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Abstract: The histone deacetylase inhibitors, suberoylanilide hydroxamic acid (Vorinostat, Zolinza™) and depsipeptide
(Romidepsin, Istodax™) have been approved by the US Food and Drug Administration for the treatment of refractory
cutaneous T-cell lymphoma. Numerous histone deacetylase inhibitors are currently undergoing clinical trials, pre-
dominantly in combination with other cancer modalities, for the treatment of various haematological and solid malig-
nancies. Most of the traditional compounds are known as broad-spectrum or pan-histone deacetylase inhibitors, pos-
sessing activity against a number of the 11 metal-dependent enzymes. One of the main questions in the field is
whether class- or isoform-specific compounds would offer a therapeutic benefit compared to broad-spectrum inhibi-
tors. Therefore, analysis of the relative expression of the different histone deacetylase enzymes in cancer cells and
tissues is important to determine whether there are specific targets. We used a panel of antibodies directed against
the 11 known mammalian histone deacetylases to determine expression levels in MCF7 breast cancer cells and in
tissue representative of invasive ductal cell carcinoma and ductal carcinoma in situ. Firstly, we utilized a semi-
quantitative method based on immunofluorescence staining to examine expression of the different histone deacety-
lases in MCF7 cells. Our findings indicate high expression levels of HDAC1, 3 and 6 in accordance with findings from
others using RT-PCR and immunoblotting. Following validation of our approach we examined the expression of the
different isoforms in representative control and breast cancer tissue. In general, our findings indicate higher expres-
sion of class | histone deacetylases compared to class Il enzymes in breast cancer tissue. Analysis of individual can-
cer cells in the same tissue indicated marked heterogeneity in the expression of most class | enzymes indicating po-
tential complications with the use of class- or isoform-specific compounds. Overall, our approach can be utilized to
rapidly compare, in an unbiased semi-quantitative manner, the differential levels of expression of histone deacety-
lase enzymes in cells and tissues using widely available imaging software. It is anticipated that such analysis will
become increasingly important as class- or isoform-specific histone deacetylase inhibitors become more readily avail-
able.
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Introduction

Acetylation is one of the most extensively re-
searched post-translational modifications. It is
mediated via the opposing actions of histone
acetyltransferases (HATs) and histone deacety-
lases (HDACs) [1-3]. HATs catalyse the addition
of an acetyl group to the g-amino group of the
lysine residue on the core histone tails [4]. This
weakens the DNA-histone interaction resulting
in a more relaxed, transcriptionally permissive,
chromatin conformation [5-7]. Despite what
their name suggests, HATs also catalyse the

acetylation of non-histone proteins and are also
referred to as K-acetyltransferases (KATs) [8].
HDACs catalyze the removal of acetyl groups
from lysine residues resulting in a more con-
densed, transcriptionally repressive, chromatin
structure [1]. Numerous non-histone substrates
have also been identified for HDAC enzymes [9-
12].

There are two distinct categories that classify
the 18 mammalian HDACs. Firstly, the seven
nicotinamide adenine dinucleotide (NAD*)-
dependent enzymes are known as the sirtuins
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Figure 1. Classification of the classical histone deacetylases (HDACs). The classical HDACs are grouped into three
classes based on their homology and sequence identity to yeast. They share a highly conserved deacetylase (DAC)
domain shown as long orange cylinders. The class | HDACs (HDAC1, 2, 3 and 8) share homology to the yeast reduced
potassium dependency-3 (Rpd-3) and are found primarily in the cell nucleus. Class Il HDACs share sequence homol-
ogy to the yeast histone deacetylase-1 (Hdal) and are sub-divided into two further classes; Class lla (HDAC4, 5, 7
and 9) which shuttle between the cell cytoplasm and nucleus and Class llb (HDAC6 and 10) which are found primarily
in the cytoplasm. Class IV HDACs is comprised of HDAC11 which shares sequence homology to both Rpd-3 and Hda-
1. Shown as small blue cylinders are nuclear localization sites and C- and N- terminal tail are shown as thick black
lines. Total numbers of amino acid residues are shown at the N-terminal of each enzyme. SE14, Ser-Glu-containing
repeats; ZnF, ubiquitin-binding zinc finger; Leucine-rich domain.

(SIRT1-7). These represent class Ill and are tubulin and cortactin; chaperones, HSP90O and
structurally homologous to the yeast silent infor- HSP70; DNA repair proteins, Ku70 and signal-
mation regulator 2 [13-15]. The second group ling mediators such as f-catenin [27-29].
are the 11 zinc-dependent enzymes which are HDAC11 shares homology to both class | and I
known as the classical metal-dependent HDAC enzymes and represent class IV HDACs [16].
family and are the focus of this paper (Figure 1).

The classical HDACs are divided into class |, Il HDACs have direct and indirect affects in a
and IV and although they share a highly con- plethora of cell pathways including cell cycle
served catalytic deacetylase domain they differ arrest, apoptosis, migration and cell senes-
in their N- and C- terminal tails, cellular localiza- cence [25]. Therefore, there is great interest in
tion and biological roles (Figure 1) [16]. Class | the use of HDAC inhibitors as anti-cancer
consists of HDAC1, 2, 3 and 8 and shares ho- agents. Indeed, two HDAC inhibitors, suberoy-
mology to the yeast reduced dependency 3 lanilide hydroxamine acid (SAHA; Vorinostat™)
(RDP3) [17, 18]. These HDACs are primarily and depsipeptide (Romidepsin, Istodax™) have
found in the nucleus and play a primary role in been approved by the US Food and Drug Ad-
proliferation and cell survival [19]. Class |l ministration (FDA) for the treatment of refrac-
HDACs share homology to the yeast histone tory cutaneous T-cell lymphoma [30, 31]. The
deacetylase-1 (Hdal) and includes the class lla two approved compounds and many of the
HDAC4, 5, 7 and 9 and class IIb HDAC6 and 10 HDAC inhibitors currently in clinical trials are
[20, 21]. Class lla HDACs shuttle between the referred to as broad-spectrum inhibitors as they
nucleus and the cytoplasm and have tissue spe- inhibit multiple HDAC enzymes. There is emerg-
cific functions [11, 12, 17, 22-26]. Class llb ing interest in the field regarding the potential
HDACs have two catalytic domains and are pre- use of class-specific or isoform-specific inhibi-
dominantly cytoplasmic. HDACG6 is unique as it tors in cancer. The argument is that they may be
contains an ubiquitin binding site and is a spe- more beneficial in targeting malignant cells
cific deacetylase of numerous non-histone sub- while minimizing aberrant effects on normal cell
strates including: cell motility mediators, o- lines thereby providing a distinct therapeutic
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advantage. However, the alternative argument
is that the pleiotropic effects of broad-spectrum
inhibitors may be advantageous given the het-
erogeneous nature of many cancers.

