin. Aberrantly methylated genes can
be restored with EGCG administration (16). Despite promising
results, many of the concentrations used in studies are not
physiologically achievable by diet alone. 

Histone deacetylase (HDAC) inhibitors are also able to
restore gene expression by preventing the deacetylation of
histones. Acetylated histones are generally associated with
active gene transcription. Suberoylanilide hydroxamic acid
(SAHA) is a synthetic HDAC inhibitor that is FDA-approved
for the treatment of cutaneous T-cell lymphoma, but is
currently being used in breast cancer clinical trials (17).
Peela et al. have noted the ability of SAHA to inhibit cellular
migration while decreasing microtubule polarization in the
SUM159 TNBC cell line (18). Previous studies have
demonstrated that pan-HDAC inhibitors, like SAHA, can
also deplete nuclear DNMT1 through ubiquitination and
through acetylation of Hsp90, altering the Hsp90-DNMT1
complex through HDAC1 (19).

The combination of DNMT inhibitors with HDAC
inhibitors as a means of cancer prevention and treatment has
been recently thoroughly studied. For example, studies from
our laboratory have combined resveratrol from red wine,
which is an HDAC inhibitor, with proanthocyanidins from
grapes, genistein from soy, which is DNMT inhibitor, with
sulforaphane, which is a strong HDAC inhibitor, withaferin
A from Indian winter cherry, which is a DNMT inhibitor,
with sulforaphane, and EGCG with sulforaphane. These
studies are just a few examples of attempts to elucidate the
mechanisms of action behind the dietary phytochemicals’
anti-cancer effects (10-13, 20, 21).

This study aimed to determine if the anti-cancer effects of
SAHA and EGCG extend beyond TNBC. Our current
findings support the role of SAHA and EGCG in inducing
apoptosis and reducing migration in TNBC and the ERα-
positive cell line (MCF-7) as a control. We showed that in
three TNBC cell lines treatment with the combination of
SAHA and EGCG led to an overall decrease in the
expression of cIAP2 and an increase in apoptosis. We
correlated this to an increase in H3K27me3-specific histone
methyltransferase (HMT) activity in the MCF-7 cell line, a
decrease in HDAC activity, and a decrease in acetylated
histone H3 (AcH3), which could be attributed to changes in
histone acetyltransferase (HAT) activity, particularly
p300/CBP (22, 23). 

Materials and Methods

Cell lines. ERα (+) MCF-7 and ERα (–) MDA-MB-157, MDA-MB-
231, and HCC1806 breast cancer cells were used in this study
(ATCC, Manassas, VA, USA).

Chemicals. EGCG (≥97% pure, HPLC) and SAHA (≥ 98% pure,
HPLC) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The compounds were dissolved in dimethyl sulfoxide (DMSO),
which was obtained from Sigma-Aldrich. EGCG and SAHA were
stored at a stock concentration of 100 mM and 25 mM, respectively,
at –20˚C.

Cell culture and treatment. All cells were cultured as described in
the ATCC protocol. MDA-MB-157, MDA-MB-231, and MCF-7
cells were grown in DMEM media (GIBCO, Thermo Fisher
Scientific, Waltham, MA, USA). HCC1806 cells were grown in
RPMI-1640 medium. The cells were subcultured at 80%–90%
confluence and maintained in an incubator at 5% CO2 and 37˚C.
Cells were allowed to adhere to plates upon seeding for 24 h, after
which they were treated over a one or three-day period with SAHA,
EGCG, or both at the indicated concentrations. Treatments were
administered every 24 h with fresh media. DMSO was used as a
vehicle control.

RNA extraction. Total RNA was extracted by lysing and
homogenizing cells. A total of 50 μl of Life Magnetics beads were
added to the samples and mixed by pipetting up and down.
Neutralization buffer was added, followed by the subsequent
addition of binding buffer according to the manufacturer’s protocol
(Life Magnetics, Detroit, MI, USA). The tubes were placed in a
magnetic stand, washed several times, and eluted. RNA purity and
concentration were quantified using a NanoDropä.

Protein extraction. Protein extractions were performed according to
the protocol used in the telomerase PCR ELISA (TRAP) kit (Roche
applied science, Indianapolis, IN, USA). Cells were centrifuged at
3000 × g for 10 min after washing with PBS, resuspended in 100
ml lysis reagent, and incubated on ice for 30 min. Contents were
mixed several times during the incubation period. Cells were
centrifuged at 16000 × g for 20 min at 4˚C, and 100 ml of the
supernatant were transferred to a new tube and stored at –80˚C until
further use.
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Reverse transcription-polymerase chain reaction (RT-PCR). RT-
PCR was used to examine the expression of genes of interest. RNA
(10 μl) was reverse-transcribed to cDNA with the iScriptä cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). The reaction included
also 5 μl 5× iScript Reaction Mix, 1 μl iScript Reverse
Transcriptase, and 4 μl nuclease-free water. 

