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histone H4 in cutaneous T-cell lymphoma

Aims: Aberrant histone acetylation has been associated
with malignancy and histone deacetylase (HDAC) inhib-
itors are currently being investigated in numerous clinical
trials. So far, the malignancy most sensitive to HDAC
inhibitors has been cutaneous T-cell lymphoma (CTCL).
The reason for this sensitivity is unclear and studies on
HDAC expression and histone acetylation in CTCL are
lacking. The aim of this study was to address this issue.

Methods and results: The immunohistochemical expres-
sion of HDAC1, HDAC2, HDACS6, and acetylated H4 was
examined in 73 CTCLs and the results related to histo-
logical subtypes and overall survival. HDAC1 was most

abundantly expressed (P < 0.0001), followed by HDAC2;
HDAC6 and H4 acetylation were equally expressed.
HDAC2 (P = 0.001) and H4 acetylation (P = 0.03)
were significantly more common in aggressive than
indolent CTCL subtypes. In contrast, no differences were
observed for HDAC1 and HDAC6. In a Cox analysis,
elevated HDAC6 was the only parameter showing
significant influence on survival (P = 0.04).
Conclusions: High expression of HDAC2 and acetylated
H4 is more common in aggressive than indolent CTCL.
HDACG6 expression is associated with a favorable
outcome independent of the subtype.
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Abbreviations: ALCL, anaplastic large cell lymphoma; BSA, bovine serum albumin; CR, complete response;
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MF, mycosis fungoides; NOS, not otherwise specified; PR, partial response; PTL, peripheral T-cell lymphoma;

SS, Sézary syndrome; TBS, Tris-buffered saline

Introduction

Cutaneous T-cell lymphomas (CTCL) are a hetero-
geneous group of non-Hodgkin’s lymphomas defined by
clonal proliferation of skin-homing malignant T lym-
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phocytes. CTCL vary from indolent subtypes such as
plaque lesions of mycosis fungoides (MF) to more
aggressive phenotypes, such as Sézary syndrome (SS)
and CD30- peripheral T-cell lymphomas. Survival
rates are significantly different between patients with
indolent and aggressive phenotypes. Hence, the 5-year
survival rate for indolent CTCL is 90%' compared
with a <33% 5-year survival rate for aggressive
CTCL.*?

Whereas early MF is well controlled by skin-directed
therapies or phototherapy,*™ patients with more aggres-
sive subtypes require systemic therapy. Interferons,
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retinoids, single-agent or combined chemotherapy
have been used,'”'' but relapses are frequent'?'>
and most drugs have not improved long-term sur-
vival. 'O 1415 New therapies are thus needed for
treating CTCL.

Histone deacetylase (HDAC) inhibitors are a prom-
ising group of drugs in the treatment of both solid and
haematological malignancies. By targeting of HDAC
enzymes,'® they cause acetylation of core histones and
other proteins.'” HDAC inhibitors can either be pan-
inhibitors that target all 11 isoforms of HDAC enzymes,
or selective inhibitors that target specific isoforms
or subclasses of HDAC."® HDACs are, together with
histone acetyltransferases (HATSs), involved in the
regulation of transcriptional activity through acetyl-
ation and deacetylation of specific lysine residues on
core histones. In general, histone acetylation through
HAT activity leads to increased transcriptional activity,
whereas deacetylation through HDAC activity leads
to transcriptional repression.w‘zo HDACs are over-
expressed in many malignancies?' 2> and are believed
to participate in malignant transformation through
transcriptional repression of tumour suppressor
genes.”” 27 HDACs normally function together with
cofactors that recruit HDACs to target genes>® and
improper recruitment of HDACs by these cofactors
has been identified as a mechanism for the develop-
ment of malignancy.?”->° Fusion proteins generated by
chromosomal translocations have also shown impro-
per HDAC recruitment, particularly in leukaemia.
Although the exact anti-tumour mechanisms of action
of HDAC inhibitors are unknown, they have been
shown to induce cell cycle arrest, proliferation and
apoptosis in neoplastic cells.>!>°

For unknown reasons, CTCL has been the malignant
disease with the highest clinical response so far to HDAC
inhibitors. Thus, all three small molecule hydroxamates,
vorinostat (SAHA), panobinostat (LBH-589) and belino-
stat (PXD101), as well as the natural product romidepsin
(depsipeptide), have demonstrated response rates above
24% in CTCL,*” and vorinostat has been approved by
the Food and Drug Administration for this indication
as Zolinza™ (http://www.fda.gov/bbs/topics/NEWS/
2006/NEW01484.html).

Despite this marked sensitivity of CTCL to HDAC
inhibitors, studies on HDAC expression in CTCL are
lacking. The aim of this study was to improve our
understanding of HDAC involvement in the develop-
ment of CTCL. Thus, we examined the expression of
HDAC1, HDAC2 and HDAC6 together with the acetyl-
ation of histone H4 in CTCL tissue samples and
correlated these results with the histological subtype
and clinical outcome.