With respect to the clinical applicability of HDAC
inhibitors and potential of more specific com-
pounds, the expression HDACs in cancer is an
important issue. Accumulating evidence sug-
gests that class | HDACs are overexpressed in
cancer tissues [32]. For example, several stud-
ies have highlighted the role of class | HDACs in
breast cancer cells and tissues, many focusing
on HDAC1, 3 and 6 [33-41]. The aim of this
study was determine the expression the 11
classical metal-dependent mammalian HDACs
in the epithelial breast cancer MCF7 cell line. In
addition, we used representative ductal carci-
noma in situ and invasive ductal carcinoma
breast tissue in comparison to normal breast
tissue to compare the expression of the classi-
cal HDACs in specific cell types. We validated an
immunofluorescence approach which provides
an unbiased, semi-quantitative comparison of
the expression levels of the different HDAC en-
zymes in cells and tissues.

Materials and methods
Cell culture

Human breast adenocarcinoma MCF7 cells and
epidermoid carcinoma A431 cells were ob-
tained from the American Type Culture
(Manassas, VA, USA). Cells were maintained in
o-MEM medium supplemented with 2 mM L-
glutamine, 10% fetal bovine serum and 80 pg/
mL gentamicin. Cells were incubated in a hu-
midified atmosphere containing 5% CO> at 37°
C.

Breast tissue and histology

Control and breast cancer tissues were ob-
tained from The University of Melbourne
(Department of Anatomy and Cell Biology, Park-
ville, Australia) teaching archives. Histological
observations were made using haematoxylin
and eosin stained tissue sections. Images were
acquired using an Olympus FSX100 Bio Imaging
Navigator.

Immunofluorescence staining (cell studies)

Cells were plated in 8 well chamber sides
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(Nalge Nunc International, NY, USA) at densities
of 25,000 cells/well. After 24 hours cells were
fixed for 10 minutes using 4% paraformalde-
hyde (Sigma-Aldrich, St Louis, USA). After a 5
minute wash with phosphate buffered saline
without calcium and magnesium (PBS), cells
were permeabilized using 0.1% Triton X-100
(Sigma) for 10 minutes. After three consecutive
washes with PBS, cells were blocked in 1% BSA
for 20 minutes prior to incubation with primary
antibody; polyclonal rabbit anti-HDAC1-11
(K333-11-30; Biovision, Mountain View, CA,
USA) at a concentration of 10 ug/ml and in
separate experiments monoclonal rabbit anti-
phospho-EGFr (pT693) (2343-1; Epitomics, Bur-
lingame, CA, USA) or polyclonal rabbit anti-
phosho-EGFr (s695) (T3868; Epitomics) with
polyclonal goat anti-beta actin (ab8229; Abcam,
Cambridge, UK) diluted to 5ug/ml. Primary anti-
bodies were incubated in a dark humidified en-
vironment overnight at 4°C. Following three
consecutive washes, cells were incubated with
a secondary donkey anti-goat antibody (1:500
in 1% BSA) conjugated with Alexa-488
(Molecular Probes, Oregon, USA) or Alexa-546
conjugated goat anti-rabbit secondary antibod-
ies (at 1:500 dilution) (Invitrogen, Molecular
Probes, Eugene, OR, USA) and incubated for 45
minutes in a dark humidified environment on a
rotating platform at room temperature. Follow-
ing three consecutive washes, cells were
mounted with prolong Gold antifade solution
containing DAPI  (Invitrogen), coverslipped
(Biolab, VIC, AUS) and sealed with nail varnish.
Slides were incubated overnight at 4°C before
imaging.

Immunofluorescence staining (tissue sections)

Paraffin embedded tissue was sectioned at a
thickness of 5 microns. To dewax, tissue was
incubated in xylene for 5 minutes, followed by
incubation in fresh xylene for 1 minute and re-
hydrated in three consecutive incubations in
ethanol each for 1 minute at 100%, 90% and
70%.

Tissue section were incubated in DAKO® Target
Retrieval Solution (S1699; Thermo Scientific) at
1:10 dilution for 10 minutes in a pre-heated
water bath at 95-99°C for activation of epi-
topes. Tissue sections were then removed from
the water bath and allowed to cool for 20 min-
utes prior to decanting the target retrieval solu-
tion. Tissue sections were then permeabilized
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with 0.1% Triton X-100 for 10 minutes followed
by equilibration in 0.1% Tween 20 in two con-
secutive 15 minutes incubations. Tissue sec-
tions were outlined using a pap pen and
blocked for 1 hour in Superblock (Thermo Scien-
tific) followed by an overnight incubation in a
humidified chamber with primary antibodies
diluted in 1% BSA: polyclonal rabbit anti-HDAC1-
11 (K333-11-30; Biovision) at a concentration
of 10 pg/ml, monoclonal rabbit anti-HDAC4
(1576-1;Epitomics) diluted 1:500 and mono-
clonal mouse anti-HDAC8 (H6412; Sigma) di-
luted (1:500); polyclonal goat anti-beta actin
(ab8229; Abcam) diluted to 5 pg/ml; mono-
clonal rabbit anti-Annexin V (2792-1; Epitomics);
monoclonal rabbit anti-phospho-EGFr (pT693)
(2343-1; Epitomics); polyclonal rabbit anti-
phosho-EGFr (s695) (T3868; Epitomics) and
monoclonal rabbit anti-CD71 (TFRC) (2918-1;
Epitomics). After three washes in 0.1% Tween
20, 1% BSA in PBS, tissue was incubated in
secondary antibodies diluted in 1% BSA for 1
hour with: goat anti-rabbit Alexa 546, goat anti-
mouse Alexa 546 and donkey anti-goat Alexa
488 all at a dilution of 1:500 (Invitrogen) in a
dark humidified chamber. Following three
washes in 0.1% Tween 20, 1% BSA in PBS, tis-
sues were mounted in Prolong Gold Antifade
mounting medium containing DAPI (Invitrogen)
and sealed with nail varnish. Slides were incu-
bated overnight at 4 °C before imaging.

