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Abstract. Histone deacetylase inhibitors are currently being
evaluated for their therapeutic potential and have shown
considerable promise as adjuvant therapies for a number of
cancers. This study compared the effects of 2 hydroxamic acid
based inhibitors, CG-1521 and SAHA, on gene expression,
cell cycle and cell death in MCF-7 human breast cancer cells.
Both compounds show a dose- and time-dependent effect on
cell number (evaluated using crystal violet), however CG-1521
exerts its effects significantly earlier than SAHA, and CG-1521
induces apoptosis (assessed by Apo-BrdU staining and flow
cytometry) more rapidly than SAHA. qPCR of cell cycle regu-
latory and apoptotic genes shows that CG-1521 and SAHA
modulate similar cohorts of p53-responsive genes, however,
the levels of induction and the timing of the induction differs
significantly between the 2 inhibitors. In particular SAHA
downregulates cell cycle-associated genes that modulate the
G,/S transition (including cyclin D1 and cdc25a) and the G,/M
transition [cyclin B1, Plkl1, Stk6 (serine-threonine kinase 6,
Aurora kinase A) and Kntc2] more significantly than CG-1521.
In contrast, CG-1521 significantly induces the expression of
several p53 target genes associated with apoptosis including
Bnip3/Bnip3L, p21/p21B and Gdf15. The differential levels of
gene induction provide molecular evidence of both cell cycle
arrest and apoptosis, and suggest a molecular mechanism that
explains the difference in the biological effects of the 2 histone
deacetylase inhibitors.
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Introduction

Histone deacetylases (HDACSs) cooperate with histone
acetyltransferases (HATS) to regulate the acetylation status
of nuclear histones, transcription factors and other cellular
proteins to regulate a variety of cellular processes including
cell division and gene expression and cell death (1-3). Based
on their homology to yeast enzymes, phylogenetic analysis
and subcellular localization, HDACs can be subdivided into 2
families: the classical HDAC family and the sirtuins. The clas-
sical family of HDACs are Zn** dependent enzymes: class I
HDACs (HDAC:s 1, 2, 3, and 8) share homology to the yeast
HDAC Rpd3 and are localized in the nucleus; class I HDACs
(HDAC:s 4, 5, 6, 7,9 and 10) are related to yeast Hdal and
shuttle between the cytosol and nucleus (4,5). Sirtuins, also
referred to as class III HDACs, are NAD* dependent and are
classified based on their homology to the yeast Sir2 (silent
information regulator 2) (6). Based on their chemical struc-
ture, HDAC inhibitors (HDACI) can be divided into several
classes including hydroxamic acid derivatives, benzamides,
short chain fatty acids, cyclic tetrapeptides, and electrophilic
ketones. Hydroxamic acid derivatives, including trichostatin A
(TSA), suberoylanilide hydroxamic acid (SAHA), and CG-1521
(7-phenyl-2,4,6-hepta-trienoic hydroxamic acid) inhibit
HDAGC:S by coordinating the catalytic site Zn** (7). In contrast,
effective inhibitors of the NAD*-dependent sirtuins have
only been recently developed (8), and their potential utility in
cancer therapies has been demonstrated recently (9). Previous
studies from this laboratory have compared the effects of TSA
and CG-1521 in p53 wild type LNCaP prostate cancer cell
lines (10,11). These studies established that the 2 hydroxamic
acid-based inhibitors, target different lysine residues in p53,
stimulate the assembly of different transcription complexes,
and elicit different biological responses, even though they are
both regarded as pan-HDAC inhibitors (12).

In this study we compare the effects of CG-1521 and
SAHA on the induction of apoptosis in p53 wild type MCF-7
breast cancer cells to determine whether the effects of these
HDAC inhibitors are cell-type specific.
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Materials and methods

Cell culture. MCF-7 human breast cancer cells were obtained
from the American Type Culture Collection (Rockville, MD,
USA) and cultured in a-MEM media (Gibco, Grand Island,
NY, USA) with 5% fetal bovine serum (Gibco) and Pen/Strep.
Cells were passaged every 4 or 5 days.

Crystal violet assay. Cells were seeded at 2x10* cells/well in
24-well plates. CG-1521 (Errant Gene Therapeutics, Chicago,
IL, USA), SAHA (Errant Gene Therapeutics), or DMSO
treatments were initiated 24 h after seeding and crystal violet
growth assays were performed according to manufacturer's
directions at 0-96 h (Fisher Scientific, Pittsburgh, PA).