Materials and methods
PATIENTS AND TISSUE SAMPLES

Formalin-fixed paraffin-embedded samples from skin
lesions from 73 patients diagnosed with primary CTCL
during the period 1979-2004 were drawn from the
archives of the Department of Pathology, Copenhagen
University Hospital. None of the patients participated in
clinical trials for HDAC inhibitors. The clinical records
were reviewed and all samples were examined by
morphology and immunohistochemistry, using as a
minimum CD3, CD5, CD4, CDS8, CD56 and CD30.
Based upon these data, the specimens were reclassified
according to the World Health Organization-European
Organization for Research and Treatment of Cancer
classification and comprised 32 cases of MF with
plaque lesions, seven cases of MF with tumour lesions,
five cases of MF with transformation to large T-cell
lymphoma, four cases of SS, seven cases of CD30+
primary cutaneous anaplastic large cell lymphoma
(ALCL), 12 cases of CD30- peripheral T-cell lymphoma
(PTL) not otherwise specified (NOS), two cases of
extranodal natural killer/T-cell neoplasm, nasal type
and four cases classified as precursor plasmacytoid
dendritic cell neoplasm. These cases were grouped into
two categories, i.e. indolent CTCL, comprising MF
plaque, MF tumour and CD30+ large cell lymphoma;
and aggressive CTCL, comprising the remaining disease
categories.

Information on the clinical outcome could be
retrieved in 59 (80.1%) of the cases. The overall
survival for these patients ranged from 1 to
360 months, with large variations within each cate-
gory (Table 1).

CONTROL CELL LINES

The A2780 human ovarian cancer cell line (gift from
Dr R. Ozols, Fox Chase Cancer Ctr. Philadelphia, PA,
USA) was used as the positive control in the immuno-
histochemical analyses. Thus, A2780 cells treated with
1 uM belinostat (TopoTarget A/S, Copenhagen, Den-
mark) for 24 h were used as the positive control for H4
acetylation, whereas untreated A2780 cells were used
as negative controls for the absence of H4 acetylation.
The P388 murine leukaemia cell line, (gift from F. M.
Shabel, SRI, Birmingham, AL, USA) together with a
clone of P388 lacking HDAC2 (P388/2C clone 1) was
used as the control for HDAC2 expression. Untreated
A2780 cells were used as positive controls for reactivity
of anti-HDAC1 and anti-HDAC6. Negative controls
were performed by substituting the specific antibodies
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Table 1. Clinical data from 59 cutaneous T-cell lymphoma
(CTCL) patients showing number of patients, range in overall
survival and median survival within each CTCL category

(6N Median

Subtype N (months) (months)
Indolent categories

Mycosis fungoides, 27 2-360 117

plaque stage

Mycosis fungoides, 6 2-120 61.5

tumor stage

CD30+ c-ALCL* 4 5-120 19.5

Total 37 2-360 84.0
Aggressive categories

Mycosis fungoides, 5 48-182 60

transformed

Sézary syndrome 3 30-240 192

PTL, NOST 8 5-36 20

NK/T-cell lymphoma 2 1 1

PPDCN# 4 12-30 25

Total 22 1-240 28.5

*Primary cutaneous anaplastic large cell lymphoma.
tPeripheral T-cell lymphoma, not otherwise specified.
$Precursor plasmacytoid dendritic cell neoplasm.

with 2% bovine serum albumin (BSA) in Tris-buffered
saline (TBS) (pH 7.6).

TESTS FOR ANTIBODY SPECIFICITY

Primary antibodies were monoclonal anti-HDAC1
(Upstate, Temecula, CA, USA; 05-614), monoclonal
anti-HDAC2 (Abcam, Cambridge, MA, USA; ab12169),
polyclonal anti-HDAC6 (Abcam; ab1440) and mono-
clonal anti-acetylated H4 (clone T25 developed by
Ronzoni et al.>®). An initial test for antibody specificity
was performed by Western blotting using either whole-
cell lysates or histones purified from P388 cells after
treatment with 1 pum belinostat for 1 h. Blots were
incubated with each of the primary antibodies before
development. The appearance of only one band verified
antibody specificity. The specificity of each anti-HDAC
antibody was further tested in an immunohistochem-
ical absorption assay against the corresponding HDAC
peptide (gift from CuraGen Corporation, Branford, CT,
USA). The antibody was incubated with excess amount
of peptide prior to immunohistochemical analysis.
Immunonegativity was then considered to be final
proof of antibody specificity.
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IMMUNOHISTOCHEMICAL ANALYSIS

Heat-induced epitope retrieval was performed using
Tris-hydrochloride (TEG) buffer pH 9 (10 mwm Tris-HCI +
0.5 mm ethylene glycol tetraacetic acid) for retrieval
of HDAC1, HDAC6, and acetylated H4 or Target
Retrieval Solution, Citrate pH 6 (Dako, Glostrup, Den-
mark; S2369) for retrieval of HDAC2. Peroxidase
Blocking Reagent (Dako; S2001) was used for blocking
endogen peroxidase activity. Slides were pre-incubated
in 2% BSA in TBS (pH 7.6) before primary antibodies
were added. Dilution of primary antibodies was:
anti-HDAC1 (1:2000), anti-HDAC2 (1:12 000), anti-
HDAC6 (1:50) and anti-acetylated H4 (1:13 000).
EnVision+ (Dako; K4001/K4003) and diaminobenzid-
ene (DAB)+ (Dako; K3468) were used as the detection
system. Slides were counterstained with Mayer’'s hae-
matoxylin.