Image acquisition and analysis

Images were acquired using an Olympus BX61
motorised upright fluorescence microscope
automated with FVII Camera using a 10x/0.3
and 20x/0.5 Uplan FL objectives. Fluorescence
filter cubes used included: DAPI (Ex: 350/50,
Em: 460/50nm), FITC (Ex: 470/40, Em:
525/50nm) and TRITC (Ex:545/30,
Em:620/60nm). Semi-quantitative analysis of
the relative HDAC expression intensity was ex-
amined and scored by three individuals inde-
pendently on a scale of low to high (0-5) inten-
sity for a minimum of five breast regions. Global
expression levels were calculated as the sum of
regional expression values and an overall rank
order of expression was generated. Semi-
quantitative analysis of relative HDAC intensity
was performed using Fiji software (Image J).
Colour images were separated and red channel
images were measured for mean fluorescence
intensity. Mean intensity was determined from a
minimum of 100 cells for each HDAC enzyme.
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Western blotting

MCF7 and A431 cells were harvested by
trypzinisation and washed in ice-cold PBS.
Whole cell lysates were extracted using Mam-
malian Protein Extraction Reagent (M-PER;
Thermo Scientific, Rockford, USA) and total pro-
tein was measured using the Bradford assay
with bovine serum albumin (BSA; Sigma) at
595nM using an Emax Precision microplate
reader. Equal amounts of protein (40 pg/lane)
were fractionated using 4-12% Bis-Tris
(NPO335; Invitrogen) SDS-PAGE and transferred
to nitrocellulose membranes. The membranes
were incubated overnight with primary antibod-
ies: polyclonal rabbit anti-HDAC (2 ug/ml; K333-
11-30; Biovision), monoclonal rabbit anti-
HDAC4 (1:10000; 1576-1, Epitomics), mono-
clonal mouse anti-HDAC8 (1:10000; H6412,
Sigma) and rabbit monoclonal anti-HDAC6
(1:15000; EPR6160, Epitomics). The mem-
branes were incubated with peroxidise-
conjugated goat anti-mouse or donkey anti-
rabbit secondary antibodies (1:10000) followed
by enhanced chemilluminescence (ECL-
CPS3500-1KT, Sigma) staining.

Statistical analysis

A minimum of 7 breast lobules were analysed in
the control breast and a minimum of 5 breast
regions on the cancer breast. A minimum of two
independent experiments were completed for
all cell-based assays. Results are expressed as
the mean #* standard deviation (SD). Statistical
analysis was performed using a one-way analy-
sis of variance with a Bonferroni post test using
GraphPad Prism (version 5). *P<0.05,
**P<0.01, ***P<0.001.

Results and discussion

Expression of HDAC enzymes in MCF7 and
A431 cells

We investigated the expression of the metal-
dependent HDAC enzymes in the both the nu-
cleus and cytoplasm of the adenocarcinoma
breast epithelial MCF7 cell line by immunofluo-
rescence. The fluorescence was firstly analyzed
by observation by scoring expression from 0-5
(low-high). The mean results of three independ-
ent experiments are shown in Table 1. We re-
peated the analysis using Image J software to
measure the mean fluorescence intensity in
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Table 1. Semi-quantitative analysis of HDAC expression in MCF7 and A431 (Observational analysis)

HDAC MCF7 TOTAL RANK A431 TOTAL RANK
SUM SUM
Class | HDAC1 nuc 251+1.0 4.34 2 1.06 +1.5 2.33 10
cyt 1.83+0.9 1.27 +0.1
HDAC2 nuc 2.72+0.6 3.69 7 1.67+24 3.08 9
cyt 1.28 + 0.3 142+1.1
HDAC3 nuc 3.22+0.3 5.56 1 2.42 +0.8 5.25 4
cyt 234 +1.2 2.83+1.9
HDAC8 nuc 1.21+1.0 3.04 9 1.25+1.1 4.33 7
cyt 1.83+1.6 3.08+2.0
Class lla HDAC4 nuc 3.03+0.2 3.86 5 3.17+0.5 7.00 1
cyt 0.83+0.1 3.82+1.2
HDAC5 nuc 1.79+ 1.1 3.92 4 1.58 +0.1 3.83 8
cyt 213+1.1 2.25+2.0
HDAC7 nuc 0.2+0.0 2.03 6 2.67+2.4 6.33 2
cyt 1.83+0.0 3.67 £ 0.0
HDAC9 nuc 221+1.1 3.39 8 0.33+0.2 0.83 11
cyt 1.18+ 1.0 0.50+0.7
Class Ilb HDAC6 nuc 1.26+ 1.4 4.01 3 2.08+2.9 5.00 5
cyt 2.75+0.4 2.93+0.6
HDAC10 nuc 1.23+1.5 2.29 10 142 +1.8 4.50 6
cyt 1.06 £+ 0.3 3.08 +0.8
Class IV HDAC11 nuc 0.75+0.4 1.67 11 2.00£0.9 5.33 3
cyt 0.92+0.4 3.33+0.9

both the nucleus and cytoplasm of a minimum
of 100 cells (Table 2). We performed the experi-
ments and analysis in parallel using the epider-
moid carcinoma, A431 cell line which is positive
for all HDAC enzymes, as a control. We found
HDAC1, 3 and 6 to be the most highly ex-
pressed HDAC enzymes in the MCF7 cells. Ex-
pression of the class | HDACs was not found to
be localised exclusively in the nucleus but was
also found to a lesser extent in the cytoplasm of
the cells. HDAC6 and 10 were also not found to
be primarily in the cytoplasm but were also ob-
served in the nucleus of the cells. Compara-
tively, class Il enzymes were generally ex-
pressed to a greater extent in A431 cells com-
pared to class | HDACs (Table 1). We found our
results to be consistent with those analysed
using Image J (Figure 2) with only small devia-
tions (less than 2) in rank order in comparison
to our observational findings (Table 2).