Quantitative real-time PCR (qRT-PCR). Real-time PCR was
performed using cDNA prepared as described above in order to
determine the expression levels of genes of interest. Primers were
obtained from Integrated DNA Technologies, Inc. (IDT, Coralville,
IA, USA), and sequences are listed in Table I. PCR reactions were
completed in triplicate using 1 μl of cDNA for each sample, forward
and reverse primers (1 μl each) for the gene of interest, 5 μl of iTaq
SYBR green (Bio-Rad), and 2 μl of nuclease-free water to a total
volume of 10 μl. Once samples were prepared, they were used in
the CFX Connect TM Real-Time PCR Detection System (Bio-Rad).
Thermal cycling was initiated at 94˚C for 4 min followed by 35
cycles of PCR (94˚C, 15 s; 60˚C, 30 s; 72˚C, 30 s). GAPDH was
used as an endogenous control. The relative changes in gene
expression were calculated using the following formula: Fold
change in gene expression, 2-ΔΔCt=2–[ΔCt (treated samples)–ΔCt
(untreated control samples)], where ΔCt=Ct (genes of interest)–Ct
(GAPDH) and Ct represents threshold cycle number.

Western blotting. Western blot of protein extracts was used to
determine gene expression at the protein level. Protein extracts were
prepared as described above (2.5) and protein concentration was
determined with the Bradford method using the Bio-Rad Protein
Assay (Bio-Rad). Fifty mg of whole cell protein extracts were
loaded onto a NuPAGEä 4–12% Bis-Tris gel (Life Technologies)
and separated by electrophoresis at 150 V until the dye front
reached the bottom of the gel. Separated proteins were then
transferred to a nitrocellulose membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad). Membranes were blocked in 5.0% dry
milk in 1× Tris Buffered Saline solution with 0.5% Tween (TBST)
for 1 h at room temperature. cIAP2 primary antibody (1:1000)
(Product Number 3130S, Cell Signaling Technology, Danvers, MA,

USA) incubated overnight at 4˚C in 5.0% milk buffer. The SNAP
i.d. ® Protein Detection System (EMD Millipore, Burlington, MA,
USA) was used for four 10 ml washes with TBST, and then probing
was performed with a secondary antibody for 20 min. Following
four more washes of 10 ml TBST, incubation in 1.5 ml Clarity TM
ECL Western Blotting Substrate (Bio-Rad) was performed. The blot
was incubated in the dark for 5 min before visualization with the
ChemiDoc TM XRS+ System (Bio-Rad) with Image Lab TM
software. Bands were quantified using ImageJ software and
normalized to b-actin expression.

ChIP qRT-PCR. Chromatin immunoprecipitation (ChIP) was used to
determine the localization of AcH3 to a site of the genome. For ChIP
qRT-PCR, cells were fixed, collected, and lysed according to the
manufacturer’s protocols (Abcam, Cambridge, MA, USA). Lysed
cells were sonicated using a Bioruptor® (Diagenode, Denville, NJ,
USA) to achieve the desired DNA fragment length and validated on
a 1.5% agarose gel. Immunoprecipitation of chromatin crosslinked to
DNA with anti-AcH3 was performed according to the manufacturer’s
protocols (Abcam). qRT-PCR was performed as described above (2.7)
utilizing the primers listed in Table II.

Nuclear extraction. Nuclear extracts were prepared by resuspending
cell pellets in 1× NE1 solution mixed with DTT solution and PIC
as provided by the EpiQuik™ Nuclear Extraction Kit (Epigentek,
Farmingdale, NY, USA). Cells were incubated on ice for 10 min and
centrifuged for 1 min at 12,000 rpm. The supernatant was carefully
removed, and the pellet was resuspended in NE2 containing DTT
and PIC. The extract was incubated on ice for 15 min with
intermittent vortexing, followed by sonication. The samples were
then centrifuged at 14,000 rpm for 10 min at 4˚C. The supernatant
was transferred to a new vial, and the protein concentration of the
nuclear extract was quantified with the Bradford protein assay (Bio-
Rad, Hercules, CA, USA).

HDAC activity. Nuclear extracts were prepared as described above
after 72 h of treatment with the indicated compounds, and were
analyzed using the Epigenase™ HDAC Activity/Inhibition Direct
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Table I. qRT-PCR primer sequences.

Forward primer sequences                                                                                     Reverse primer sequences

GAPDH Sense:                                                                                                       GAPDH Anti-sense:
5’-ACCACAGTCCATGCCATCAC-3’                                                                5’-TGCACCCTGTTGCTGTA-3’
cIAP2 Sense:                                                                                                          cIAP2 Anti-sense:
5’-TATTTGTGCAACAGCACATTAGGAGT-3’                                                 5’-TCTTTCCTCCTGGAGTTTCCA-3’
Caspase 7 Sense:                                                                                                   Caspase 7 Anti-sense:
5’-AGTGACAGGTATGGGCGTTC-3’                                                                5’-CGGCATTTGTATGGTCCTCT-3’

Table II. ChIP qRT-PCR primer sequences.