Scoring of immunohistochemistry was based on two
parameters: the number of immunopositive tumour
cells and their intensity of immunoreactivity. Four
different scores were given for the number of positive
tumour cells, i.e. 0, <5%; 1, >5% to <20%; 2, >20%
to £50%; and 3, >50% positive cells. Intensity of
positivity was given a score of O for no positivity, 1 for
weak positivity, 2 for moderate positivity and 3 for
strong positivity. The sum of the two individual scores
defined the final immunoreactivity score of each
sample, ending up with seven groups with scores
between O and 6. Finally, in order to ensure a
sufficient number of samples in each group for
statistical analysis, the samples were grouped in three
expression categories defined as low (score 0-2),
moderate (score 3 and 4) or high (score 5 and 6)
expression. All reactions were simultaneously scored
by two observers (L.M., E.R.) using a double-headed
microscope.

STATISTICAL ANALYSES

The comparison of the probability of expression of
HDACI1, HDAC2, HDAC6 and acetylated H4 was done
using a repeated measures linear model with ordi-
nal categorical data. Tests for independence between
immunohistochemical data and diagnostic groups were
done using the chi-squared test with exact probabilities.
Spearman rank correlation was calculated as a mea-
sure of association between the HDACs and H4
acetylation. Survival was calculated from the day of
diagnosis until death or last follow-up. Survival prob-
abilities were estimated by the Kaplan—Meier method
and the log rank statistic was used to compare survival
curves. Multivariate analysis of protein expression
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adjusted for indolent/aggressive disease was done
using the Cox proportional hazards model. P-values
<5% were considered to be significant.

ETHICAL ASPECTS

This study was approved by the local ethics committee
in Copenhagen, Denmark (Journal No. 01 326034)
and the Danish Data Protection Agency (Journal No.
2006 41 7116).

Results

EXPRESSION OF HDACS AND ACETYLATED H4
IN NON-LYMPHOID CELLS

In addition to immunoreactivity of lymphoid cells (see
below), the antibodies against HDAC1, HDAC2 and
acetylated H4 showed nuclear labelling of epithelial
cells in the epidermis and dermal appendages. The
antibody against HDAC6 stained the cytoplasm in
these cells and also labelled the cytoplasm in endothe-
lial cells. This reactivity of non-lymphoid cells served as
useful internal controls for the immunohistochemical
reactions.

EXPRESSION OF HDACS AND ACETYLATED H4
IN CTCL CELLS

In Iymphoid cells, HDAC1, HDAC2 and acetylated H4
were expressed in the nuclei, whereas HDAC6 was
mainly cytoplasmic with only weak reactivity of the
nuclei in occasional cells. All four antibodies mainly
labelled neoplastic cells with atypical nuclei, whereas
small, reactive appearing lymphoid cells were negative.

Three categories were distinguished based upon
the proportion of positive cells and the intensity of
immunoreactivity, i.e. low, moderate and high (see
Materials and methods). The distribution of all CTCL
patients according to these categories is summarized in
Figure 1. Representative examples are illustrated in
Figure 2.

As shown, HDAC1 was expressed most abundan-
tly, followed by HDAC2 (P = 0.002) and HDAC6
(P < 0.0001). HDAC6 and acetylated H4 were equally
frequently expressed (P = 0.36).

EXPRESSION OF HDACS AND ACETYLATED H4
IN CTCL CATEGORIES

The relationship between immunoreactivity and CTCL
categories is summarized in Table 2. Comparisons
between indolent and aggressive cases regarding

100 o Low
01 1g Moderate
801 |m High

68.5%|

HDACH1

HDAC2 HDAC6 H4 acetylation

Figure 1. Expression profiles of HDAC1, HDAC2, HDAC6 and H4
acetylation in cutaneous T-cell lymphoma (CTCL) (n = 73) showing
the percentage of samples in each of three categories of immuno-
reactivity (low, moderate, high). Significant differences in expression
profiles are found between HDAC1 and HDAC2 (P < 0.0001) and
HDAC2 and HDAC6 (P < 0.0001), whereas HDAC6 and acetylated
H4 have similar profiles (P = 0.36).

expression of HDAC1 and HDAC6 did not show
significant differences (P = 0.35 and P = 0.89, respec-
tively). In contrast, both HDAC2 (P = 0.001) and H4
acetylation (P = 0.03) were significantly more com-
mon in aggressive than in indolent CTCL. For HDAC2,
55.5% of the aggressive cases showed high expression.
Conversely, among indolent CTCL, most cases (82.6%)
showed only moderate HDAC2 expression. A similar
finding was observed with H4 acetylation, where
22.2% of the aggressive cases showed high expression
compared with only 8.7% of the indolent cases. Low
H4 acetylation was observed in 30.4% of the indolent
cases, whereas only 7.4% of the aggressive cases
showed low H4 acetylation. When comparing the
expression profiles in patients with indolent and
aggressive subtypes, respectively, weak correlations in
the expression were observed between all four param-
eters, i.e. HDACI1, 2, 6, and acetylated H4 (data not
shown).

