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Abstract
Purpose Selenium is a trace element that is fundamental
to human health. Research has mainly focussed on its role
in cancer prevention, but recent evidence supports its role
in established cancer, with high concentrations inducing
tumour cell death and non-toxic concentrations sensitising
cells to chemotherapy. However, the precise mechanism of
selenium action is not clear. The eVect of methylseleninic
acid (MSA), an organic selenium compound, on histone
deacetylase (HDAC) activity in diVuse large B-cell lym-
phoma cell lines is reported here.
Methods Lymphoma cell lines were exposed to MSA
under normoxic and hypoxic conditions. Protein expression
was determined by western blotting, HDAC activity and
VEGF concentration by Xuorimetric and electrochemilumi-
nescence assays, respectively, and intracellular selenium
metabolites quantiWed by mass spectrometry.
Results MSA inhibited HDAC activity, which resulted in
the acetylation of histone H3 and �-tubulin. However, cellular

metabolism of MSA to methylselenol was required for
this eVect. Dimethylselenide, the methylation product of
methylselenol, was found to be the major intracellular
metabolite. MSA also inhibited HIF-1� expression and VEGF
secretion, a possible consequence of HDAC inhibition.
Conclusion The ability of methylselenol to inhibit HDAC
activity has not been previously reported, thus providing a
novel mechanism of selenium action.
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Introduction

Selenium (Se) is a trace element that is fundamental to
human health. While its therapeutic use in the cancer set-
ting has mainly focused on chemoprevention [26], there is
also evidence to support its use in established cancer [4]. Se
exists in diVerent chemical forms but organic, rather than
inorganic, Se compounds are preferred as the latter are
genotoxic [20]. Regarding diVuse large B-cell lymphoma
(DLBCL), our department has reported that serum Se at
diagnosis is predictive of outcome in patients with B-cell
non-Hodgkin lymphoma, the majority of whom had
DLBCL [18]. In addition, in vitro studies have demon-
strated that high concentrations of Se are cytotoxic [17],
while non-toxic concentrations can sensitise cells to the
cytotoxic eVects of chemotherapeutic agents [14]. The pre-
cise mechanism of Se action is not clear and diVers based
on the chemical form, dose/concentration and tumour type.
In DLBCL cell lines, Se has been shown to inhibit the acti-
vation of NF-�B [14]. These pre-clinical data have led to
funding for a multi-centre clinical trial of high-dose Se
supplementation in the form of methylselenocysteine (MSC),
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in combination with immunochemotherapy, in patients with
relapsed/refractory DLBCL.

Metabolism of organic Se compounds, such as MSC, is
necessary for their anti-tumour activity, with the metabolite
methylselenol thought to be crucial. This metabolite is
highly reactive and volatile and therefore cannot be directly
measured or quantiWed [13]. However, its methylation
products, dimethylselenide and dimethyldiselenide, can be
quantiWed by LC–MS methods [10]. MSC is directly con-
verted to methylselenol in vivo by � and � elimination reac-
tions, mediated by lyase enzymes found mainly in the liver
and kidney [5]. As MSC is therefore mainly a prodrug, the
compound methylseleninic acid (MSA) has been developed
for in vitro studies. This is a water soluble, stable Se species
that is readily taken up into cells and upon reaction with
cellular thiols, such as glutathione, is reduced to methylsel-
enol [13].

Recently, it has been reported that the organic Se com-
pounds selenomethionine (SLM), and MSC can also
undergo transamination reactions that generate �-keto acid
Se metabolites [19, 23]. These metabolites have a similar
structure to the known histone deacetylase (HDAC) inhibi-
tor butyrate and were shown to inhibit HDAC activity in
human prostate [19] and colon [23] cancer cell lines.
HDACs regulate a large number of cellular processes
through the deacetylation of both histone and non-histone
proteins. One such process is angiogenesis, in which the
expression of HIF-1�, a key pro-angiogenic transcription
factor, is partly regulated by HDACs [7], and the activity of
the protein itself is dependent on deacetylation by HDAC4
and 6, as acetylation results in ubiquitination and degrada-
tion [25].