Forward primer sequences                                                                                     Reverse primer sequences

cIAP2 Sense:                                                                                                          cIAP2 Anti-sense:
5’-TTCAGTAAATGCCGCGAAGAT-3’                                                              5’-TGGTTTGCATGTGCACTGGT-3’



Assay Kit, Colorimetric (Epigentek). Blank wells were used for
comparison, and the manufacturer’s protocol was followed to
completion. HDAC activity was calculated in OD/h/mg with the
equation: HDAC Activity=[(Sample OD–Blank OD)/(Protein
amount (mg) × time (hours of incubation at step 2f))] ×1000.

HMT (H3K27me3) activity. Nuclear extracts were prepared as
described above after 72 h of treatment with the indicated
compounds, and were analyzed using the EpiQuik™ Histone
Methyltransferase Activity/Inhibition Assay Kit (H3-K27)
(Epigentek). Positive control wells were used for comparison, and
the manufacturer’s protocol was followed to completion. HMT
(H3K27me3) activity was calculated in OD/h/mg using the
equation: HMT Activity=[(Sample OD–Blank OD)/ (Protein amount
(mg) × h (time of incubation at step 3)] ×1000.

Apoptosis. Cells were prepared for apoptosis analysis by
resuspending cell pellets in 100 ml 1× Annexin binding buffer as
provided by the Tali™ Apoptosis Kit- Annexin V Alexa Fluor™ 488
& Propidium Iodide (Life Technologies). Five ml of Annexin V
Alexa Fluor® 488 were added to each sample before incubation in
the dark for 20 min. Cells were spun down at 500 rcf for 10 min
before resuspending in 100 ml 1x Annexin binding buffer. One ml
of Tali® Propidium Iodide was added to each tube before incubating
in the dark for 5 min. Samples were taken to the UAB Flow
Cytometry Core for analysis.

FN migration. The cells, 2×103, were seeded on a 96-well
Fibronectin Oris™ Cell Migration Assay plate (Platypus
Technologies, Madison, WI, USA) and treated for 72 h with the
indicated compounds. After 72 h, stoppers were removed from the
center of the wells and culture media were replaced in each well.
T=0 photos were taken on an EVOS XL Core Cell Imaging System,
then the plate was incubated for 24 h to allow time for the cells to
migrate into the originally stoppered region. T=24 h photos were
taken, and the number of cells that migrated into the center region
was counted. 

Statistical analysis. The statistical significance of differences between
the values of treated samples and the controls was determined by
ANOVA using GraphPad Prism 8. In each case, p<0.05, p<0.01, and
p<0.001 were considered statistically significant. Results are presented
as [F(degrees of freedom between treatment groups, degrees of freedom
within treatment groups)=F statistic, p-value]. The larger the F-statistic,
the more likely that the null hypothesis will be rejected. Tukey post-
hoc tests were performed on all statistically significant ANOVAs to
determine which treatment groups were significantly different from
each other. The mean (m) of each treatment group is in parentheses for
each Tukey post-hoc comparison.

Drug combination quantifications. Drug combination effects were
calculated using CompuSyn, which utilizes the Chou-Talalay
method. This method calculates a combination index (CI) that
reveals synergism (CI<1), additive effect (CI=1), and antagonism
(CI>1 ) in drug combinations (24).

Results

SAHA and EGCG reduce the expression of cIAP2 and
increase the expression of caspase 7, both at the mRNA and

protein level. Quantitative real-time PCR demonstrated the
effects that SAHA and EGCG have on cIAP2 levels within
the cell. There was a significant difference between the
treatment groups in the expression of cIAP2 in the MDA-
MB-157 cell line (F(3, 8)=0.715, p=0.0353). Tukey post-hoc
tests revealed that treatment with 3 μM of SAHA (m=1.239)
resulted in significantly higher cIAP2 expression than the
combination of 3 μM SAHA +5 μM EGCG (3+5)
(m=0.6887) treatment (p=0.0235). For the MDA-MB-231
cell line there was also a significant difference between the
treatment groups for the expression of cIAP2 (F(3,8)=6.262,
p=0.0171). Tukey post-hoc tests revealed that the treatment
with 3 μM SAHA (1.053) resulted in significantly higher
cIAP2 expression than 5 μM EGCG (0.6927) treatment
(p=0.0365). ANOVA analysis of the results obtained using
the HCC1806 cell line did not reveal significant differences.
There was no significant effect of SAHA and EGCG on
cIAP2 expression in the MCF-7 cell line (Figure 1A). 