EXPRESSION OF HDACS AND ACETYLATED HISTONE
H4 IN CTCL VERSUS SURVIVAL

Overall survival was available for 59 patients. As
expected, median survival was significantly different
between the indolent and aggressive groups, i.e.
84 months for patients with indolent CTCL compared
with 28.5 months for patients with more aggressive
disease (P < 0.0001). These results are illustrated in
Figure 3. To investigate the impact of HDACs and
acetylated H4 on survival in indolent and aggressive
CTCL we used the Cox-model to adjust for the subtype
and examined the influence of negative (score < 2)
versus positive (score > 2) expression. For HDAC2, we
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Figure 2. A, Mycosis fungoides (MF), plaque stage with high expression of HDAC1 in the nuclei of the lymphoid infiltrate. Note that HDAC1
is also expressed in the nuclei in epithelial cells of the epidermis. B, Cutaneous T-cell lymphoma (CTCL), unspecified with high expression of
HDAC?2 in the nuclei of the neoplastic cells. C, MF, tumour stage with high HDAC6 expression in the cytoplasm. Note that HDACS6 is also
expressed in the cytoplasm of epithelial cells of the epidermis. D, MF, tumour stage, negative of HDAC6 in the lymphoid infiltrate. E, CTCL,
unspecified with high acetylation of histone H4. Small reactive lymphoid cells are negative. F, Precursor plasmacytoid dendritic cell neoplasm

negative for H4 acetylation.

examined the influence of moderate (score < 4) versus
high (score > 4) expression, due to the fact that no
samples showed negative or weak expression. Survival
curves are shown in Figure 4. Cox analyses showed no
significant influence on survival for HDAC1, HDAC2,
or acetylated H4 (see Table 3). In contrast, HDAC6
expression showed a significant beneficial influence on
survival [P = 0.04, hazard ratio (HR) 0.39, 95%
confidence interval 0.16, 0.96] independent of the
CTCL subtype.

Discussion

Overexpression and improper recruitment of HDACs,
particular HDAC1 and HDAC2, have been reported
in different malignancies,®! 232393941 emphasizing
their role in malignant development. Although the
influence of HDACG6 in cancer is not as well investi-
gated as for HDAC1 and HDAC2, HDAC6 has been
reported to be up-regulated in oral squamous cell
carcinoma and the inhibition of HDAC6 has been
reported to induce cytotoxicity in multiple myeloma
cells as well as to reduce the amount of Ber-Abl in
leukaemia cells.*?~** The presumptive role of HDACs in
malignant diseases has resulted in widespread devel-
opment of HDAC inhibitors. For as yet unknown

reasons, the malignancy most sensitive to HDAC
inhibitors is CTCL.

Several clinical trials have examined the sensitivity
of CTCL to HDAC inhibitors. Vorinostat, panobinostat,
belinostat and romidepsin have all shown efficacy in
CTCL with partial and complete responses. Interest-
ingly, HDAC inhibitors have demonstrated equal effi-
cacy in indolent and advanced stages of CTCL in
patients who have failed prior systemic therapies. Thus,
vorinostat resulted in a response rate of 20-31% in
indolent stages (MF stage < IIB) compared with a
response rate of 25-30% in advanced stages (MF stage
IIB-1VB). All responses were partial (PR), except for
one patient with MF stage IIB, who had a complete
response (CR).*>*° Belinostat has shown efficacy in a
phase II clinical trial against recurrent and refractory
CTCL with CR in one of two patients with ALCL and
PRs in two of eight patients with MF and one of four
patients with SS.*” Romidepsin has also shown efficacy
in clinical trials. Thus, treatment with romidepsin has
resulted in an overall response rate of 31%, with PRs
reported in SS as well as plaque/patch and tumour
stages of MF. CRs have also been reported in patients
with SS together with patients with PTL, unspecified,
and CD30+ ALCL.*®°° Finally, panobinostat has
demonstrated a response rate of six out of 10 patients

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd, Histopathology, 53, 267-277.
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Figure 3. Overall survival of cutaneous T-cell lymphoma (CTCL)
patients (n = 59) based on indolent versus aggressive subtype.
Survival is significantly inferior in aggressive to that in indolent
CTCL.

with advanced-stage CTCL patients, with two CRs and
four PRs.>! Although objective responses, i.e. complete
or partial, are not reached by all CTCL patients, many
still benefit from treatment by achieving stable disease
and/or pruritus relief.*>*”

Only few immunohistochemical studies have exam-
ined the role of HDACs in cancer development and
these have focused mainly on solid tumours. Thus,
overexpression of HDAC1 and HDAC2 have been
reported in gastric cancer®*>? and, in addition, HDAC2
has been associated with gastric tumour aggressive-
ness.>” Furthermore, HDAC1, HDAC2 and HDAC3 are
up-regulated in colonic tumours compared with adja-
cent normal mucosa.’*>%>3 Up-regulation of HDAC1
and nuclear accumulation of HDAC4 have been
reported in primary and hormone refractory prostatic
cancer compared with benign prostatic hyperpla-
sia.”1?%>* However, in another study no difference
was found in the level of HDAC1 expression between
normal and malignant prostatic epithelial cells.””