Flow cytometry. Cells were seeded in 150x25 mm culture
dishes at a density of 1x10° cells/dish and treated with 7.5 yM
CG-1521 or 7.5 uM SAHA dissolved in DMSO. Cells treated
with vehicle (EtOH and DMSO) served as the negative control.
For cell cycle analysis, cells were treated for 48 h and harvested
by trypsinization and fixed with 90% ethanol overnight at
-20°C. Permeabilized cells were stained with 5 pg/ml prop-
idium iodide (Sigma-Aldrich) in the presence of 0.015 U/ml
RNase (Roche Applied Science, Indianapolis, IN) in PBS with
0.1% Triton X-100 for 20 min at room temperature. Samples
were analyzed by the Coulter Epics XL cytometer (Coulter,
Miami, FL, USA) within 4 h of labeling. A minimum of 10,000
events were analyzed for each experimental condition and cell
cycle kinetics were analyzed using the Multiplus AV software
(Phoenix Flow Systems, San Diego, CA, USA). Apoptotic
induction was quantified utilizing the Apo-BrdU TUNEL assay.
Cells were fixed in 4% formaldehyde, washed with PBS/0.2%
BSA twice and permeabilized with 70% ethanol overnight.
DNA strand breaks were labeled with bromo-deoxyuridine
(BrdU) by terminal deoxynucleotidyl transferase according
to the Apo-BrdU detection kit (Roche Diagnostics). Cells
were incubated in the dark with FITC conjugated anti-BrdU
monoclonal antibody (Phoenix Flow Systems). Total DNA was
counterstained with propidium iodide and at least 10,000 cells
per treatment were analyzed. Apoptosis was measured using
the Coulter Epics XL cytometer.

Reverse transcriptase PCR. MCF-7 cells were seeded in
100x25 mm culture dishes at a density of 5x10° cells/dish.
Cells were treated with 7.5 uM CG-1521 or 7.5 uM SAHA
24 h after seeding and RNA was extracted using the Qiagen
RNeasy™ mini kit (Qiagen, Valencia, CA). RNA concentra-
tion and purity was determined and PCR was performed using
1.5 ug of RNA in 100 pl reaction with the TagMan reverse
transcription reagents (Applied Biosystems, Foster City, CA).
The reaction was incubated for 10 min at 25°C, 1 h at 37°C,
and 5 min at 95°C and kept at 4°C. Each cDNA synthesis was
duplicated from 3 independent sets of RNA extractions.

Quantitative real-time PCR. Gene induction was measured
using the SYBR-Green chemistry on an ABI Prism 7700
sequence detector (Applied Biosystems). Reactions were
carried out according to the manufacturer's protocol. Briefly,
samples were incubated for 2 min at 50°C, 10 min at 95°C,
15 sec at 95°C, and 1 min at 60°C for 40 cycles. Primers were
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Figure 1. (A) Effect of CG-1521 and SAHA on the cell number and (B) apop-
tosis in MCF-7 cells. Cells were plated in 24-well plates at 2x10* cels/well.
After plating for 24 h, cells were treated with 1-10 uM CG-1521 or SAHA.
(A) The number of surviving cells at 24,48, 72, and 96 h was measured using
the crystal violet assay. Data are representative of 3 independent experiments.
Error bars are omitted for clarity. (B) MCF-7 cells were treated with 7.5 yM
CG-1521 or 7.5 uM SAHA for 24 and 48 h as described above and DNA
fragmentation was measured by Apo-BrdU labeling using flow cytometry as
described in Materials and methods.

designed using Primer Express 1.5 (Applied Biosystems) and
synthesized by Integrated DNA Technologies (Coraville, IA).
Fold change of surveyed genes were analyzed using the 2"44¢T
method and calculated as a ratio to the houskeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (13).
Expression levels are presented as mean + SEM of 3 indepen-
dent experiments and considered statistically significant at
P=<0.05.