Protein levels of cIAP2 were also significantly diminished
in all four cell lines (Figure 2). In the MCF-7 cell line there
was a significant difference between the treatment groups
[F(3, 8)=4.190, p=0.0467]. Tukey post-hoc tests revealed that
the control (1.000) had significantly higher cIAP2 protein
levels than the combination of 3+5 (0.3977, p=0.0444). A
similar result was obtained in the MDA-MB-157 cells [F(3,
8)=4.932, p=0.0316] and the MDA-MB-231 cells [F(3,
8)=6.920, p=0.0130]. While ANOVA analysis of the results
obtained in the HCC1806 cell line did not reveal significant
differences, Tukey post-hoc tests revealed that the control
(1.000) had significantly higher cIAP2 protein levels than 
5 μM EGCG (0.3374) treatment (p=0.0461). 

In order to determine if any epigenetic modifications were
responsible for the changes in cIAP2 expression, we conducted
chromatin immunoprecipitation (ChIP) analyses on a region of
the proximal cIAP2 promoter, previously described by Chang
et al. to contain sites for binding the transcriptional activator
NF-kB (25). We chose to analyze acetylated histone H3
(AcH3), which is associated with active gene transcription, and
noted a significant decrease in the enrichment of AcH3 within
the chosen promoter region in two of the TNBC cell lines with
the combination of SAHA and EGCG (Figure 3). ANOVA tests
revealed a significant difference between the treatment groups
in the MDA-MB-157 cell line [F(3, 8)=5.573, p=0.0232] and
the MDA-MB-231 cell line [F(3, 8)=7.651, p=0.0130]. Tukey
post-hoc tests in the MDA-MB-157 cell line revealed a
significant reduction in AcH3 within the cIAP2 promoter
between the control (1.000), 5 μM EGCG (0.2288), and 3+5
(0.1707) treatments (p=0.0403 and 0.0284, respectively). For
the MDA-MB-231 cell line, there was a significant difference
between the control (1.000) and the 3+5 (0.3309) treatment
(p=0.0489), as well as between 3 μM SAHA (1.193) and 5 μM
EGCG (0.4248) and 3 μM SAHA (1.193) and 3+5 (0.3309)
treatments (p=0.0435 and 0.0257, respectively). 
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Because cIAP2 inhibits apoptosis by sterically hindering the
actions of pro-apoptotic caspases, we investigated the
expression of CASP7 upon with the treatment of SAHA and
EGCG. CASP7 has known roles in cell growth and
proliferation in addition to apoptosis, though a previous study
has demonstrated that CASP7 levels do not correlate to overall
apoptosis (8, 26-28). We conducted qRT-PCR analysis of
caspase 7 expression in all four cell lines (Figure 4).
Significant differences in its expression in the MCF-7 cell line
were observed utilizing ANOVA tests [F(3, 9)=9.916,
p=0.0033]. Tukey post-hoc tests revealed significant
differences between the control (1.000) and 3 μM SAHA
(6.531) treatment (p=0.0024), 3 μM SAHA (6.531) and 5 μM
EGCG (2.008) treatment (p=0.0131), and 3 μM SAHA (6.531)

and 3+5 (2.792) treatments (p=0.0368) (Figure 4A). There
were significant differences in the MDA-MB-157 cell line
[F(3, 9)=33.42, p<0.0001] similar to that of the MCF-7 cell
line (Figure 4B). Results in the MDA-MB-231 and HCC1806
cell lines were less robust than in the MDA-MB-157 cell line
with F(3, 12)=10.58, p=0.0011 in the MDA-MB-231 cell line
and F(3, 8)=10.08, p=0.0043 in the HCC1806 cell line, but
significant nonetheless (Figure 4C, D). 

Western blot analysis was also performed on CASP7 in all
four cell lines to examine if the increase in mRNA expression
also resulted in an increase in protein levels. There was no
visible band for pro-caspase 7 in the MCF-7 cell line; thus, one-
way ANOVA was performed [F(3, 8)=7.654, p=0.0098]. Tukey
post-hoc tests revealed significant differences between the
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Figure 1. SAHA and EGCG significantly reduced the expression of cIAP2 in two TNBC cell lines. (A) qRT-PCR using cIAP2 primers was performed
in MCF-7 cells after 3-day treatments with the indicated compounds (n=3). GAPDH was used for comparison; (B-D) As above, in MDA-MB-157,
MDA-MB-231, and HCC1806 cells (n=3). EGCG alone was able to significantly reduce the expression of cIAP2 in MDA-MB-231 cells (C). Error
bars represent standard error of the mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05.



control (1.000) and 3 μM SAHA (2.179, p=0.0252), 5 μM
EGCG (2.396, p=0.0101), and 3+5 (2.089, p=0.0372)
treatments (Figure 5A). In the MDA-MB-157 cell line, two-way
ANOVA analysis yielded significant differences only between

the treatment groups and the protein levels of CASP7 [F(3,
8)=5.609, p=0.0228], but not pro-caspase 7 (Figure 5B). Two-
way ANOVA tests also determined significant differences
between treatment groups in the MDA-MB-231 cell line (F(3,
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Figure 2. The combination of SAHA and EGCG significantly decreased the expression cIAP2 at the protein level in all four breast cancer cell lines.
(A) Combination of SAHA and EGCG significantly reduced the expression of cIAP2 in MCF-7 cells after 72 h of treatment (n=3). (B-D) As above,
in MDA-MB-157, MDA-MB-231, and HCC1806 TNBC cell lines (n=3). Protein levels were normalized to the control, and error bars represent
standard error of the mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05, **p<0.01.