In our study, HDAC1 was more abundantly ex-
pressed than HDAC2, HDAC6 and acetylated H4.
Acetylated H4 and HDAC6 were less expressed in
CTCL. The expression profile of H4 acetylation in our
study is similar to previous findings in prostatic
cancer.’® Further, we found significant differences
between the expression profiles of HDAC1 and HDAC?2.
This is in accordance with previous findings in other
types of tumour.”>>” Our results further emphasize the
unique functions of HDAC1 and HDAC2, despite their
close sequence similarity.

The influence of HDAC1 and HDAC6 on tumour
aggressiveness is controversial. Thus, HDACI1 gene
expression was up-regulated in the indolent germinal
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centre B-cell subtype of diffuse large B-cell lymphoma
compared with the more aggressive activated B-cell
and type 3 subtypes.’®>? In contrast, in solid tumours
HDAC1 was correlated with more advanced stages of
lung cancer®® and HDAC6 showed a directly opposite
influence in breast cancer and oral squamous cell
carcinoma.**®! In our study, we found no evidence for
the involvement of HDAC1 or HDAC6 in the develop-
ment of more aggressive CTCL based on their expres-
sion in indolent versus aggressive CTCL subtypes.
In contrast, we found more extensive expression of
HDAC2 in aggressive than indolent CTCL. This is in
accordance with previous findings,?*3° indicating
possible involvement of HDAC2 in aggressive CTCL.

Several of the HDAC inhibitors in clinical trials are
hydroxamate pan-inhibitors, e.g. vorinostat, belinostat,
and panobinostat,>”>” whereas others such as MS275,
MGCDO0103 and romidepsin are subtype specific.'®
Based on the current results as well as those obtained
by Zhu et al.** and Song et al.,>° it may be reasonable
to develop an HDAC2-specific inhibitor. However,
before any such decision is made, more information is
needed on the influence of HDACs in malignancies as
well as on the anti-tumour mechanism of HDAC
inhibitors and how they act in different tumours.

The influence of H4 acetylation in malignancy is
questionable. Gain of function mutations in HAT
enzymes have been identified in different types of
cancer and could in turn lead to increased histone
acetylation.®? Furthermore, hyperacetylation of H4 is
partly caused by loss of function of HDACI in chronic
myeloid leukaemia.®® Thus, H4 hyperacetylation may
be a result and not a cause of cancer development. We
found that acetylation of H4 was more pronounced in
aggressive than in indolent CTCL. In contrast, malig-
nant progression of oesophageal squamous cell carcin-
oma has been correlated to H4 hypoacetylation.®*®° In
our study, three PTL, unspecified, showed high H4
acetylation. Interestingly, histone acetylation has been
shown to up-regulate the development of T-cell recep-
tor gamma gene recombination at least in thymo-
cytes.®® Thus, high H4 acetylation may play a role in
lymphoma development.

When comparing the influence of HDAC expression
and acetylated H4 on survival, HDAC1 did not show
significant results. However, a HR <1 suggests that
increased HDAC1 expression correlates with better
survival in CTCL patients (see Table 3). This is in
accordance with previous findings showing that
HDAC1 expression is associated with better survival
in breast cancer patients, at least in those with small
and well-differentiated tumours.®”"® We could not
demonstrate that HDAC2 had an influence on survival.
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Figure 4. Overall survival of cutaneous T-cell lymphoma (CTCL) patients with either indolent or aggressive subtypes based on expression of
HDAC1, HDAC2, HDACS, or acetylated H4. Cox analysis revealed no significant influence of HDAC1, HDAC2, or H4 acetylation on survival.
In contrast, HDAC6 was found to have a significantly beneficial influence on survival.

In contrast, HDAC6 expression had a significant CTCL subtype (see Table 3). This result agrees with
influence on survival, with a HR <1, indicating a previous findings showing that HDAC6 expression is
favourable influence on survival independent of the correlated with better survival in oestrogen receptor-
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Table 3. Results of Cox analyses showing P-values, hazard
ratios (HR), and 95% confidence intervals (CI)

Parameter P-value HR 95% ClI
Aggressive 0.0001 7.20 2.66, 19.46
HDAC1 0.30 0.43 0.09, 2.13
Aggressive 0.0003 6.16 2.30, 16.47
HDAC2 0.94 1.03 0.42, 2.55
Aggressive <0.0001 8.43 3.12, 22.82
HDAC6 0.04 0.39 0.16, 0.96
Aggressive 0.0003 5.82 2.27,14.93
H4 acetylation 0.55 1.41 0.46, 4.27

The group of indolent subtypes is used as reference to
examine the influence of HDAC1, HDAC2, HDAC6, and
acetylated H4 on survival. The parameter ‘aggressive’ dem-
onstrates the negative influence of aggressive cutaneous
T-cell lymphoma (CTCL) subtype on survival.

positive breast cancer patients.’®® Even though
acetylated H4 does not show a significant influence
on survival, a HR >1 indicates a possible negative
influence of H4 acetylation on survival (see Table 3).
This is in contrast to previous findings showing better
prognosis for patients with a high level of acetylated
H4.%5

In conclusion, we have found that overexpression of
HDACG6 had a beneficial influence on survival and that
this was independent of the CTCL subtype. Further,
high expression of HDAC2 and acetylated H4 was more
common in aggressive than in indolent CTCL.

