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BACKGROUND AND PURPOSE
Vorinostat and romidepsin are histone deacetylase inhibitors (HDI), approved for the treatment of cutaneous T-cell lymphoma
(CTCL). However, the mechanism(s) by which these drugs exert their anti-cancer effects are not fully understood. Since CTCL
is associated with immune dysregulation, we investigated whether these HDI modulated cytokine expression in CTCL cells.

EXPERIMENTAL APPROACH
CTCL cell lines and primary CTCL cells were treated in vitro with vorinostat or romidepsin, or with STAT3 pathway inhibitors.
Cell cycle parameters and apoptosis were analysed by propidium iodide and annexin V/propidium iodide staining respectively.
Cytokine expression was analysed using QRT-PCR and ELISA assays. STAT3 expression/phosphorylation and transcriptional
activity were analysed using immunoblotting and transfection/reporter assays respectively.

KEY RESULTS
Vorinostat and romidepsin strongly down-regulated expression of the immunosuppressive cytokine, interleukin (IL)-10,
frequently overexpressed in CTCL, at both the RNA and protein level in CTCL cell lines and at the RNA level in primary CTCL
cells. Vorinostat and romidepsin also increased expression of IFNG RNA and decreased expression of IL-2 and IL-4 RNA,
although to a lesser extent compared to IL-10. Transient exposure to vorinostat was sufficient to suppress IL-10 secretion but
was not sufficient to irreversibly commit cells to undergo cell death. STAT3 pathway inhibitors decreased production of IL-10
and vorinostat/romidepsin partially decreased STAT3-dependent transcription without effects on STAT3 expression or
phosphorylation.

CONCLUSIONS AND IMPLICATIONS
These results demonstrate that HDI modulate cytokine expression in CTCL cells, potentially via effects on STAT3.
Immunomodulation may contribute to the clinical activity of HDI in this disease.

Abbreviations
CTCL, cutaneous T-cell lymphoma; DMSO, dimethyl sulphoxide; ELISA, enzyme-linked immunosorbent assays; HDAC,
histone deacetylase; HDI, HDAC inhibitor; IFN, interferon; IL, interleukin; QRT-PCR, quantitative reverse transcription
polymerase chain reaction; SAHA, suberoylanilide hydroxamic acid; TGF, transforming growth factor
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Introduction

Histone deacetylase (HDAC) inhibitors (HDI) are emerging as
an exciting new therapeutic option for lymphoid malignan-
cies (Marks et al., 2004; Bolden et al., 2006; Richon et al.,
2009). These drugs promote the acetylation of histones and,
via effects on chromatin structure and transcription factor/
cofactor binding, modulate expression of ~2–10% of cellular
genes. Although histone acetylation is generally associated
with transcriptional activation, HDI can either increase or
decrease expression of specific genes. HDI also increase the
acetylation status and modulate the activity of a wide range
of non-histone proteins, and effects on both histone and
non-histone proteins may contribute to their anti-cancer
effects (Choudhary et al., 2009). Vorinostat [suberoylanilide
hydroxamic acid (SAHA); ChemBank ID 468] is a relatively
low potency hydroxamate HDI whereas romidepsin (FK228;
ChemBank ID 472) is a highly potent natural product HDI
that acts via a pro-drug mechanism, requiring intracellular
reduction for activity (Furumai et al., 2002). There are 11
Zn-dependent HDACs which are targeted by HDI in clinical
development. Vorinostat appears to be relatively non-
selective, inhibiting all Zn-dependent HDACs, whereas
romidepsin is relatively selective for class I enzymes (Furumai
et al., 2002; Khan et al., 2008).

Vorinostat and romidepsin have been approved by the US
Food and Drug Administration, for the treatment of cutane-
ous T-cell lymphoma (CTCL) on the basis of positive phase II
trial data (Olsen et al., 2007; Piekarz et al., 2009; Richon et al.,
2009). CTCL are a heterogeneous group of lymphoprolifera-
tive disorders caused by clonal, skin-invasive T cells (Kim
et al., 2005; 2006; Scarisbrick, 2006). Mycosis fungoides is the
commonest form of CTCL and although typically indolent
may progress towards or present in more advanced forms,
most notably the leukaemic variant Sezary syndrome. Sur-
vival decreases with advanced stage with only ~30% of Sezary
syndrome patients surviving more than 5 years after diagno-
sis (Willemze et al., 2005). Phenotypic analyses indicate that
Sezary syndrome is a malignancy of central memory T cells
whereas mycosis fungoides is a malignancy of skin-resident,
effector memory T cells (Campbell et al., 2010).

Although effective for the treatment of CTCL, the mecha-
nism(s) of action of HDI in this disease are not fully under-
stood. HDI induce apoptosis in CTCL cell lines and CTCL
cells may be more sensitive than normal peripheral blood
lymphocytes (Piekarz et al., 2004; Zhang et al., 2005; Chen
et al., 2009). However, it is perhaps unlikely that induction of
apoptosis alone can fully account for their pronounced clini-
cal activity in CTCL since similar in vitro responses are
observed in cells derived from solid tumours where clinical
responses are much less impressive.