8)=5.959, p=0.0195], with Tukey post-hoc tests revealing
significant differences between the control (1.000) and 3 μM
SAHA (0.2620, p=0.0022), and 3 μM SAHA (0.2620) with 5
μM EGCG (0.5905, p=0.0021) (Figure 5C). As with the MCF-
7 cell line, there were no visible bands present for pro-caspase
7 in the HCC1806 cell line, so one-way ANOVA was performed
[F(3, 8)=6.735, p=0.0140]. Tukey post-hoc analysis revealed
differences between the control (1.000) and 5 μM EGCG
(2.419, p=0.0112) and 3+5 (2.078, p=0.0458) treatments. 

SAHA and EGCG alter the activity of epigenetic enzymes.
In order to determine the effects SAHA and EGCG had on
the activity of epigenome-modifying enzymes, we performed
activity assays for both histone deacetylases (HDACs) and
histone methyltransferases (HMTs) specific for H3K27me3.
Histone modification H3K27me3 is associated with gene
inactivation and is often found in intergenic regions. We
found a significant decrease in HDAC activity in all three
TNBC cell lines and in the MCF-7 cell line with the
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Figure 3. There is a significant decrease in AcH3 enrichment within the cIAP2 promoter region in two TNBC cell lines upon combined treatment with
SAHA and EGCG. (A) ChIP qPCR was performed on the MCF-7 cell line using primers (Table II) for the core promoter region of cIAP2 after 3-day
treatments with the indicated compounds (n=3). (B-D) As above, in MDA-MB-157, MDA-MB-231, and HCC1806 TNBC cell lines (n=3). Though no
significance was found in the HCC1806 cell line, there was a trend for decrease in AcH3 enrichment with combined SAHA and EGCG treatment (D).
Error bars represent standard error of the mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05.



combination of SAHA and EGCG (Figure 6). Interestingly
the combination of SAHA and EGCG increased the activity
of HMTs only in the MCF-7 cell line [F(3, 8)=9.579,
p=0.0050]. Tukey post-hoc tests revealed significant
differences between the control (28.19) with 3 μM SAHA
(94.35, p=0.0089) and 3+5 (85.56, p=0.0194), and 3 μM
SAHA (94.35) with 5 μM EGCG (52.09, p=0.0317)
treatments (Figure 7A). 

Apoptosis and ECM-mediated migration are reduced with
the combination of SAHA and EGCG. Because cIAP2 is
associated with the inhibition of apoptosis and the promotion
of migration in TNBC, we aimed to discover SAHA and

EGCG’s effects on both of these processes. We performed
flow cytometric analysis of apoptosis and noted a significant
increase in apoptosis in all three TNBC cell lines with
SAHA and/or EGCG using two-way ANOVA followed by
Tukey post-hoc tests (Figure 8B-D). There was no significant
increase in necrosis with the treatments in the TNBC cell
lines. In the MCF-7 cell line, there was a significant increase
in both apoptosis and necrosis with the treatment with SAHA
alone and the combination of SAHA and EGCG, though the
increase was notably small (Figure 8A). Two-way ANOVA
tests examined the interaction between treatment and cellular
viability in MCF-7 cells [F(6, 16)=121.6, p<0.0001]. Tukey’s
multiple comparison test generated significant differences in
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Figure 4. SAHA alone significantly increased the expression of caspase 7 in all four breast cancer cell lines. (A) qRT-PCR using caspase 7 primers was
performed for MCF-7 cells after 3-day treatments with the indicated compounds (n=3). GAPDH was used for comparison; (B-D). As above, in MDA-
MB-157, MDA-MB-231, and HCC1806 cells (n=3). EGCG alone significantly reduced the expression of caspase 7 in MDA-MB-231 cells (C). Error
bars represent standard error of the mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. SAHA alone significantly increased the presence of CASP7 protein in all four breast cancer cell lines. (A) Western blot analysis revealed
that after 72 h of treatment with the indicated compounds, expression of CASP7 significantly increased in the MCF-7 cell line. B-actin was used
for comparison (n=3). (B-D) As above, in MDA-MB-157, MDA-MB-231, and HCC1806 cell lines (n=3). There were no visible pro-caspase 7
expression bands in the MCF-7 and HCC1806 cell lines. Error bars represent standard error of the mean (SEM), and ANOVA with Tukey post-hoc
tests were performed on all cell lines; *p<0.05, **p<0.01.