References

1. Willemze R, Kerl H, Sterry W et al. EORTC classification for
primary cutaneous lymphomas: a proposal from the Cutaneous
Lymphoma Study Group of the European Organization for
Research and Treatment of Cancer. Blood 1997; 90; 354-371.

2. Willemze R, Jaffe ES, Burg G et al. WHO-EORTC classification for
cutaneous lymphomas. Blood 2005; 105; 3768-3785.

3. Fink-Puches R, Zenahlik P, Back B, Smolle J, Kerl H, Cerroni L.
Primary cutaneous lymphomas: applicability of current classifi-
cation schemes (European Organization for Research and Treat-
ment of Cancer, World Health Organization) based on
clinicopathologic features observed in a large group of patients.
Blood 2002; 99; 800-805.

4. Pavlotsky F, Barzilai A, Kasem R, Shpiro D, Trau H. UVB in the
management of early stage mycosis fungoides. J. Eur. Acad.
Dermatol. Venereol. 2006; 20; 565-572.

. Prince HM, McCormack C, Ryan G, O’Keefe R, Seymour JF, Baker C.
Management of the primary cutaneous lymphomas. Australas.
J. Dermatol. 2003; 44; 227-240.

ul

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

HDACs and H4 acetylation in CTCL 275

. Herrmann JJ, Roenigk HH Jr, Hurria A et al. Treatment of

mycosis fungoides with photochemotherapy (PUVA): long-term
follow-up. J. Am. Acad. Dermatol. 1995; 33; 234-242.

. Querfeld C, Rosen ST, Kuzel TM et al. Long-term follow-up of

patients with early-stage cutaneous T-cell lymphoma who
achieved complete remission with psoralen plus UV-A mono-
therapy. Arch. Dermatol. 2005; 141; 305-311.

. Ysebaert L, Truc G, Dalac S et al. Ultimate results of radiation

therapy for T1-T2 mycosis fungoides (including reirradiation).
Int. J. Radiat. Oncol. Biol. Phys. 2004; 58; 1128-1134.

. Zackheim HS, Kashani-Sabet M, Amin S. Topical corticosteroids

for mycosis fungoides. Experience in 79 patients. Arch. Dermatol.
1998; 134; 949-954.

Foss F. Overview of cutaneous T-cell lymphoma: prognostic
factors and novel therapeutic approaches. Leuk. Lymphoma 2003;
44; S55-S61.

Querfeld C, Rosen ST, Guitart J, Kuzel TM. The spectrum of
cutaneous T-cell lymphomas: new insights into biology and
therapy. Curr. Opin. Hematol. 2005; 12; 273-278.

Dippel E, Klemke CD, Goerdt S. Current status of cutaneous T-cell
lymphoma: molecular diagnosis, pathogenesis, therapy and
future directions. Onkologie 2003; 26; 477-483.

Siegel RS, Pandolfino T, Guitart J, Rosen S, Kuzel TM. Primary
cutaneous T-cell lymphoma: review and current concepts. J. Clin.
Oncol. 2000; 18; 2908-2925.

Duvic M, Apisarnthanarax N, Cohen DS, Smith TL, Ha CS,
Kurzrock R. Analysis of long-term outcomes of combined
modality therapy for cutaneous T-cell lymphoma. J. Am. Acad.
Dermatol. 2003; 49; 35-49.

Gniadecki R, Rossen K, Ralfkier E, Thomsen K, Skovgaard GL,
Jonsson V. CD56+ lymphoma with skin involvement: clinico-
pathologic features and classification. Arch. Dermatol. 2004; 140;
427-436.

de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van
Kuilenburg AB. Histone deacetylases (HDACs): characterization
of the classical HDAC family. Biochem. J. 2003; 370; 737-749.
Schafer S, Jung M. Chromatin modifications as targets for new
anticancer drugs. Arch. Pharm. (Weinheim) 2005; 338; 347—
357.

Khan N, Jeffers M, Kumar S et al. Determination of the class and
isoform selectivity of small molecule HDAC inhibitors. Biochem. J.
2008; 409; 581-589.

Marks P, Rifkind RA, Richon VM, Breslow R, Miller T, Kelly WK.
Histone deacetylases and cancer: causes and therapies. Nat. Rev.
Cancer 2001; 1; 194-202.

Verdone L, Agricola E, Caserta M, Di ME. Histone acetylation in
gene regulation. Brief. Funct. Genomic. Proteomic. 2006; 5; 209—
221.

Patra SK, Patra A, Dahiya R. Histone deacetylase and DNA
methyltransferase in human prostate cancer. Biochem. Biophys.
Res. Commun. 2001; 287; 705-713.

Halkidou K, Gaughan L, Cook S, Leung HY, Neal DE, Robson CN.
Upregulation and nuclear recruitment of HDAC1 in hormone
refractory prostate cancer. Prostate 2004; 59; 177-189.

Choi JH, Kwon HJ, Yoon BI et al. Expression profile of histone
deacetylase 1 in gastric cancer tissues. Jpn. J. Cancer Res. 2001;
92; 1300-1304.

Zhu P, Martin E, Mengwasser J, Schlag P, Janssen KP, Gottlicher
M. Induction of HDAC2 expression upon loss of APC in colorectal
tumorigenesis. Cancer Cell 2004; 5; 455-463.