The development and progression of CTCL is associated
with pronounced immune dysregulation (Kim et al., 2005).
Numerous immunological abnormalities are observed,
including decreased T-cell responses; decreased natural killer
cell activity; decreased CD8+ T-cell, plasmacytoid and
myeloid dendritic cell numbers; decreased lymphokine-
activated killer cell activity; eosinophilia; and increased levels
of IgE/IgA. In most cases, the malignant T cells exhibit a
Th2-like phenotype characterized by secretion of interleukin

(IL)-4, IL-5 and IL-10. Moreover, under some conditions,
CTCL cells can acquire characteristics of regulatory T cells,
with expression of FOXP3 and enhanced secretion of IL-10
and transforming growth factor (TGF)b (Berger et al., 2005;
Kasprzycka et al., 2008; Krejsgaard et al., 2008). These alter-
ations in cytokine secretion are thought to contribute to
the systemic defects in immune function that characterize
disease progression. Importantly, immunomodulating thera-
pies have improved long-term prognosis in many individuals,
whereas chemotherapy has not resulted in improved survival
(Kim et al., 2005). Successful therapy is associated with ‘nor-
malization’ of immune responses (Yoo et al., 2001). Thus,
immunosuppression is considered to play a critical role in the
development and progression of CTCL.

Given the key role of immunosuppression in CTCL, we
hypothesized that HDI may have immunomodulatory activ-
ity in this disease and this may contribute to their clinical
effectiveness. The aim of this study was to investigate the
potential immunomodulatory effects of the two licensed HDI
on CTCL cells with a particular emphasis on cytokine expres-
sion, as this is subject to tight regulation via effects on chro-
matin (Ansel et al., 2006). Vorinostat and romidepsin
modulated cytokine expression in CTCL cells and effectively
decreased expression of the key immunosuppressive cytokine
IL-10. Immunomodulation may contribute to the clinical
effects of vorinostat and romidepsin in CTCL.

Methods

Cells
The human CTCL cell lines HUT78 and SeAx were established
from peripheral blood of patients with Sezary syndrome
(Kaltoft et al., 1987; Bunn and Foss, 1996) and were from the
American Type Culture Collection (Manassas, VA, USA) and a
kind gift of Dr K Kaltoft respectively. Cells were maintained in
RPMI1640 medium (Invitrogen, Paisley, UK) supplemented
with 10% (v/v) heat-inactivated fetal calf serum (PAA, Pasch-
ing, Austria), 2 mM L-glutamine, 100 mg·mL-1 penicillin and
100 mg·mL-1 streptomycin (all Invitrogen). Culture medium
for SeAx cells was additionally supplemented with IL-2
(200 U·mL-1; Peprotech, Rocky Hill, NJ, USA). Primary CTCL
cells were isolated from the blood of two Sezary syndrome
patients (CD4 : CD8 ratio > 10) following informed consent
and with ethical approval from the Leiden University Medical
Center review board. Peripheral blood mononuclear cells
were isolated by Ficoll density centrifugation and CD4+ T
cells were purified by negative selection (CD4+ T-cell isolation
kit, Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
cultured in RPMI1640 medium, supplemented with 10%
(v/v) human AB serum (Greiner Bio-One, Alphen aan den
Rijn, the Netherlands), 2 mM L-glutamine, 100 U·mL-1 peni-
cillin and 100 mg·mL-1 streptomycin, and 200 U·mL-1 IL-2
and 5 ng·mL-1 IL-7 (PeproTech).

Cell growth inhibition assays and analysis of
cell cycle progression and apoptosis
Cell growth inhibition assays were performed using the Cell-
Titer 96 AQueous One Solution Assay (Promega, Southamp-
ton, UK) at 48 h after addition of drug. To determine the
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proportion of cells in different phases of the cell cycle, drug-
treated cells were collected by centrifugation and fixed in
70% (v/v) ice cold ethanol and stored at 4°C. On the day of
analysis, cells were collected by centrifugation and resus-
pended in 300 mL phosphate buffered saline containing
100 mg·mL-1 RNAse and 8.3 mg·mL-1 propidium iodide (Sigma
Chemicals, Poole, UK) for 15 min. Cell fluorescence was
analysed using a FACS Canto (Becton Dickinson, Oxford,
UK). The proportion of cells in G1, S, or G2/M phases of the
cell cycle was calculated as a proportion of all cells in cycle,
and the proportion of cells with sub-G1 content was calcu-
lated as a proportion of all cells. Apoptosis was analysed by
annexin V/propidium iodide staining (Pickering et al., 2007).

Immunoblotting
For analysis of STAT3, cells were lysed on ice using modified
RIPA buffer plus protease and phosphatase inhibitor cocktails
(Sigma Chemicals, Poole, UK). The protein concentration of
the clarified supernatant was determined using the Bradford
assay (Bio-Rad, Hemel Hempstead, UK) and immunoblotting
was performed using an equal amount of protein per sample.
Analysis of histones was performed by lysing equal cell
numbers in sodium dodecyl sulphate-polyacrylamide gel
electrophoresis sample buffer followed by sonication. The
following primary antibodies were used: anti-acetylated
histone H4 (K12) (Millipore, Watford, UK), anti-histone H4
(Millipore), anti-HSC70 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-STAT3 (New England Biolabs, Hitchin,
UK), anti-phospho-Ser727 STAT3 (New England Biolabs),
anti-phospho-Tyr705 STAT3 (New England Biolabs). Second-
ary antibodies (horseradish peroxidase conjugated anti-rabbit
IgG and anti-mouse IgG) were from GE Healthcare (Chalfont
St Giles, UK). Immunoblot signals were quantified using
Quantity One image analysis software (Bio-Rad, Hemel
Hempstead, UK).