Results

CG-1521 induces apoptosis and G,/G, arrest while SAHA
induces apoptosis and G,/M arrest in MCF-7 cells. Crystal
violet analysis shows a dose- and time-dependent decrease
in cell number after treatment with CG-1521 or SAHA,
indicative of apoptosis and/or cell cycle arrest (Fig. 1A). Both
treatments decreased the cell number at concentrations above
5 uM with CG-1521 inducing an effect as early as 48 h. SAHA
showed a decline in cell number at 72 h. The decrease in cell
number is due to the induction of apoptosis as measured by
the increased DNA fragmentation assessed by Apo-BrdU
labeling (Fig. 1B). CG-1521 induces significant levels of DNA
fragmentation in MCF-7 cells by 48 h, while DNA fragmenta-
tion induced by SAHA was considerably lower and did not
increase significantly until 72 h (Fig. 1B and data not shown).
These data suggest while both HDAC inhibitors induce cell
death, CG-1521 elicits a much earlier cellular response than
SAHA. To examine the underlying reason for this difference
we assessed the effects of the 2 inhibitors on the expression of
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Figure 2. Changes in steady state mRNA levels of p53 target genes associated
with the G,/S and the G,/M transition after treatment with CG-1521 or SAHA.
The steady state levels of cdc25a, Cyclin D1, p21, Gadd45a and Cyclin Bl
mRNAs were assessed in MCF-7 cells treated with 7.5 uM CG-1521 or
7.5 uM SAHA from 0 to 96 h. Results are expressed as mean + SEM of 3
independent experiments. Differences between means were considered statis-
tically significant at P<0.05. Note scales on the Y-axes vary from gene to gene.

several p53 target genes which have previously been shown to
be induced by CG-1521 and to be associated with cell cycle
arrest or apoptosis in other p53 wild type cell lines (10).

Real-time PCR of subsets of genes associated with G,/S arrest,
G,/M arrest, and apoptosis/cell death

G,/S transition associated genes (GO:0000082). To deter-
mine if the cellular responses to these drugs are due to
differential gene induction, mRNA levels of 3 p53 target
genes implicated in the G,/S transition, cdc25a, cyclin D1 and
p21, were measured over a 96 h period (Fig. 2). The expression
of cdc25a and cyclin DI mRNA was significantly affected
by treatment with SAHA. Cdc25a encodes a dual specificity
phosphatase needed for G,/S transition and was downregu-
lated, reaching a nadir at 48 h, while the mRNA encoding
cyclin D1 was downregulated more rapidly, reaching a nadir
by 8 h. In contrast CG-1521 treatment had minimal effect on
the steady state level of these genes. The steady state mRNA
level of p21Wafleir-! increased in MCF-7 cells after treatment
with CG-1521, reaching a peak at 24 h, while SAHA had less
of an effect on p21™FP-! transcript levels.
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Figure 3. Changes in steady state mRNA levels of p53 target genes associ-
ated with spindle or kinetochore formation after treatment with CG-1521
or SAHA. The steady state levels of Plkl, Stk6 and Kntc2 mRNAs were
assessed by qPCR in MCF-7 cells treated with 7.5 uM CG-1521 or 7.5 uM
SAHA from 0 to 96 h. Results are expressed as mean + SEM of 3 indepen-
dent experiments. Differences between means were considered statistically
significant at P<0.05. Note scales on the Y-axes vary from gene to gene.

G,/M transition-associated genes (GO:0000086). G,/M
transition associated genes were also surveyed to establish the
effects of CG-1521 and SAHA on their expression (Fig. 2).
The steady state mRNA level of Gadd45a (growth arrest and
DNA-damage-inducible, a) increased in MCF-7 cells after
treatment with CG-1521, reaching a peak at 24 h while SAHA
had minimal effects on the expression of this transcript. In
contrast, SAHA significantly downregulated the expression of
cyclin B1 48 h after treatment while the downregulation of
cyclin Bl in response to CG-1521 was much less pronounced
than that seen with SAHA. Neither Weel nor Cks2 mRNA
levels were affected by either of the treatments (data not
shown).

Spindle and centrosome formation/biogenesis-associated
genes (GO:0007051). Several p53 target genes are involved
in spindle and centrosome formation during anaphase and
spindle and centrosome biogenesis. A subset of these genes
was also examined upon treatment with CG-1521 or SAHA
(Fig. 3). Both CG-1521 and SAHA significantly down-
regulated Plk1 (polo like kinase 1) and Stk6 transcript levels,
although CG-1521 appeared to downregulate the mRNA levels
more rapidly that SAHA (6-12 h vs. 24-48 h). SAHA also
considerably downregulated Kntc2 (the Ndc80 complex which
modulates kinetochore assembly on microtubules) in this time
frame, while CG-1521 did not affect the expression of Kntc2.