We validated our findings of HDAC expression
by immunobloting with selected anti-HDAC anti-
bodies in both MCF7 and A431 cells (Figure
2C). We further confirmed our results using dif-
ferent primary antibodies representative from
class |, class lla and class Illb by immunoblots of

rabbit anti-HDAC4 (Epitomics), rabbit anti-
HDAC6 (Epitomics) and mouse anti-HDACS8
28

(Sigma). The results were similar to those with
the anti-HDAC1-11 kit (Biovision). Finally we
explored the expression of two cell surface re-
ceptors (as controls), the epidermal growth fac-
tor receptor (EGFr) and the transferrin receptor
(CD71). Upregulation of the EGFR signalling has
been correlated in a wide variety of tumours
with progression to invasion and metastasis
[42]. We found weak staining of the EGFr iso-
form pT693 in MCF7 cells in comparison to the
strong staining observed in A431 cells (Figure
3A and 3B), a cell line known to have high ex-
pression of the receptor [43]. Similar staining of
the EGFr isoform s695 was observed in both
MCF7 and A431 cells (Figure 3C and 3D). Alter-
natively, we found weak to no staining of the
transferrin receptor (CD71) on both MCF7 and
A431 cells (Figure 3E and 3F). Previous studies
have used RT-PCR and Western blotting to de-
termine mRNA and protein expression of HDACs
and found HDAC1, 3 and 6 to be strongly ex-
pressed in estrogen receptor (ER) o and proges-
terone (PR) positive MCF7 cells and HDAC2, 4
and 8 to be expressed to a lesser extent [39,
41, 44]. Further, it has been found that expres-
sion of HDACs 1-3 is elevated in the breast can-
cer cell lines, SKBr3, MDA-MB-468, MCF7, MDA-
MB-435, BT-20 and MDA-MB-231 [45]. These
observations are in accordance with our im-
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Table 2. Semi-quantitative analysis of HDAC expression in MCF7 and A431 (Image J analysis)

HDAC MCF7 TOTAL RANK A431 TOTAL  RANK
SUM SUM
Class | HDAC1 nuc 125.78 £ 15.9 223.35 1 47.21+8.5 77.85 7
cyt 97.56 + 19.1 30.64 +22.1
HDAC2 nuc 88.47 £42.1 149.73 5 36.42 £ 0.5 56.87 10
cyt 61.26 £ 23.9 20.44 £ 3.6
HDAC3 nuc 132.81 £ 30.1 194.11 2 90.78 £ 17.9 1503 2
cyt 61.30 + 15.5 59.6 + 10.9 1
HDAC8 nuc 7448 £5.4 142.88 6 54.11 + 18.0 95.12 4
cyt 68.40 £ 4.0 41.0+10.5
Class lla HDAC4 nuc 123.88 £ 15.0 188.30 3 112.81+11.8 177.2 1
cyt 64.42 +22.2 64.39 £ 6.3 0
HDAC5 nuc 82.45 £ 43.6 157.19 4 75.84 £37.9 1483 3
cyt 74.73 £45.3 7255+ 15.3 9
HDAC7 nuc 48.12 +21.3 108.21 8 44,93 +23.9 8715 5
cyt 60.09 + 19.7 4222 +12.2
HDAC9 nuc 67.69+17.4 106.37 10 26.63+5.5 55.38 11
cyt 38.81+10.9 28.75+ 0.8
Class llb HDAC6 nuc 60.67 £ 18.5 112.44 7 25.07+2.1 5820 9
cyt 51.77 £ 8.5 33.13+5.4
HDAC10  nuc 43.99 £ 9.7 107.35 9 32.07+1.9 77.70 8
cyt 63.36 £ 20.6 45.63+4.1
Class IV HDAC11  nuc 59.27 £ 6.9 100.14 11 46.23 + 3.7 86.64 6
cyt 40.56 + 3.4 40.36 + 8.0

munofluorescence findings.
Histological examination of breast tissue

The breast is composed of specialized epithe-
lium and stroma that give rise to both benign
and malignant lesions specific to the organ.
Between six to 12 lobules, comprising of the
major ductal systems originate at the nipple.
The squamous epithelium of the overlying skin
continues into the ducts at the nipple and
abruptly changes into a double-layered cuboidal
epithelium. Each of the major lobules continues
to have successive branching leading to termi-
nal duct lobular units (TDLU) where successive
branching in the TDLU arises to form clusters of
ductules or acini in a lactating woman (Figure
4Ai). Ducts and lobules are lined by two cell
types: a low flattened discontinuous layer of
contractile cells containing myofilaments;
myoepithelial cells and are found on the base-
ment membrane. The luminal cells of the lob-
ules are columnar epithelial cells and apocrine
cells in the terminal ducts and ductules produc-
ing milk but not in main ducts of the lobules
(Figure 4A). Our normal tissue represents active
breast tissue given the approximate 50:50 ratio
of ductules to stroma. Surrounding the lobules
is the interlobular stroma which is made up of
dense fibrous connective tissue with adipose
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tissue (Figure 4Aiv). Enclosing the lobules, the
intralobular stroma is a hormonally responsive,
delicate connective tissue which is specific to
the breast and contains a scattering of lympho-
cytes (Figure 4Aii).