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)
Total RNA was isolated using the TRIzol reagent (Invitrogen)
and converted to cDNA. QRT-PCR was performed using an
ABI Prism 7900 Sequence Detection System (Applied Biosys-
tems, Warrington, UK) with the following cycling variables:
94°C for 10 min, followed by 40 cycles of 94°C for 15 s and
60°C for 1 min. CT values were standardized to b-actin (for
HUT78 cells) or glyceraldehyde-3-phosphate dehydrogenase
(for SeAx and primary cells) to calculate DCT values. DDCT

values were calculated by subtracting the DCT values of
control (DMSO-treated) cells for each time point. Fold change
in expression was calculated using the formula 2-(DDC

T
). All

probes were from Applied Biosystems; Hs00174143-m1
(IFNg); Hs99999043-m1 (TNF); Hs00174114-m1 (IL-2);
Hs00929862-m1 (IL-4); Hs99999031-m1 (IL-5); Hs99999035-
m1 (IL-10); Hs99999038-m1 (IL-13); Hs01106578-m1 (IL-
12Rb1); Hs00155486-m1 (IL-12Rb2); human ACTB probe
(b-actin); Hs99999905_m1 (GAPDH).

Enzyme-linked immunosorbent assays (ELISA)
IL-10 secretion in cell culture supernatants was determined
using ELISA assays (R&D Systems) according to the manufac-
turer’s instructions. To allow statistical comparison of the

effects of HDI between different experiments, the IL-10
secretion from DMSO-treated cells was set to 100 for each
experiment.

Transfections
HUT78 cells were transfected with the STAT3-luc reporter
plasmid (Clontech, Oxford, UK) using electroporation (8 ¥
106 cells in a total volume of 0.25 mL serum free medium;
900 mF, 250 V in a 0.4 cm cuvette). Cells were co-transfected
with the Renilla luciferase reporter plasmid pRLTK (Promega)
as an internal control. Firefly and Renilla luciferase activity
was determined using the Dual Luciferase reporter assay
(Promega) according the manufacturer’s instructions.

Data analysis
Data are shown as means � SD. Means were compared using
the repeated measures ANOVA test and within-subject con-
trasts and Fisher LSD post hoc test (SPSS; SPSS (UK) Limited,
Woking, UK).

Materials
Vorinostat was from Alexis Biochemicals (Nottingham, UK)
and romidepsin was synthesized in-house (Yurek-George
et al., 2007; Wen et al., 2008). Cucurbitacin I was from Tocris
Bioscience (Bristol, UK). WP1066 and Stattic were from Cal-
biochem (Nottingham, UK).

Results

Histone acetylation, cell cycle arrest and
induction of apoptosis
We first analysed the effects of vorinostat and romidepsin on
the in vitro growth of Sezary syndrome-derived HUT78 cells, a
well-validated cell line widely used for studies of CTCL. Both
HDI inhibited HUT78 cell growth although, consistent with
previous studies (Piekarz et al., 2004; Zhang et al., 2005),
romidepsin was significantly more potent. IC50 values for
growth inhibition by romidepsin and vorinostat were 1.22 �

0.24 nM and 675 � 214 nM respectively (mean � SD derived
from a minimum of three independent experiments).

We characterized the effects of vorinostat and romidepsin
on histone H4K12 acetylation in HUT78 cells (Figure 1). For
these experiments we used romidepsin at 10 and 25 nM (i.e.
~10- and ~25-fold the IC50 for growth inhibition). Vorinostat
was used at up to 5 mM (~10-fold the IC50 value for growth
inhibition). We were unable to test higher concentrations of
vorinostat due to poor aqueous solubility. Vorinostat induced
rapid effects and histone acetylation reached a maximum
level within 3 h. By contrast, induction of histone acetylation
was relatively delayed in romidepsin-treated cells, especially
at the lower concentration tested. The delayed induction of
histone acetylation in romidepsin-treated cells may be due to
the requirement for intracellular reduction for formation of
the active compound (Furumai et al., 2002).

Propidium iodide-staining experiments demonstrated
that, overall, HDI had relatively modest effects on cell cycle
parameters in HUT78 cells (Figure 2). Statistically significant
increases in the proportion of cells in G0/G1 and decreases
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in the proportion of cells in G2/M were observed in cells
treated with vorinostat at 1.0 or 2.5 mM. There was perhaps
a trend towards accumulation of cells in G0/G1 and a
decrease in cells in S phase in romidepsin-treated cells, but
overall these changes were very modest and mostly not sta-
tistically significant. Changes in cell cycle profiles at higher
concentrations appeared to be masked due to induction of
cell death since HDI caused a significant increase in the pro-
portion of cells with <G1 DNA content. To confirm that HDI-
induced cell death was due to apoptosis, we performed
annexin V staining (Figure 3). Vorinostat and romidepsin
induced significant levels of apoptosis across a wide range of
concentrations.