. Lin RJ, Nagy L, Inoue S, Shao W, Miller WH Jr, Evans RM. Role

of the histone deacetylase complex in acute promyelocytic
leukaemia. Nature 1998; 391; 811-814.

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd, Histopathology, 53, 267-277.



276 L Marquard et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kim MS, Kwon HJ, Lee YM et al. Histone deacetylases induce
angiogenesis by negative regulation of tumor suppressor genes.
Nat. Med. 2001; 7; 437-443.

Chevallier N, Corcoran CM, Lennon C et al. ETO protein of
t(8;21) AML is a corepressor for Bcl-6 B-cell lymphoma onco-
protein. Blood 2004; 103; 1454-1463.

Glass CK, Rosenfeld MG. The coregulator exchange in transcrip-
tional functions of nuclear receptors. Genes Dev. 2000; 14; 121—
141.

Johnstone RW. Histone-deacetylase inhibitors: novel drugs for the
treatment of cancer. Nat. Rev. Drug Discov. 2002; 1; 287-299.
Dhordain P, Lin RJ, Quief S et al. The LAZ3(BCL-6) oncoprotein
recruits a SMRT /mSIN3A / histone deacetylase containing com-
plex to mediate transcriptional repression. Nucleic Acids Res.
1998; 26; 4645-4651.

Marks PA, Richon VM, Rifkind RA. Histone deacetylase inhib-
itors: inducers of differentiation or apoptosis of transformed cells.
J. Natl Cancer Inst. 2000; 92; 1210-1216.

Yoshida M, Kijima M, Akita M, Beppu T. Potent and specific
inhibition of mammalian histone deacetylase both in vivo and
in vitro by trichostatin A. J. Biol. Chem. 1990; 265; 17174
17179.

Kijima M, Yoshida M, Sugita K, Horinouchi S, Beppu T.
Trapoxin, an antitumor cyclic tetrapeptide, is an irreversible
inhibitor of mammalian histone deacetylase. J. Biol. Chem. 1993;
268; 22429-22435.

Newmark HL, Lupton JR, Young CW. Butyrate as a differenti-
ating agent: pharmacokinetics, analogues and current status.
Cancer Lett. 1994; 78; 1-5.

Saito A, Yamashita T, Mariko Y et al. A synthetic inhibitor of
histone deacetylase, MS-27-275, with marked in vivo antitumor
activity against human tumors. Proc. Natl Acad. Sci. USA 1999;
96; 4592-4597.

Bi G, Jiang G. The molecular mechanism of HDAC inhibitors in
anticancer effects. Cell Mol. Immunol. 2006; 3; 285-290.
Glaser KB. HDAC inhibitors: clinical update and mechanism-
based potential. Biochem. Pharmacol. 2007; 74; 659-671.
Ronzoni S, Faretta M, Ballarini M, Pelicci P, Minucci S. New
method to detect histone acetylation levels by flow cytometry.
Cytometry A 2005; 66; 52-61.

Song J, Noh JH, Lee JH et al. Increased expression of histone
deacetylase 2 is found in human gastric cancer. APMIS 2005;
113; 264-268.

Amann JM, Nip ], Strom DK et al. ETO, a target of t(8;21) in
acute leukemia, makes distinct contacts with multiple histone
deacetylases and binds mSin3A through its oligomerization
domain. Mol. Cell. Biol. 2001; 21; 6470-6483.

Kim JH, Choi YK, Kwon HJ, Yang HK, Choi JH, Kim DY.
Downregulation of gelsolin and retinoic acid receptor beta
expression in gastric cancer tissues through histone deacetylase
1. J. Gastroenterol. Hepatol. 2004; 19; 218-224.

Hideshima T, Bradner JE, Wong J et al. Small-molecule inhibition
of proteasome and aggresome function induces synergistic
antitumor activity in multiple myeloma. Proc. Natl Acad. Sci.
USA 2005; 102; 8567-8572.

Bali P, Pranpat M, Bradner ] et al. Inhibition of histone
deacetylase 6 acetylates and disrupts the chaperone function of
heat shock protein 90: a novel basis for antileukemia activity of
histone deacetylase inhibitors. J. Biol. Chem. 2005; 280; 26729—
26734.

Sakuma T, Uzawa K, Onda T et al. Aberrant expression of histone
deacetylase 6 in oral squamous cell carcinoma. Int. J. Oncol.
2006; 29; 117-124.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Olsen EA, Kim YH, Kuzel TM et al. Phase IIB multicenter trial of
vorinostat in patients with persistent, progressive, or treatment
refractory cutaneous T-cell lymphoma. J. Clin. Oncol. 2007; 25;
3109-3115.

Duvic M, Talpur R, Ni X et al. Phase 2 trial of oral vorino-
stat (suberoylanilide hydroxamic acid, SAHA) for refractory
cutaneous T-cell lymphoma (CTCL). Blood 2007; 109; 31—
39.

Foss F, Pohlman B, Jacobsen E et al. Phase II open-label trial of
belinostat (PXD101) in patients with recurrent or refractory
peripheral or cutaneous T-cell lymphoma. EMSO Conference.
Ann. Onc. 2008; 19; 154; abstract 241.