the percentage of viable cells, apoptotic cells, and necrotic
cells for all treatment groups (Figure 8A). The MDA-MB-
157 two-way ANOVA interaction test yielded F(6,
16)=6.684, p=0.0010, with Tukey post-hoc tests revealing
significant differences in the percentage of apoptotic cells
between 3 μM SAHA (44.60) with 5 μM EGCG (15.30,
p=0.0280) and 5 μM EGCG (15.30) with 3+5 (58.83,
p=0.0111) treatments (Figure 8B). The relationship between
cellular viability and treatment generated F(6, 16)=3.879,
p=0.0140 in the MDA-MB-231 cell line, with post-hoc tests
revealing similar results to the MDA-MB-157 cell line
(Figure 8C). There were also significant differences in
cellular viability of the HCC1806 cell line [F(6, 16)=16.80,
p<0.0001] (Figure 8D).

Because fibronectin (FN) is a principle component of the
extracellular matrix (ECM) and plays a crucial role in the
ability of cells to evade the basement membrane, we sought
to investigate the ability of SAHA and EGCG to limit this
process. Interestingly, EGCG was able to significantly
increase the migratory capacity of all four breast cancer cell
lines (Figure 9). However, SAHA alone and the combination
(3+5) was able to significantly and strongly reduce the
migration of all four cell lines in comparison to EGCG alone
(Figure 9A-D). In the MCF-7 cell line there was a significant
difference between treatment groups [F(3, 12)=0.60,
p<0.0001] (Figure 9A). One-way ANOVA analysis of the
results obtained using MDA-MB-157 cells yielded F(3,
9)=13.73, p=0.0010, with similar results to the MCF-7 cell
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Figure 6. HDAC activity decreased in breast cancer cells upon treatment with SAHA and EGCG, though SAHA alone had the same effect in two of
the 4 cell lines. (A) MCF-7 cells were treated for 72 h with the indicated compounds before nuclear extraction was performed. Prepared nuclear
extracts were used to quantify the activity of HDAC enzymes (n=3). (B-D) As above in MDA-MB-157, MDA-MB-231, and HCC1806 TNBC cell
lines (n=3). Error bars represent standard error of the mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines);
*p<0.05, **p<0.01.



line (Figure 9B). There were significant differences in the
MDA-MB-231 cell line as well (F(3, 12)=28.34, p<0.0001]
(Figure 9C). Finally, the HCC1806 cell line had significant
differences between treatment groups [F(3, 12)=19.19,
p<0.0001] (Figure 9D).

Discussion

In the present study, we combined EGCG with SAHA, an
FDA-approved HDAC inhibitor, in order to study apoptosis
and migration in three TNBC cell lines and one ERα-
positive cell line for comparison. We examined the effect of
the combination treatments in order to determine synergism,

additive effect, or antagonism and the efficacy of the two
compounds in combination (Figure 10). These calculations
were not possible in the MDA-MB-231 cell line because
EGCG alone increased cellular viability, but mild synergism
was found with the combination in the other three cell lines
of interest. With the combination of SAHA and EGCG,
cIAP2 expression was reduced in the MDA-MB-157 and
HCC1806 cell lines when compared to SAHA alone, though
EGCG administered alone was able to reduce cIAP2
expression in the MDA-MB-231 cell line. We also found that
the combination was successful in reducing cIAP2 protein
levels in the MCF-7, MDA-MB-157, and MDA-MB-231 cell
lines. A recent study by Majorini et al. has determined that
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Figure 7. HMT (H3K27me3) activity increased upon treatment with SAHA and EGCG in the ERα-positive MCF-7 cell line. (A) MCF-7 cells were
treated for 72 h with the indicated compounds before nuclear extraction occurred. Nuclear extracts were then used in the HMT (H3K27me3) activity
assay (n=3). (B-D) As above in MDA-MB-157, MDA-MB-231, and HCC1806 TNBC cell lines (n=3). Error bars represent standard error of the
mean (SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05, *p<0.01.
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Figure 8. SAHA and EGCG in combination significantly increased apoptosis of breast cancer cells. (A) MCF-7 cells treated for 3-days with the
indicated compounds and then stained with annexin V and propidium iodide (n=3). Flow cytometric analysis was conducted utilizing the UAB Flow
Core. (B-D) As above in MDA-MB-157, MDA-MB-231, and HCC1806 cell lines (n=3). Error bars represent standard error of the mean (SEM),
and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05, **p<0.01, ***p<0.001.
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Figure 9. Migration across a fibronectin-coated plate is significantly limited upon combination treatment with SAHA and EGCG. (A) 2×103 MCF-
7 cells were plated in a 96-well plate coated with fibronectin (FN). After 72 h of treatment with the indicated compounds the round stopper was
removed from the center of each well, the wells were washed, and regular culture media was added. Cells were given 24 h to migrate before being
fixed and stained with crystal violet. Cells that had migrated into the center region were counted and compared between the indicated treatments
(n=3). (B-D) As above, in the MDA-MB-157, MDA-MB-231, and HCC1806 TNBC cell lines (n=3). Error bars represent standard error of the mean
(SEM), and ANOVA with Tukey post-hoc tests were performed on all cell lines; *p<0.05, **p<0.01, ***p<0.001.