Effect of HDI on cytokine, IL-12RB1 and
IL-12RB2 gene expression in CTCL cells
We analysed the effects of vorinostat and romidepsin on
cytokine expression in HUT78 cells. Cells were treated with
vorinostat for up to 8 h whereas cells were treated with
romidepsin for up to 24 h since the onset of action of
romidepsin is relatively delayed compared to vorinostat
(Figure 1). The expression of IFNG and TNF (Th1 cytokines),
IL-4, IL-5, IL-10, IL-13 (Th2/regulatory cytokines) and IL-2 (a
T-cell growth-stimulating cytokine) were analysed by QRT-
PCR. Both HDI induced statistically significant increases in
the expression of IFNG and decreases in the expression of
IL-2, IL-4 and IL-10 (Figure 4). The effects of romidepsin were
delayed compared to vorinostat. In contrast to vorinostat,
romidepsin induced the expression of IL-5, particularly at

24 h. IL-13 was down-regulated by vorinostat at 8 h, but was
not consistently regulated following vorinostat treatment.
Overall, there were clear effects of HDI on cytokine expres-
sion in HUT78 cells. IL-10 was the most dramatically regu-
lated cytokine and its expression was maximally repressed by
vorinostat and romidepsin by 95% and 99% respectively.

We also investigated the effects of HDI on expression of
genes encoding IL-12RB1 and IL-12RB2, the low and high
affinity subunits of the IL-12RB respectively. IL-12RB1 is
expressed on both Th1 and Th2 cells, whereas IL-12RB2 is
expressed more strongly on Th1 cells (Rogge et al., 1997;
Szabo et al., 1997; Wu et al., 1997). IL-12RB2 expression was
induced by both vorinostat and romidepsin (Figure 4).
IL-12RB1 expression was not altered in vorinostat-treated
cells but was consistently decreased in romidepsin-treated
cells at 24 h.

We focused our subsequent mechanistic studies on IL-10
which was particularly strongly down-regulated. IL-10 is fre-
quently expressed in CTCL and is considered to play a key
immunosuppressive role in various malignancies (Mosser and
Zhang, 2008). We first confirmed modulation of IL-10 RNA
using SeAx cells which, like HUT78 cells, constitutively
express IL-10 (Kasprzycka et al., 2008). Vorinostat and
romidepsin both significantly decreased IL-10 RNA expres-
sion in SeAx cells, although the kinetics were somewhat
slower than HUT78 cells (Figure 4J). Both drugs also down-
regulated IL-10 RNA expression in two samples of primary
CTCL cells, isolated from the blood of patients with Sezary
syndrome (Figure 5A and B).

Effect of HDI on IL-10 secretion
We determined whether HDI inhibited the secretion of
IL-10 from CTCL cells using ELISA assays. Control (DMSO-
treated) HUT78 and SeAx cells produced readily detectable
levels of IL-10 in culture supernatants (34.5 � 14.1 pg/h/1 ¥
106 cells and 42.7 � 2.5 pg/h/1 ¥ 106 cells respectively).
Vorinostat and romidepsin significantly reduced IL-10 secre-
tion from HUT78 cells (Figure 6A), and romidepsin signifi-
cantly reduced IL-10 secretion from SeAx cells (Figure 6B).
Since the effects of HDI on cytokine expression were rapid
whereas effects on cell death occurred over a more pro-
tracted time course, we performed washout experiments to
investigate in more detail the relationship between cytokine
modulation and cell death. We selected vorinostat for these
studies since, in contrast to romidepsin, histone acetylation
is rapidly reversed following removal of vorinostat from
cells (Crabb et al., 2008). When HUT78 cells were exposed
continuously to vorinostat for 24 h, there was a significant
increase in cell death (Figure 6C). However, when cells were
transiently exposed to vorinostat for 6 h and then analysed
18 h after the drug had been removed, there was no
increase in cell death. By contrast, vorinostat reduced IL-10
secretion from HUT78 cells when measured at 24 h, even
when the drug was removed after 6 h (Figure 6D). The effect
was not as dramatic compared to cells that were continu-
ously exposed to drug for 24 h, but the reduction in IL-10
was still statistically significant compared to control cells.
Therefore, 6 h exposure to vorinostat was sufficient to
modulate cytokine gene expression but was not sufficient to
irreversibly commit cells to undergo apoptosis.
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Figure 1
Histone deacetylase inhibitor-induced histone acetylation. HUT78
cells were treated with the indicated concentrations of vorinostat or
romidepsin and the levels of acetylated histone H4 (K12) and total
histone H4 were analysed by immunoblotting. Results shown are
representative of at least three experiments.
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Effect of HDI on STAT3 activity
The STAT3 transcription factor is commonly activated by
tyrosine phosphorylation in CTCL and has been linked to
growth and cytokine expression of the malignant cells
(Mitchell and John, 2005). In particular, previous studies
have implicated STAT3 as a key regulator of IL-10 in CTCL
cells (Kasprzycka et al., 2008; Krejsgaard et al., 2008) suggest-
ing that HDI might down-regulate IL-10 expression by inter-
fering with STAT3 activity. We therefore first examined
whether expression of IL-10 in HUT78 cells was also depen-
dent on STAT3 activity. HUT78 cells were treated with three
distinct STAT3 pathway inhibitors, Stattic (Schust et al.,
2006), cucurbitacin I (Blaskovich et al., 2003) or WP1066
(Hussain et al., 2007).