Breast cancer most often originates in the lob-
ules or in the ducts of the breast. Malignant
disease that originates in a lobule or duct is an
“in situ” cancer (Figure 4Bi) as long as it does
not penetrate through the basement mem-
brane. The basement membrane lining each
acinus is an important strong barrier that is not
easily breached. Only aggressive cancers are
able to breach the basement membrane and
are named invasive breast carcinoma (Figure
4Bii). Here we have breast tissue with regions of
both ductal carcinoma in situ (DCIS) and inva-
sive ductal carcinoma.

In invasive or infiltrating ductal carcinoma we
observe regions of abnormal proliferation of the
epithelium of the ducts and invasion into the
stroma were duct and stroma are no longer dis-
tinctly visible forming neoplasms or solid
masses. Invasive carcinomas are the most com-
mon lesions detected as densities as can be
observed as a large or solid collection or mass
(Figure 4Bi). In other areas calcification associ-
ated with secretory material can be observed as

Am J Transl Res 2012;4(1):24-43
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Figure 3. Distribution epidermal growth factor (EGFr) and transferrin receptors. MCF7 and A431 cells were stained
with monoclonal rabbit anti-phospho-EGFr (pT693); polyclonal rabbit anti-phosho-EGFr (s695) and monoclonal rabbit
anti-CD71 (TFRC) antibodies. (A) Non specific background staining of EGF receptor phosphorylated on threonine 693
(pT693) was observed in MCF7 cell in contrast to (B) strong positive staining observed A431 cells. (C) Medium stain-
ing of EGF receptor phosphorylated on serine 695 (s695) was observed in MCF7 cells in contrast to (D) strong stain-
ing observed in A431 cells. Transferrin receptor (red) was found to be negative in both (E) MCF7 and (F) A431 cells.
Merged image: nucleus stained with DAPI (blue), EGFr and CD71 (red), B-actin (green). Images were acquired using
an Olympus BX61 fluorescence microscope with automated FVII camera. Bar = 200um x20 magnification.
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Figure 4. Histological representation of the morphological changes of breast tissue in cancer. Representative photo-
micrographs of haematoxylin and eosin stained sections of an active breast (a) and invasive ductal carcinoma (b). (i)
Lobules of the breast arise from the lactiferous duct and through successive branching diminishing in size to form the
terminal duct lobular unit (TDLU) (A). (ii) The TDLU is a continuation of the interlobular ducts (F) lumen (H) and end
protruding into blunt or round saccules called ductules (G). Each TDLU is embedded in specialized hormonally re-
sponsive dense connective tissue called the intralobular stroma (C). The perimeter of the TDLU is surrounded by
loose connective tissue (B) and is separated by dense interlobular connective tissue called stroma (D) which contains
fibroblasts (K). Blood vessels (E) circulate throughout the intralobular stroma and interlobular stroma. (iii) During lac-
tation, the ductules differentiate into the secretory units called acini, producing milk (L). Each ductules or acini are
lined with cuboidal epithelium (I) and an outer layer of myoepithelium (J). (iv) Adipose tissue is found surrounding
TDLUs, (M) highlighting were adipocytes are found. (b) Breast tissue with regions of both ductal carcinoma ‘in situ’
and invasive ductal carcinoma. (i) representative image of ductal carconima ‘in situ’ with small irregular clusters of
calcifications of secretory material within the lumens of the duct. (ii) infiltrating ductal carcinoma cells originating
from the ducts invade the stroma. (iii) A magnified region showing intraductal inflammation. (iv) Evidence of radial
scarring shown by stallate lesions of trapped ductal cells in hyalinised stroma. Images were acquired using an Olym-
pus FSX100 microscope. Bar = 500um, 100um, 50um, 25um; x4, x20, x40, x80 magnification, respectively.

small irregular clusters in invasive carcinomas
and most likely apocrine cysts, these are pre-
sent within the lumen of the ductules (Figure
4Bii, 4Biii). In other regions, we observed stro-
mal fibrosis completely compress the lumens of
ductules to create the appearance of solids
cords or double strands of cells lying within
dense stroma. There is also evidence of radial
scars shown by the stellate lesions character-
ized by trapped glands encapsulated by hyalin-
ised stroma (Figure 4Biv).

Expression of HDAC enzymes in control and
breast cancer

To examine HDAC expression in control (Figure
5) and breast tissue (Figure 6), we used im-
munofluorescence assays. Class | HDAC en-
zymes were found to be only minimally ex-
pressed throughout all cell types in the control
breast tissue with all cell types scoring below
1.2 and expression was localized predominantly
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in the nucleus. Of the Class | HDAC enzymes,
HDACS8 was found to be expressed the highest
in both the luminal cuboidal epithelium and
myoepithelium. Endothelial cells appeared to
have no expression of both HDAC1 and HDAC2
and fibroblast cells also appeared to be nega-
tive for HDAC1 expression (Table 3).

In contrast, class | HDAC enzymes: HDACs 2, 3
and 8 were significantly elevated in breast can-
cer tissue and found to be ranked the overall
three highest expressing HDAC enzymes (Figure
7). HDAC2, 3 and 8 expression was observed to
be primarily elevated in nucleus of the ductal
carcinoma cells, however expression was also
observed in the cytoplasm of these cells. In ad-
dition, the heterogeneity of inflammatory cells
was most obvious with HDACs 2, 3 and 8. In-
flammatory cells could be divided into two dis-
tinct groups: one which were observed to have
little or no HDAC staining and the other which
had medium to high levels of staining. This ob-
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Table 3. Semi-quantitative analysis of HDAC expression in control breast tissue*

Class HDAC luminal myoepithelium  microvascular  fibro- SUM  TOTAL RANK
cuboidal endothelial blasts SUM
epithelium cells