Piekarz RL, Robey R, Sandor V et al. Inhibitor of histone
deacetylation, depsipeptide (FR901228), in the treatment of
peripheral and cutaneous T-cell lymphoma: a case report. Blood
2001; 98; 2865-2868.

Piekarz RL, Frye R, Turner M et al. Phase II trial of romidepsin,
FK228, in cutaneous and peripheral T-cell lymphoma: clinical
activity and molecular markers. ASH Annual Meeting Abstracts
2006; 108; 2469.

Piekarz RL, Frye R, Turner M et al. Completion of the first cohort
of patients with cutaneous T-cell lymphoma enrolled on a phase
II trial of depsipeptide. ASH Annual Meeting Abstracts 2005; 106;
231.

Prince M, George D], Johnstone R et al. LBH589, a novel
deacetylase inhibitor (DACi), treatment of patients with cutane-
ous T-cell lymphoma (CTCL). Skin gene expression profiles in the
first 24 hours related to clinical response following therapy. ASH
Annual Meeting Abstracts 2006; 108; 2715.

Wilson AJ, Byun DS, Popova N et al. Histone deacetylase 3
(HDAC3) and other class I HDACs regulate colon cell maturation
and p21 expression and are deregulated in human colon cancer.
J. Biol. Chem. 2006; 281; 13548-13558.

Huang BH, Laban M, Leung CH et al. Inhibition of histone
deacetylase 2 increases apoptosis and p21Cipl /WAF1 expres-
sion, independent of histone deacetylase 1. Cell Death Differ.
2005; 12; 395-404.

Halkidou K, Cook S, Leung HY, Neal DE, Robson CN. Nuclear
accumulation of histone deacetylase 4 (HDAC4) coincides with
the loss of androgen sensitivity in hormone refractory cancer of
the prostate. Eur. Urol. 2004; 45; 382-389.

Waltregny D, North B, Van MF, de Leval ], Verdin E, Castronovo
V. Screening of histone deacetylases (HDAC) expression in
human prostate cancer reveals distinct class I HDAC profiles
between epithelial and stromal cells. Eur. J. Histochem. 2004; 48;
273-290.

Seligson DB, Horvath S, Shi T et al. Global histone modification
patterns predict risk of prostate cancer recurrence. Nature 2005;
435; 1262-1266.

Hrzenjak A, Moinfar F, Kremser ML et al. Valproate inhibition of
histone deacetylase 2 affects differentiation and decreases prolif-
eration of endometrial stromal sarcoma cells. Mol. Cancer Ther.
2006; 5; 2203-2210.

Poulsen CB, Borup R, Nielsen FC et al. Microarray-based classi-
fication of diffuse large B-cell lymphoma. Eur. J. Haematol. 2005;
74; 453-465.

Rosenwald A, Wright G, Chan WC et al. The use of molecular
profiling to predict survival after chemotherapy for diffuse
large-B-cell lymphoma. N. Engl. ]J. Med. 2002; 346; 1937-
1947.

Sasaki H, Moriyama S, Nakashima Y et al. Histone deacetylase 1
mRNA expression in lung cancer. Lung Cancer 2004; 46; 171-
178.

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd, Histopathology, 53, 267-277.



61.

62.

63.

64.

65.

Zhang 7, Yamashita H, Toyama T et al. HDAC6 expression is
correlated with better survival in breast cancer. Clin. Cancer Res.
2004; 10; 6962-6968.

Orr JA, Hamilton PW. Histone acetylation and chromatin pattern
in cancer. A review. Anal. Quant. Cytol. Histol. 2007; 29; 17-31.
Brusa G, Zuffa E, Mancini M et al. P210 Bcr-abl tyrosine kinase
interaction with histone deacetylase 1 modifies histone H4
acetylation and chromatin structure of chronic myeloid leukae-
mia haematopoietic progenitors. Br. J. Haematol. 2006; 132;
359-369.

Toh Y, Yamamoto M, Endo K et al. Histone H4 acetylation and
histone deacetylase 1 expression in esophageal squamous cell
carcinoma. Oncol. Rep. 2003; 10; 333-338.

Toh Y, Ohga T, Endo K et al. Expression of the metastasis-
associated MTAT1 protein and its relationship to deacetylation of

66.

67.

68.

69.

HDACs and H4 acetylation in CTCL 277

the histone H4 in esophageal squamous cell carcinomas. Int. J.
Cancer 2004; 110; 362-367.

Agata Y, Katakai T, Ye SK et al. Histone acetylation determines
the developmentally regulated accessibility for T cell receptor
gamma gene recombination. J. Exp. Med. 2001; 193; 873-880.
Krusche CA, Wulfing P, Kersting C et al. Histone deacetylase-1
and -3 protein expression in human breast cancer: a tissue
microarray analysis. Breast Cancer Res. Treat. 2005; 90; 15-23.
Zhang 7, Yamashita H, Toyama T et al. Quantitation of HDAC1
mRNA expression in invasive carcinoma of the breast. Breast
Cancer Res. Treat. 2005; 94; 11-16.

Saji S, Kawakami M, Hayashi S et al. Significance of HDAC6
regulation via estrogen signaling for cell motility and prognosis
in estrogen receptor-positive breast cancer. Oncogene 2005; 24;
4531-4539.

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd, Histopathology, 53, 267-277.