Stattic inhibits STAT3 activation by preventing kinases
from binding the STAT3 SH2 domain whereas cucurbitacin I
and WP1066 have been shown to act as JAK inhibitors.

Analysis of STAT3 expression confirmed that these com-
pounds all interfered with STAT3 activity (Figure 7A and
Table 1). Whereas WP1066 had no effect on total STAT3
expression, STAT3 expression was clearly decreased in stattic-
treated cells. Although initially reported to act as a JAK
inhibitor, cucurbitacin I caused a large decrease in the mobil-
ity of STAT3 suggesting accumulation of post-translation
modifications, although this was variable between experi-
ments. A similar effect of cucurbitacin I has been reported in
SeAx cells (van Kester et al., 2008). Relative to HSC70, all
inhibitors decreased tyrosine phosphorylation of STAT3, and
stattic and cucurbitacin I (but not WP1066) also decreased
serine phosphorylation. However, only WP1066 caused a
decrease in tyrosine phosphorylation relative to total STAT3.
None of the inhibitors decreased the amount of serine phos-
phorylation STAT3 when compared to total STAT3. Therefore,
these STAT3 pathway inhibitors act via distinct mechanisms.
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Effect of histone deacetylase inhibitors on cell cycle parameters in HUT78 cells. A. Representative cell cycle profiles showing HUT78 cells treated
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WP1066 appears to act primarily as a JAK inhibitor, selec-
tively down-regulating STAT3 tyrosine phosphorylation,
whereas the decrease in the levels of tyrosine- and serine-
phosphorylated STAT3 in stattic or cucurbitacin I-treated cells

is associated with reduced total STAT3 expression and/or
accumulation of an altered form. Despite acting via distinct
mechanisms, all three STAT3 pathway inhibitors decreased
expression of IL-10 RNA (data not shown) and secretion of
IL-10 from HUT78 cells, although this failed to reach signifi-
cance for cucurbitacin I (Figure 7B). Time course experiments
using WP1066 demonstrated that IL-10 secretion was reduced
by approximately 50% within 5 h (data not shown).

Since STAT3 was required for optimal expression of IL-10,
it was possible that HDI downmodulated STAT3 activity. We
investigated the effects of HDI on STAT3 levels and phospho-
rylation at 3 (vorinostat) or 8 h (romidepsin) following drug
treatment, times at which IL-10 RNA levels are effectively
repressed (Figure 4). HDI did not significantly alter STAT3
expression or reduce tyrosine or serine phosphorylation
(Figure 8A). However, when HUT78 cells were transfected
with a STAT3-specific reporter construct to monitor transcrip-
tional activity, vorinostat and romidepsin rapidly reduced
STAT3 activity (Figure 8B). In these experiments, HDI did not
alter the expression of the co-transfected control Renilla
luciferase plasmid demonstrating that the effects of HDI on
STAT3-dependent transcription were selective.

Discussion

Immune dysregulation is a key feature of CTCL (Kim et al.,
2005) and we therefore hypothesized that the clinical effec-
tiveness of HDI in this disease may involve immunomodula-
tion. Extensive data demonstrate that HDI can act as
immunomodulators in non-malignant settings, for example
via modulation of cytokine expression, dendritic cell matu-
ration and T-cell function. However, there are relatively few
studies of immunomodulation by HDI in cancers, and none
in CTCL. Our results have confirmed previous studies dem-
onstrating that clinically achievable concentrations of HDI
exert a predominantly pro-apoptotic effect in CTCL cells,
with little effect on the cell cycle (Piekarz et al., 2004; Zhang
et al., 2005; Fantin et al., 2008; Chen et al., 2009). However,
in addition to their ability to promote apoptosis, we show
that HDI exert strong in vitro immunomodulatory activity in
CTCL cells.
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Figure 3
Effect of histone deacetylase inhibitors on apoptosis in HUT78 cells.
HUT78 cells were treated with the indicated concentrations of vori-
nostat (A) or romidepsin (B). After 24 h, induction of apoptosis was
analysed by flow cytometric analysis of propidium iodide (PI) and
annexin (Ann) V-stained cells. Graphs show mean (�SD) values
derived from at least three independent experiments, each per-
formed in duplicate. Statistically significant differences compared to
DMSO-treated cells are shown (*P � 0.05, **P � 0.01, ***P � 0.001).