inhibition of cIAP1 using a second mitochondrial activator
of caspases (Smac) mimetic resulted in anticancer effects
through the EGFR/Snai2 axis, which reduced tumor
aggressiveness (29). Smac proteins activate apoptosis
through neutralizing IAP proteins. The results of the
chromatin immunoprecipitation (ChIP) demonstrated that
there was potentially an epigenetic link between the decrease
in cIAP2 levels and a decrease in acetylated histone H3
(AcH3). AcH3 is associated with active gene transcription,
and a decrease in cIAP2 expression was found (Figure 1).
The cIAP2 promoter ChIP primers encompassed a NF-kB
binding site, which acts as a transcriptional activator, so the
decrease in AcH3 within this region could prevent NF-kB
binding and transcriptional activation (25). cIAP2 potentially
has an aberrantly acetylated promoter, resulting in its
increased expression in TNBC. CBP and p300 are
promiscuous HATs that can not only acetylate all four core
histones but also proteins including, but not limited to, p53,
Rb, E2F, and BRCA1 (22). They act as transcriptional
cofactors by interacting with basal transcription factors like
TATA-binding protein (TBP) and TFIIB. Aberrant activation
or localization of HATs can promote tumorigenesis, so the
decrease in AcH3 within the proximal promoter region of
cIAP2 could be the result of HAT inactivation, especially
considering EGCG’s ability to act as a HAT inhibitor (23).
Other genes have been reported to be under epigenetic
control that do not conform to the dogma of decreased

acetylation leading to gene inactivation. For example, human
telomerase reverse transcriptase (hTERT) has a paradoxically
hypermethylated promoter region that results in an increase
in transcription in 90% of human cancers. This
hypermethylation prevents transcriptional repressor proteins
from binding to the promoter. In addition, treatment of
cancerous cells with trichostatin A (TSA), another HDAC
inhibitor, resulted in the suppression of hTERT by promoting
transcriptional repression through CTCF binding. This only
occurs in a hypermethylated promoter, though, because TSA
deacetylates the histones of the DNMT1 gene, transcription
is decreased (30-32).

We here report for the first time a lack of pro-caspase 7
protein in MCF-7 and HCC1806 cell lines. Previous studies
have shown that there are several splice variants of CASP7
that are correlated with overall prognosis in cervical cancer
within a population of Chinese women (33). The significance
of these findings is uncertain, though a study by Soung et al.
has determined that inactivating gene mutations of caspase
7 can contribute to the pathogenesis of some human solid
tumors (34, 35). A more recent study by Lindner et al. has
discovered that low BCL2 and low cleaved caspase 7 protein
levels were highly prognostic of unfavorable outcomes
across all breast cancers (36). This study suggested that
impaired caspase-dependent apoptosis is associated with a
poor clinical outcome, and the presence of cleaved caspase
7 is a more important factor than pro-caspase 7 levels.
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Figure 10. Chou-Talalay method combination indices were determined for the combination of SAHA and EGCG utilizing CompuSyn software. For
CI values <1 the combination is synergistic, CI values=1 are additive, and CI values >1 are antagonistic. (A) The combination of 3 μM SAHA and
5 μM EGCG is synergistic in the MCF-7 cell line, with a CI value of 0.81803. The same applies to the MDA-MB-157 and HCC1806 cell lines (B,
D). Because viability of MDA-MB-231 cells was increased for all single doses of EGCG, CompuSyn was unable to calculate any of the CI values
for the combination (D).