Class HDAC1 nuc 0.6x0.5 0.3+0.5 0.0+£0.0 0.0£0.0 09 0.9 9

| cyt 0.0+0.0 0.0+0.0 0.0+0.0 0.0+£00 O

HDAC2 nuc 1.0%+0.6 0.5+0.5 0.0+£0.0 02+04 1.7 1.7 8
cyt 0.0+£0.0 0.0+£0.0 0.0+£0.0 0.0+£00 O
HDAC3 nuc 03zx0.5 0.3+0.5 0.2+04 0.3+08 11 1.1 9
cyt 0.0£0.0 0.0+£0.0 0.0+£0.0 0.0+£00 O
HDAC8 nuc 0.7%205 0.7+0.5 0.8+0.8 1.2+0.8 34 3.4 6
cyt 0.0+0.0 0.0+ 0.0 0.0+0.0 0.0+x00 O
HDAC8 nuc 1.0+0.0 1.0+£0.0 0.3+0.6 0.7+06 3 3
(Sigma) cyt 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+x00 O
Class HDAC4 nuic 2.0zx0.4 3.0+0.5 3.0+0.5 1.0+05 9 18.5 1
lla cyt 3.0+£0.0 2.0+0.5 3.0+1.0 1.5+12 95
HDAC4 nuc 2.0+0.0 3.0+0.6 3.0+0.0 1.0+06 9 18.5
(Epitomics)  cyt 3.0+0.6 2.0+0.6 3.0+1.2 1.5+0.2 95
HDAC5 nuc 3.1%+0.9 2.7+0.8 0.7+11 1.1+09 7.6 16.3 2
cyt 3.0+1.3 2.0+1.0 0.4+05 3.3+10 8.7
HDAC7 nuc 1.0+0.0 1.3+0.5 0.7+£0.5 0.8+04 3.8 9.9 4
cyt 2.0+0.6 2.3+05 1.0+ 0.0 0.8+04 6.1
HDAC9 nuc 4.6x05 3.6+0.5 0.4+£0.8 1.1+15 9.7 16.7 3
cyt 3.7+0.5 1.1+1.1 0.1+ 0.4 21+11 7
Class HDAC6 nuc 0.4+ 0.5 0.4+0.5 0.3+0.5 0.0+£00 11 5.8 5
IIb cyt 23+1.1 0.9+04 04+11 1.1+09 4.7
HDAC10 nuc 0.0+0.0 0.0+£0.0 0.0+£0.0 0.0£00 O 0.4 10
cyt 0.0£0.0 0.0+£0.0 0.0+£0.0 04+11 04

Class HDAC11 nuc 0.1+0.4 0.1+04 0.0+£0.0 0.0£0.0 0.2 0.2 11

% cyt 0.0£0.0 0.0+£0.0 0.0+£0.0 0.0+£00 O

*n=7

servation was found to be exclusive to these
three enzymes (Table 4).

In all of the cell types investigated in the control
breast tissue (Table 3), the class Il HDAC en-
zymes: HDACs 4, 5, 7 and 9 were found to be
expressed in approximately equal amounts
within the nucleus and cytoplasm. Overall me-
dium staining was found for most HDAC en-
zymes in all cell types except for fibroblasts
which expressed low amounts of each class |l
HDAC enzymes (between 0.8-3.3). HDAC9O was
found to be expressed the highest in both the
nucleus (4.6 + 0.5) and cytoplasm (3.7 £ 0.5) of
the luminal cuboidal epithelium in comparison
to other HDAC enzymes. Overall the class I
HDAC enzymes were observed to have the
strongest staining in comparison to other
HDACs (Figure 5) with HDACs 4, 5, 9 then 7 be-
ing ranked 1-4 respectively for overall expres-
sion.

In contrast, the breast cancer tissue showed an

overall weak staining of class || HDAC enzymes
in all cell types (Figure 6). This observation was
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significantly different to the staining observed in
both the nucleus and cytoplasm of cells found
in the normal breast tissue (Figure 7). HDAC7
was found to be highly expressed within the
cytoplasm of the ductal carcinoma cells (4.1 +
0.3) which was different to staining of both the
carcinoma cells and inflammatory cells for the
other class Il HDACs which scored no greater
than 1.8 (Table 3).

Only subtle differences were found in HDAC6
expression of the control breast tissue in com-
parison to the cancer tissue. It was primarily
expressed in the cytoplasm of all cell types.
HDAC10 and 11 was found to have little to no
staining in the control breast tissue with overall
sum of scores of 0.4 and 0.2 and ranked 10th
and 11t respectively (Table 3). Similarly,
HDAC11 was not observed in the ductal carci-
noma or inflammatory cells in the breast tissue;
ranked 11t in the breast tissue. However,
strong staining was observed in the cytoplasm
of the ductal carcinoma cells scoring 3.9 + 1.9
and weak staining was observed in the cyto-
plasm of the inflammatory cells scoring 1.3 *
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Figure 5. Histone deacetylases expression in normal breast tissue. Immunofluorescence staining for relative expres-
sion of Class | HDACs (A), Class lla HDACs (B), Class Ilb HDACs (C) and Class IV HDACs (D) in two representative nor-
mal breast lobules. Paraffin embedded tissue sections were fixed and stained for rabbit polyclonal anti-HDAC1-11
(red) and goat polyclonal anti-B-actin (green) to highlight tissue structure. Weak staining was observed across Class |
and Class IIlb HDACs and strong staining was observed in class lla HDACs. Strong non-specific staining of HDAC11
was seen in the connective tissue of the stroma with very weak staining seen in the actual cells. Show is an artefact
for DAPI staining in the representative image of HDAC10 and for red channel in HDAC5. Merged image: nucleus
stained with DAPI (blue), HDAC1-11 (red), and B-actin (green). Images were acquired using an Olympus BX61 fluores-
cence microscope automated with FVII Camera at x20 magnification. Bar = 200um; x10 magnification.