Table 1
Quantitation of STAT3 immunoblotting data

Stattic Cucurbitacin I WP1066
10 mM 20 mM 5 mM 10 mM 5 mM 10 mM

Total STAT3 versus HSC70 0.28 � 0.13 0.13 � 0.09 0.55 � 0.67 0.53 � 0.71 1.01 � 0.39 1.56 � 1.09

PY-STAT3 versus HSC70 0.26 � 0.33 0.07 � 0.10 0.15 � 0.22 0.10 � 0.13 0.07 � 0.10 0.04 � 0.03

PS-STAT3 versus HSC70 0.22 � 0.06 0.11 � 0.04 0.25 � 0.12 0.31 � 0.04 0.65 � 0.04 1.29 � 0.32

PY-STAT3 versus total STAT3 1.49 � 2.01 1.19 � 1.69 2.11 � 2.98 3.70 � 5.23 0.06 � 0.08 0.03 � 0.00

PS-STAT3 versus total STAT3 0.99 � 0.77 1.35 � 1.28 1.31 � 1.39 6.69 � 9.08 0.70 � 0.31 1.19 � 1.04

Data are means derived from two independent experiments (�SD) and are normalized to DMSO-treated cells (set to 1.0). Expression values
are shown relative to the loading control (HSC70), or total STAT3 for tyrosine- or serine-phosphorylated STAT3. For cucurbitacin I, only the
intensity of the ‘canonical’ STAT3 isoform was determined.

BJPHistone deacetylase inhibitors in CTCL

British Journal of Pharmacology (2011) 162 1590–1602 1595



12

16

20

e
ss

io
n

 I
F

N
G

2 0

2.5

3.0

3.5

e
ss

io
n

 T
N

F

* **
*

*

*

*
*A B

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0

4

8

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

  Rom
 24 hr

re
la

tiv
e

 e
xp

re

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0.0

0.5

1.0

1.5

2.0

  Vor
3 hr

  Vor
8 hr

   Rom
3 hr

   Rom
8 hr

   Rom
24 hr

re
la

tiv
e

 e
xp

re

* **
*

*

C D

0 4

0.8

1.2

1.6

2.0

tiv
e

 e
xp

re
ss

io
n

 I
L

-2

3 hr 8 hr 3 hr 8 hr 24 hr

0 4

0.8

1.2

1.6

2.0

2.4

tiv
e

 e
xp

re
ss

io
n

 I
L

-4

** **
* *

**

**
*

**
*

**
*

** ** ** **
**

** *

C D

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0.0

0.4

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

   Rom
  24 hr

re
la

t

40
45

L
-5

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0.0

0.4

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

  Rom
  24 hr

re
la

t

3.0

-1
0

* * **

* * *

*
*

E F

0
5

10
15
20
25
30
35
40

re
la

tiv
e

 e
xp

re
ss

io
n

 I
L

0.0

0.5

1.0

1.5

2.0

2.5

re
la

tiv
e

 e
xp

re
ss

io
n

 I
L

**
*

**
*

** ** **
*

*

**
***
*

*

**
*

**
*

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

   Rom
  24 hr

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0.0

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

   Rom
  24 hr

6
7
8
9

10

ss
io

n
 I

L
-1

3

1.2

1.6

2.0

si
o

n
 I

L
-1

2
R

B
1G H

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0
1
2
3
4
5

  Vor
3 hr

  Vor
8 hr

   Rom
3 hr

   Rom
8 hr

   Rom
24 hr

re
la

tiv
e

 e
xp

re

***

*

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0.0

0.4

0.8

  Vor
3 hr

  Vor
8 hr

   Rom
3 hr

   Rom
8 hr

   Rom
24 hr

re
la

tiv
e

 e
xp

re
s s

***
*

**
*

**
*

3 hr 8 hr 3 hr 8 hr 24 hr

*

*

*

*

0.50

0.75

1.00

p
re

ss
io

n
 I

L
-1

0

3 hr 8 hr 3 hr 8 hr 24 hr

12

16

20

e
ss

io
n

 I
L

-1
2

R
B

2I J

**

*

** ***

* *

D 3 5 D 3 5 D 1025 D 1025
0.00

0.25

  Vor
  3 hr

  Vor
  8 hr

  Rom
  8 hr

  Rom
 24 hr

re
la

tiv
e

 e
xp

D 1 3 5 D 1 3 5 D 1025D 1025D 1025
0

4

8

  Vor
  3 hr

  Vor
  8 hr

   Rom
   3 hr

   Rom
   8 hr

   Rom
  24 hr

re
la

tiv
e

 e
xp

r

*

BJP CE Tiffon et al.

1596 British Journal of Pharmacology (2011) 162 1590–1602



Overall, there was an increase in the expression of the
pro-inflammatory cytokine interferon (IFN)g and a decrease
in the expression of the immunosuppressive cytokine IL-10.
There was also a consistent decrease in the expression of IL-2,
a T-cell growth-promoting cytokine. Importantly, at least
some CTCL are dependent on IL-2 suggesting that HDI may
be able to effectively interfere with this growth-promoting
autocrine loop. Interestingly, of the ‘classic’ Th2 cytokines
IL-4, IL-5 and IL-13 which are co-ordinately regulated via
epigenetic mechanisms from a single genetic locus (Ansel
et al., 2006), only IL-4 was consistently down-regulated in
HDI-treated cells. Thus, HDI appears to trigger selective
‘reprogramming’ of cytokine expression, generally favouring
Th1 cytokines at the expense of Th2 (IL-4)/regulatory (IL-10)
cytokines, but not a general Th2 to Th1 ‘repolarization’. The
effects of HDI were not restricted to cytokine gene expression
and we detected induction of RNA encoding IL-12RB2,
required for development of Th1 cells. We also detected
decreased expression of the key Th2 transcription factor
GATA3 in vorinostat and romidepsin-treated cells, but only at
relatively late time points (data not shown). Overall, these
results are consistent with the hypothesis that HDI do exert
immunomodulatory activity in CTCL cells. A very recently
published gene expression microarray study also reported
modulation of cytokine RNA in HDI-treated CTCL cell lines,
including IL-10, although modulation of RNA or protein
expression was not confirmed by other techniques (Wozniak
et al., 2010).