To further investigate the epigenetic effects of SAHA and
EGCG on breast cancer cells, we performed activity assays
on histone deacetylases (HDACs) and histone
methyltransferases (HMTs). Our previous study on SAHA
and EGCG demonstrated that the combination could
significantly reduce the activity of DNMT enzymes in the
MDA-MB-157 and MDA-MB-231 cell lines. EGCG alone
mediated this reduction in the MCF-7 cell line, which could
be expected since EGCG acts as a DNMT inhibitor.
Interestingly, there were no changes in DNMT activity in the
HCC1806 cell line (5). Our present study indicated that the
combination significantly reduces HDAC activity in all four
cell lines. We also report a novel finding that H3K27me3-
specific HMT is increased with the combined treatment with
SAHA and EGCG only in the MCF-7 cell line, though there
was an upward trend in the TNBC cell lines. H3K27me3 is
a histone modification responsible for inactivation of gene
transcription. It is typically found associated with intergenic
sequences and inactive gene promoters. Because neither
EGCG nor SAHA have HMT-modulating effects, this could
be the result of indirect effects on HMT expression. The
most common enzyme involved in trimethylation of H3K27
is the oncogenic factor EZH2 (Enhancer of Zeste 2;
Polycomb Repressive Complex 2 Subunit). Choudhury et al.
have determined that EGCG was capable of reducing protein
levels of EZH2 among other polycomb group (PcG) proteins
(37). This could explain why EGCG alone did not increase
HMT (H3K27me3) activity in the MCF-7 cell line (Figure
7A). Interestingly, a study from Yasuda et al. has shown that
undifferentiated cancer stem cells (CSC) express lower levels
of repressive chromatin markers including H3K27me3 and
EZH2 than differentiated cancer cells, like the MCF-7 cell
line (38). Because TNBC cells have a more basal
appearance, it is possible that they operate similarly to CSCs.
EZH2 function and expression are highly specific for tumor
type, and the ambiguity of its roles depends on the other PcG
proteins present (39). A more recent study has shown a
crosstalk between H3K27me3 gene silencing catalyzed by
EZH2 and CpG island methylation mediated by DNMT1
within the wwc1 promoter in TNBC cell lines. This study has
also discovered a higher level of CpG methylation of the
wwc1 promoter in TNBC versus the MCF–7 cell line.
WWC1 is part of the Hippo signaling pathway and acts as a
metastasis suppressor (40, 41). Our seminal study could pave
the way for future investigations into this gene pathway
using combined treatment with SAHA and EGCG.

As proof of principle, we conducted apoptosis assays to
determine if the decrease in cIAP2 expression on all levels
was linked to an increase in apoptosis of the breast cancer
cells. Our results supported this idea, with the MDA-MB-
157 and MDA-MB-231 cells demonstrating the most robust
increase in apoptosis. The only cell line with a significant
increase in necrosis with our treatments was the MCF-7 cell

line, though the effect size was quite small. SAHA alone
significantly increased apoptosis in the HCC1806 cell line
(Figure 8D). Because of the association between cIAP2 and
migration in TNBC cells, we specifically chose to investigate
cell migration across fibronectin (FN). FN is not normally
expressed in adult breast tissue, and an increase in mRNA
and protein levels are reported in the stroma of breast tumors
(42). A more recent study by Li et al. has established that FN
causes an epithelial to mesenchymal transition (EMT)-like
morphological change in MCF-7 breast cancer cells, which
included the down-regulation of E-cadherin and the
upregulation of N-cadherin (43). Changes in the synthesis
and organization of FN contribute to the premetastatic niche
that facilitates tumor progression and evasion of the
basement membrane. A previous study has demonstrated that
by exposing MCF10A noncancerous mammary epithelial
cells to exogenous FN, an EMT response was generated (44).
We were able to determine that the combination of SAHA
and EGCG significantly reduced migration of all four cell
lines across the FN matrix in comparison to the control. We
acknowledge the increase in cellular migration with EGCG
alone, which was significant in all four cell lines. Because
EGCG is an antioxidant, the low concentration used may
promote viability (45). Many studies have shown that EGCG
can stimulate the immune system, so in an in vivo setting,
low doses of EGCG could have anticancer effects (46). Our
most recent study has provided evidence that SAHA and
EGCG promote the mesenchymal-epithelial transition by
increasing the expression of E-cadherin and reducing the
expression of N-cadherin in the same TNBC cell lines (5). 

The current study indicated that the anticancer properties
of the combination of SAHA and EGCG may be due to
apoptosis and migration. Additional studies are needed to
elucidate the exact mechanisms which allow SAHA and
EGCG to reduce metastatic potential of the breast cancer cell
lines. Our results support the epigenetic effects of SAHA and
EGCG on the availability of the cIAP2 promoter in addition
to the decrease in HDAC activity and increases in
H3K27me3-specific HMT activity. Future studies will focus
on identifying the genes targets whose expression is affected
by the increase in HMT activity within the MCF-7 cells. We
plan to investigate the epithelial-mesenchymal transition in
in vivo studies that will hopefully prove to be more
translational. 

Conclusion

In summary, our findings showed that the combination
SAHA and EGCG is effective in inducing apoptosis of breast
cancer cells and reducing their migratory capacity. Despite
TNBCs lacking targets for traditional hormonal-related
cancer treatments, all TNBC cell lines in this study
responded to the combined treatment with SAHA and
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EGCG. We reported decreases in cIAP2 expression because
of epigenetic modifications in the promoter region of this
gene and increases in CASP7 expression. Additional
epigenetic changes included a decrease in HDAC activity
and an increase in HMT activity. The combination of SAHA
and EGCG resulted in an increase in apoptosis and a
decrease in migration across the fibronectin matrix, which is
a crucial step in the epithelial-mesenchymal transition.
Additional studies on the combination of SAHA and EGCG
could elucidate the direct mechanisms and the significance
of the aforementioned epigenetic modifications and allow
translation of these findings.
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