Table 4. Semi-quantitative analysis of HDAC expression in invasive breast carcinoma tissue*

Class HDAC ductal carci- inflammatory inflammatory SUM TOTAL RANK
noma cells cells | cells Il SUM
Class| HDAC1 nuc 0.3+0.5 0.5+0.6 0.8 2.1 9
cyt 0.8+1.0 0.5+0.6 1.3
HDAC2 nuc 4.4 +0.8 0.8+15 3.0+x14 8.2 9.3 3
cyt 0.8+0.5 0.0+0.0 0.3+0.5 1.1
HDAC3 nuc 29+1.0 0.8+15 3.3%+0.6 7 14.7 2
cyt 34+16 20+16 23+15 7.7
HDAC8 nuc 2.8+0.5 0.5+£1.0 25+0.7 5.8 16.6 1
cyt 4805 25+1.7 35+0.7 10.8
HDAC8 nuc 25+1.3 0.8+0.0 2.0+£0.0 5.3 15.9
(Sigma) cyt 43110 33105 3.0+£0.0 10.6
Class HDAC4 nuc 05+15 0.3+0.5 0.8 4.1 6
lla cyt 1.5+1.9 1.8+1.0 3.3
HDAC4 nuc 0.3+0.6 0.0+£0.0 0.3 2.7
(Epitomics) cyt 1.7+1.2 0.7+0.6 2.4
HDAC5 nuc 0.3+0.5 0.3+0.5 0.6 2.9 8
cyt 1.3+0.8 1.0+1.0 2.3
HDAC7 nuc 1.5+0.6 0.5+0.6 2 7.4 4
cyt 41+0.3 1.3+0.5 54
HDAC9 nuc 1.4+0.5 0.0+0.0 1.4 3.7 7
cyt 1.0+£0.0 1.3+1.0 2.3
Class HDAC6 nuc 1.5+ 0.6 0.0+0.0 1.5 2 10
lb cyt 3.4+0.8 1.6+0.9 5
HDAC10 nuc 0.0£0.0 0.0+£0.0 0 5.2 5
cyt 39+19 1.3+15 5.2
Class HDAC11 nuc 0.0+£0.0 0.0+£0.0 0 0.3 11
v cyt 0.0£0.0 0.3+0.5 0.3
*n=5

1.5 (Table 4). We noted strong staining in the
stroma for HDACs 2, 10 and 11 in the control
breast tissue (Figure 5). This staining was not
scored or taken into account in the overall ex-
pression scores as we believe it is non-specific
collagen staining.

Our observations are in accordance with those
of previous studies indicating overexpression of
class | HDACs in breast cancer. For example, a
study which examined the expression of class |
HDACs in several cell lines and human cancer
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tissues including stomach, esophagus, colon,
prostate, breast, ovary, lung, pancreas and thy-
roid cancer found that greater than 75% of the
epithelial cells showed high expression of
HDACs 1, 2, 3 and 8 in accordance with our
findings [32]. However, there is marked hetero-
geneity between breast cancers and our study
should be viewed predominantly as a methodol-
ogy paper. For example, it has been shown that
only 39.8% and 43.9% of breast cancers are
positive for HDAC1 and HDAC3 respectively, and
there was a direct correlation HDAC1 and 3 ex-
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Figure 6. Histone deacetylases HDAC expression in breast carcinoma. Immunofluorescence staining for relative ex-
pression of Class | HDACs (A), Class Ila HDACs (B), Class Ilb HDACs (C) and Class IV HDACs (D) in two representative
fields of breast carcinoma. Paraffin embedded tissue sections were fixed and stained for rabbit polyclonal anti-
HDAC1-11 (red) and goat polyclonal anti-B-actin (green) to highlight tissue structure. Relatively, strong staining was
observed across Class | HDACs and weak staining was observed in class Ila HDACs. Strong non-specific staining of
HDAC10 and HDAC11 was observed in the connective tissue of the stroma with very weak staining seen in the cells.
Merged image: nucleus stained with DAPI (blue), HDAC1-11 (red), and B-actin (green). Images were acquired using an
Olympus BX61 fluorescence microscope automated with FVII Camera. Bar = 200um; x10 magnification.
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Histone deacetylase Histone deacetylase Histone deacetylase
251 control breast . . )
" breast cancer Figure 7. Overall expression scores of histone deacety-
£ 20, lases in normal breast and invasive breast carcinoma. (A)
E Observational analysis of relative HDAC expression and
2 157 distribution of the class | HDACs (i); class lla HDACs (ii);
g and class llb and IV HDACs (iii). Fluorescence intensity
z 19 was examined and scored by three individuals on a scale
= . of low to high (0-5) intensity for a minimum of five breast
=3 51 . .
= lobules. Shown is the global expression levels calculated
as the sum of regional expression values for breast carci-

SO noma compared to normal breast tissue. (i) Class | HDACs
PP N P N L RN o ) )
FFP PP e are significantly overexpressed in the breast cancer tissue
relative to the normal breast in the cell cytoplasm and

Histone deacetylase X X X
over expressed in breast cancer tissue in the cell nucleus

for HDAC2, 3 and 8. (ii) Both HDAC5 and HADC9 are significantly decreased in the breast cancer tissue relative to the
normal breast tissue in cell nucleus and cell cytoplasm. HDAC4 is significantly decreased in the cytoplasm and
HDACY is decreased in the nucleus (iii) there are significant increases in HDAC 10 expressed in the cell cytoplasm of
the cells found in the cancer breast tissue in comparison to the normal breast tissue. N=7 in control breast and n=5
in breast cancer; *P<0.05, **P<0.01, ***P<0.001. (B) Total HDAC expression scores in control breast tissue in
comparison to breast cancer tissue. Class | HDAC are overexpressed in the breast cancer and class lla HDACs are
under expressed. HDACS8 is most expressed in breast cancer tissue and HDAC4 is most expressed in normal breast
tissue.

pression and with ER and PR receptor expres- analysed 100 individual cells for expression of
sion [41, 44]. Similarly, it has been shown that each HDAC enzyme, comparing the expression
HDAC6 mRNA is expressed at significantly high levels in the overall cell and the nucleus. We
levels in breast cancer patients with ERa and found marked heterogeneity, particularly in the
PR positive tumours that are small (less than expression of class | HDACs (Figures 8A and
2cm) and have low histological grade [33, 38]. 8B). This could have implications for therapy

given that heterogeneous expression could
To investigate to heterogeneity of the ductal translate to differences in sensitivities to HDAC
carcinoma cells found in the breast tissue we inhibitors.
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Figure 8. The relative distribution of histone deacetylase expression in ductal carcinoma cells in breast tissue. Breast
carcinoma tissue stained with HDAC1-11 as described in the materials and methods. Immunofluorescence analysis
was performed using Image J software to measure the mean fluorescence intensity of the expression of each HDAC
the whole cell (A) or the nucleus (B) in 100 individual ductal carcinoma cells. Shown are box plots of the fluorescence
intensity values for each HDAC. (A) Class | HDACs showed the greatest amount of variability in HDAC expression
within cancer cells of breast tissue, with HDAC1 and HDAC3 showing the largest amount of heterogeneity. (B) In com-
parison greater variability of HDAC expression between cells was seen within the nucleus for the different HDACs.