Our mechanistic studies focused on IL-10, a critical
immunosuppressive cytokine expressed by various cells of

the immune system, non-immune cells and tumour cells
(Mosser and Zhang, 2008). Both IL-10 (Mosser and Zhang,
2008) and STAT3 (Yu et al., 2009) have been strongly linked
to immunosuppression. IL-10 is highly expressed in skin
lesions and peripheral blood mononuclear cells from
patients with CTCL, especially in more advanced disease
(Asadullah et al., 1996; Buhl and Sogaard, 1997; Shohat
et al., 2001; Luftl et al., 2002; Krejsgaard et al., 2008). Ex vivo
studies of CTCL samples treated have shown that IL-10 pro-
duced by CTCL cells has immunosuppressive activity since
neutralizing antibodies enhanced differentiation of dendritic
cells and expression of IL-12RB2 (Zaki et al., 2001; Berger
et al., 2002). IL-10 is a key immunosuppressive factor pro-
duced by regulatory T cells and treatment of CTCL cells with
specific cytokines induces regulatory T-cell activity and
enhances secretion of IL-10 (Berger et al., 2005; Kasprzycka
et al., 2008; Krejsgaard et al., 2008). Thus, IL-10 is likely to
play a key role in immune dysregulation in CTCL and its
inhibition may contribute to normalization of immune
activity. Since activation of the IL-10 receptor leads to stimu-
lation of STAT3 activity which in turn activates IL-10 expres-
sion, a positive feedback loop may operate to maintain high
STAT3 activity and IL-10 expression. Importantly, transient
exposure of cells to vorinostat for a time sufficient for cytok-
ine modulation was not sufficient to irreversibly commit
cells to undergo cell death. It is possible that, under clinical
conditions, cytokine modulation may occur more readily
following HDI administration than apoptosis induction
since apoptosis induction requires drug levels to be main-
tained for an extended time.

Figure 4
Effect of histone deacetylase inhibitors on cytokine and IL-12RB1/B2 RNA expression in cutaneous T-cell lymphoma cells. A–I. HUT78 or (J) SeAx
cells were treated with the indicated concentrations of vorinostat (Vor; mM), romidepsin (Rom; nM) or DMSO (D) as a control. After the indicated
times (A) IFNG (B) TNF (C) IL-2 (D) IL-4 (E) IL-5 (F, J) IL-10 (G) IL-13 (H) IL-12RB1 and (I) IL-12RB2 RNA expression was analysed by QRT-PCR. Data
are the means (�SD) derived from two to five separate experiments. Statistically significant differences compared to DMSO-treated cells are shown
(*P � 0.05, **P � 0.01, ***P � 0.001).
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Figure 5
Effect of histone deacetylase inhibitors on IL-10 RNA expression in primary cutaneous T-cell lymphoma (CTCL) cells. A,B. Primary CTCL cells
derived from two patients were treated with the indicated concentrations of vorinostat (Vor; mM), romidepsin (Rom; nM) or DMSO (D) as a
control. After the indicated times, IL-10 RNA expression was analysed by QRT-PCR. Data are means (�SD) of duplicate determinations.
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Although HDAC11 has previously been implicated in
repression of IL-10 (Villagra et al., 2009), this does not
appear to play a major role in CTCL since both vorinostat
and romidepsin reduce, rather than increase expression of
IL-10. Instead, the mechanism of IL-10 modulation by HDI
in CTCL cells appears to, at least partially, involve inhibi-
tion of STAT3 activity. We (this study) and others (Kasprzy-
cka et al., 2008; Krejsgaard et al., 2008) have demonstrated
that STAT3 plays a key role in mediating IL-10 expression in
CTCL cells and we have now shown that vorinostat and
romidepsin decrease STAT3-dependent transcription. Vori-
nostat and romidepsin did not alter STAT3 phosphorylation
or decrease total STAT3 expression; similar results have
been reported previously for vorinostat and panobinostat
(LBH589) (Fantin et al., 2008; Chen et al., 2009). Since IL-10
signalling activates STAT3, it was possible that STAT3 inhi-
bition might occur downstream of IL-10 downmodulation
by HDI. However, the rapidity of the response and the fact
that short-term incubation with HDI does not alter STAT3
tyrosine phosphorylation, indicate a more direct effect of
HDI on STAT3. Interestingly, the HDI trichostatin A has also
been shown to down-regulate IL-10 expression in T cells
derived from patients with systemic lupus erythematosus

(Mishra et al., 2001), also associated with STAT3 activation
(Harada et al., 2007). By contrast, in normal murine
CD4+CD25+ cells, trichostatin A induces expression of both
IL-10 and FOXP3. In HUT78 cells, we demonstrated that
vorinostat or romidepsin also increased FOXP3 RNA levels,
but were unable to detect any changes in the expression of
FOXP3 protein (J.E. Adams and G. Packham, unpubl. data).