Cell death (GO:0008219) and apoptosis (GO:0006915)-
associated genes. Changes in the transcript levels of cell death
and apoptosis-associated genes were examined after treatment
with CG-1521 and SAHA (Fig. 4). Transcript levels of Bnip3
and its splice variant Bnip3L were upregulated with similar
time courses after treatment with CG-1521, reaching a peak
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Figure 4. Changes in steady state mRNA levels of p53 target genes associ-
ated with cell death/apoptosis after treatment with CG-1521 or SAHA. The
steady state levels of Bnip3, Bnip3L, Gdf15, p21B and survivin mRNAs were
assessed in MCF-7 cells treated with 7.5 yM CG-1521 or 7.5 uM SAHA from
0 to 96 h. Results are expressed as mean + SEM of 3 independent experi-
ments. Differences between means were considered statistically significant
at P<0.05. Note scales on the Y-axes vary from gene to gene.

12-24 h after treatment. While the levels of Bnip3 did not change
significantly after treatment with SAHA, Bnip3L transcript levels
increased significantly after 24 h of treatment and remained
elevated until 72 h. CG-1521 induced a substantial increase in
the steady state levels of Gdf15 mRNA, which was upregulated
as early as 6 h and peaked at 48 h. In contrast SAHA did not
significantly induce Gdf15 mRNA. The p21B splice variant that
has been associated with apoptosis was upregulated 48 h after
treatment by both CG-1521 and SAHA. SAHA also downregu-
lated the transcript levels of the pro-survival gene survivin later
in the experimental time course.

Discussion

The use of HDAC inhibitors as potential therapies for various
cancers is gaining momentum as new research emerges
regarding their ability to induce cell cycle arrest and apoptosis
(14,15). In this study we have characterized the response of
MCEF-7 breast cancer cells to two hydroxamic acid derivatives
(CG-1521 and SAHA) that are considered to be pan-HDAC
inhibitors. These studies demonstrate that both inhibitors
influence cell cycle progression and cell death; however, they
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modulate gene expression with different time courses and
different biological outcomes, suggesting that they inhibit
individual HDACs with different efficiencies. CG-1521 induce
genes associated with the G,/S transition (p21) and cell death
(Bnip3, Bnip3L, Gdf15 and p21B), suggesting that the over-
riding effect of CG-1521 is to induce cell cycle arrest and
apoptosis. In contrast, SAHA modulates the expression of
Gadd45a and cyclin Bl and several p53 target genes associated
with spindle assembly and cytokinesis [Plkl, Stk6 (Aurora
kinase A) and Kntc2] suggesting that it predominantly blocks
progression through the M-phase and may subsequently induce
mitotic catastrophe and cell death (16).

Even though both CG-1521 and SAHA coordinate the
catalytic site Zn** in Class I and Class IT HDACs (17), it is
apparent that the 2 compounds inhibit individual HDACs with
different efficiencies, since they induce distinctive changes in
gene expression and produce different biological endpoints.
While the bulk of the enzyme activity of the HATs and HDACs
is dedicated to modulating histone acetylation and chromatin
conformation, it is now evident that the tumor suppressor
p53 (12,18) and many other transcription factors (19) are also
acetylated and deacetylated by these enzymes. These post-
translational modifications influence the nuclear retention,
protein binding partners and DNA binding activity of these
transcription factors (20,21). Recent studies have suggested
that HDAC inhibitors may enhance the ability of p53 to bind
to DNA (22) which may explain the temporal differences in
gene expression induced by the 2 inhibitors. Alternatively it
is possible that the metabolism of either CG-1521 or SAHA
influences the timing of gene expression. Our previous studies
suggested that CG-1521 and TSA stabilize different acety-
lated isoforms of p53 in prostate cancer cells, leading to the
recruitment of different co-activator complexes, differences in
gene expression and biological outcome (10-12). However, the
present studies suggest that the biological response to HDAC
inhibitors cannot be ascribed solely to the selective induction
of gene expression by selective acetylated isoforms of p53.
Similar comparative studies in lung cancer cell cultures have
also demonstrated that HDAC inhibitors have overlapping
gene targets (23).

Thus, while we have focused on the evaluation of the
response of p53 target genes identified in our previous studies,
it is likely that the transcription of other genes, influenced by
the stabilization of acetylated histones in active chromatin or
other acetylated transcription factors also influence the biolog-
ical response of the cells to these inhibitors. Development of
therapies for cancer or other diseases based on the use of
HDAC inhibitors to modulate gene expression will require a
full characterization of the effects of these inhibitors on the
acetylation status of histone, non-histone and cytoplasmic
proteins.
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