To investigate HDAC expression in control and
breast tissue we used an anti-HDAC1-11 family
kit (Biovision). We validated our findings with
different primary antibodies; rabbit anti-HDAC4
(Epitomics) and mouse anti-HDACS8 (Sigma). We
found staining to be similar between the differ-
ent antibodies (Figure 9). We also stained for
EGFr and transferrin receptors as controls. We
found very weak staining of EGFr isoform pT693
and s695 in control breast tissue and strong
staining in the epithelial carcinoma cells in the
breast tissue (Figure 10A). Disparate staining of
the transferrin receptor (CD71) was observed in
normal breast cancer tissue (Figure 10Bi) with
stronger staining found localized in the ducts.
Sporadic staining of transferrin receptors was
also observed in the cancer breast tissue
(Figure 10Bii). Finally, annexin V staining was
used to detect cells that expressed phosphati-
dylserine on the cell surface, a hallmark of
apoptosis. We found minimal staining of An-
nexin V in lobules and vasculature of the control
breast tissue (Figure 11A and 11B) and strong
staining in breast regions of invasive breast car-
cinoma (Figure 11C) and medium staining in a
lobule in breast cancer tissue (Figure 11D). This
suggests that the epithelial cancer cells found
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in the breast cancer tissue have a higher predis-
position to apoptosis in comparison to normal
breast cells.

In general, our findings indicate elevated ex-
pression of class | HDACs compared to class Il
enzymes in breast cancer tissue. This may sug-
gest the potential benefit of the use of class |
selective inhibitors in therapy. For example, MS-
275 (Entinostat), a class | specific HDAC inhibi-
tor is currently in phase Il clinical trials and has
been shown to inhibit breast cancer tumour
growth, angiogenesis and metastasis [46, 47].
However, analysis of individual cancer cells in
the same tissue indicated marked heterogene-
ity in the expression of most class | enzymes
indicating potential complications for therapy.
Overall, much further research is required to
clarify the expression and functional roles of the
metal-dependent HDAC enzymes in cancer. Our
immunofluorescence approach can be utilized
to rapidly compare, in an unbiased semi-
quantitative manner, the differential levels of
expression of HDAC enzymes in cells and tis-
sues using widely available imaging software. It
is anticipated that such analysis will become
increasingly important as more class- or isoform
-specific histone deacetylase inhibitors become

Am J Transl Res 2012;4(1):24-43
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Figure 9. Comparison of
HDAC4 and 8 using two dif-
ferent antibodies. Im-
munofluorescence images of
control breast (A) and breast
cancer (B) stained with poly-
clonal rabbit anti-HDAC4
(Biovision); monoclonal rab-
bit anti-HDAC4 (Epitomics);
polyclonal rabbit anti-HDAC8
(Biovision) and monoclonal
mouse anti-HDAC8 (Sigma).
Merged image: nucleus
stained with DAPI (blue),
HDAC4, 8 (red), B-actin
(green). Images were ac-
quired using an Olympus
BX61 fluorescence micro-
scope automated with FVII
Camera at x20 maghnification.
Bar = 200um; x10 maghnifica-
tion. Overall expression levels
of HDAC4 (C) and HDACS8 (D)
calculated as the sum of
regional expression values
for invasive breast carcinoma
against control breast tissue.
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Figure 10. Distribution of epidermal growth factor and transferrin receptors in control and breast cancer tissue. Rep-
resentative tissues were stained with (A) monoclonal rabbit anti-phospho-EGFr (pT693); polyclonal rabbit anti-phosho-
EGFr (s695) (B) and monoclonal rabbit anti-CD71 (TFRC). (A) Weak staining of both EGFr (pT693) and EGFr (s659)
was observed in the control breast tissue in contrast to strong staining observed in the invasive breast carcinoma
tissue. (C) Control breast expressing transferrin receptor (red) (i) showed relatively equal amounts of expression in
breast cancer (ii). Merged image: nucleus stained with DAPI (blue), EGFr and CD71 (red), B-actin (green). Images were
acquired using an Olympus BX61 fluorescence microscope with automated FVII camera. Bar = 200um, 100um; x10,
x20 magnification respectively.
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Figure 11. Invasive breast cancer has a higher predisposition to apoptosis in comparison to control breast cancer
cells. Immunofluorescence staining for a membrane apoptotic marker, Annexin V (red) is shown in representative
control and breast cancer tissue sections. Goat polyclonal anti-B-actin (green) was used to highlight the cytoskeleton.
(A) Weak Annexin V staining was observed in the columnar epithelial cells of ductules in the control breast and (B)
very weak staining was seen in epithelium of blood vessels in the stroma of the control breast. (C) In contrast, strong
staining was seen in an invasive ductal carcinoma mass where high concentrations of malignant cells are found. (D)
Strong staining of Annexin V in the columnar epithelial cells of a ductule in a tissue region of invasive ductal carci-
noma. Merged image: nucleus stained with DAPI (blue), Annexin V (red), B-actin (green). Images were acquired using
an Olympus BX61 fluorescence microscope with automated FVII camera. Bar = 200um, 100um; x10, x20 magnifica-

tion respectively.
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