STAT3 is an acetylated protein; however, previous
studies have shown that direct acetylation of STAT3
enhances transcriptional activity (Ray et al., 2002; Yuan
et al., 2005). STAT3 forms complexes with class I HDACs,
including HDAC1 and HDAC3 (Ray et al., 2008; Togi et al.,
2009), and we speculate that recruitment of this complex to
the IL-10 promoter enhances transcription. Indeed, the
transactivating functions of STAT1, 2 and 5 require HDAC
activity (Mitchell and John, 2005). Consistent with a key
role for nuclear HDACs, both the pan-HDI SAHA and the
class I selective FK228 down-regulated IL-10 expression.
Although it may seem counterintuitive that HDACs may
play a role in transcriptional activation, active transcription
may be associated with cyclical changes in chromatin modi-
fications, including histone acetylation (Metivier et al.,
2003). Alternatively, HDI may somehow interfere with the
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Figure 6
Effect of histone deacetylase inhibitors (HDI) on IL-10 secretion in cutaneous T-cell lymphoma cells. A. HUT78 cells were pretreated with vorinostat
or romidepsin, washed to remove drug and resuspended in fresh HDI-supplemented media for a further 3.5 (vorinostat) or 3 h (romidepsin). IL-10
secretion was analysed by ELISA. Data are means (�SD) of at least three separate experiments each performed in duplicate. B. IL-10 secretion from
SeAx cells treated with the indicated concentrations of romidepsin or DMSO (D) for 24 h (ELISA). Data are mean (�SD) of duplicate determinations.
C,D. Washout experiments. HUT78 cells were treated with DMSO, vorinostat (Vor; 3 mM) or left untreated (UT) for 24 h. Cells were treated with
vorinostat for 6 h (Vor/6 h), washed thoroughly and analysed at 24 h. C. Sub-G1 DNA content. D. IL-10 ELISA. Data are means (�SD) derived from
four experiments. Statistically significant differences compared to DMSO-treated cells are shown (*P � 0.05, **P � 0.01, ***P � 0.001).
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nuclear localization of phosphorylated STAT3, as previously
demonstrated in vivo in a phase 2 trial of vorinostat, espe-
cially in clinically responsive patients (Duvic et al., 2007).
However, it is important to note that the downmodulation
of STAT3 transcriptional activity is not as dramatic as the
reduction of endogenous IL-10 gene expression. This may
reflect limitations of transient transfections to study
chromatin-mediated effects. Alternatively, it is possible that
HDI co-ordinately inhibit the activity of multiple transcrip-
tion factors required for optimal IL-10 expression (Saraiva
and O’Garra, 2010). Candidates would include NF-kB and
Sp1 which are also modulated by acetylation.

The majority of CTCL appear to have activated STAT3 in
vivo, although the extent of activation varies from case to
case. Importantly, relatively high levels of nuclear, phospho-
rylated STAT3 predict poor responses to vorinostat (Fantin
et al., 2008). This is consistent with the functional links
between HDI and STAT3 that we have described, and we
speculate that malignant cells with higher levels of STAT3
activity may require greater exposure to HDI to effectively
inhibit this activity. Both cytokine-dependent and indepen-
dent STAT3 activation has been described in CTCL (Mitchell
and John, 2005). By blocking STAT3 activity downstream of
its activation by JAK signalling, it is likely that HDI can
counter STAT3 function independent of its mechanism of
activation.

Interestingly, vorinostat has also been demonstrated to
decrease secretion of IL-5 and increase secretion of the Th1
chemokine IP10 in cell lines derived from Hodgkin lym-
phoma (Buglio et al., 2008), a tumour that is characterized by
a strong Th2 cell infiltrate and also appears to show clinical
responses to HDI response (Stimson et al., 2009). Together,
these and other findings suggest that it may be possible to
exploit HDI as immunomodulatory rather than cytostatic/
cytotoxic agents. This would have important implications for
the selection of tumour types and individual patients for HDI
therapy, as well as for monitoring responses. The develop-
ment of HDI for cancer therapy has paid relatively little
attention to potential immunomodulatory activity and it
will be important to understand the role of specific HDACs
in immune cells since this may lead to the development of
HDI optimized for immune modulation. It will be important
to extend these studies to further primary material represent-
ing various stages of this heterogeneous disease and to
confirm our findings by performing detailed studies on
cytokine production in individuals receiving HDI. It will also
be important to investigate the consequences of HDI in
terms of immune function, given that the effects of HDI on
cytokine production are likely to be complex and are not
restricted to IL-10. HDI are also likely to exert effects on
non-malignant immune cells which may act to either
counter or reinforce direct immunoregulatory effects of HDI
on CTCL cells. However, our findings are consistent with the
idea that HDI may exert clinical anti-cancer effects via
immunomodulatory activity.
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