As MSA is not an amino acid-containing Se species
(unlike SLM and MSC) it is not a substrate for transami-
nases and cannot readily be converted to an a-keto acid,
instead generating the volatile species methylselenol and
more stable methylation products dimethylselenide and
dimethyldiselenide [10]. This study reports for the Wrst time
that MSA inhibits HDAC activity in DLBCL cell lines,
most likely attributable to the modiWcation of cystine resi-
dues by methylselenol, and that this HDAC inhibition is
associated with a decrease in cellular HIF-1� and VEGF
secretion under hypoxic conditions.

Methods

Cell lines, cell culture and treatment of cell lines

Four DLBCL cell lines were used. DoHH2, RL and SUD4
cells were obtained from Cancer Research UK cell services,
and the DHL4 cell line was obtained from the Dana Farber
Cancer Institute (kind gift from Dr Margaret Shipp).

Cells were maintained in RPMI-1640 culture medium
(Sigma–Aldrich, Poole, UK) supplemented with 10% foetal
calf serum, 100 units/ml penicillin and 100 �g/ml strepto-
mycin at 37°C in a humidiWed atmosphere with 5% CO2.
Cells were also cultured under hypoxic conditions (1% O2,
5% CO2, 94% N2) at 37°C in a humidiWed atmosphere.
Stock solutions of MSA and MSC 10 mmol/l (PharmaSe®

Inc., TX, USA) were prepared in deionised water and
stored at ¡80°C prior to dilution in medium for use.

Western blotting

For whole cell protein extraction, cells were lysed using Cel-
Lytic™ MT cell lysis reagent (Sigma–Aldrich), and protein
content determined using the BCA™ assay (Pierce, IL,
USA). The method for nuclear protein extraction is given in
‘Supplementary Data’. Twenty micrograms of lysate was
resolved on pre-cast gels (Invitrogen, CA, USA) and then
transferred to a polyvinylidene Xuoride membrane using the
iBlot™ gel transfer device (Invitrogen™). The following pri-
mary antibodies were used: acetylated histone H3 (Millipore,
MA, USA), acetylated �-tubulin (Sigma–Aldrich), total his-
tone H3, �-tubulin, GAPDH (Cell Signaling, MA, USA) p21
(Santa Cruz, CA, UK) and HIF-1� (Abcam, Cambridge,
UK) followed by HRP-conjugated secondary antibodies
(Dako Ltd, Cambridge, UK). Bands were visualised
using an enhanced chemiluminescence method (ECL
reagent, GE Healthcare, Little Chalfont, UK).

Measurement of histone deacetylase activity

HDAC activity was measured using 96-well HDAC Xuori-
metric/discovery assay and HDAC Xuorimetric cellular
activity kits (Biomol, Plymouth Meeting, PA, USA)
according to the manufacturers’ instructions. The assay
measures Xuorescence emitted by the Fluor de Lys™ sub-
strate when its acetylated lysine side chain is deacetylated.
For the Xuorimetric assay/discovery assay, HeLa nuclear
extract (provided in the assay kit) was used as the source of
HDAC activity and trichostatin A (TSA) was used as a pos-
itive control. For the HDAC Xuorimetric cellular activity
assay, 1 £ 105 cells were plated in phenol-red-free medium
in a 96-well plate followed by the addition of MSA or TSA
and the cell-permeable Fluor de Lys™ substrate. Control
wells consisted of medium, without cells, to which sub-
strate, developer and/or MSA were subsequently added.
Fluorescence (excitation 350–380 nm, emission 440–460 nm)
was measured on a POLARstar OPTIMA plate reader
(BMG Labtech, OVenburgh, Germany). The values from
the control wells were deducted from the test wells, and the
results expressed relative to the no inhibitor control. The
addition of MSA to control wells did not signiWcantly alter
the Xuorescence value.
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Measurement of vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) levels in cellu-
lar supernatants were measured using the MSD® electr-
ochemiluminescent cytokine assay (Meso Scale Discovery,
Maryland, USA) according to the manufacturer’s instruc-
tions. Twenty-Wve microlitres of the supernatant was
added, in duplicate, to the wells of a custom-made 96-well
microtitre plate, which was pre-coated with VEGF antibod-
ies in addition to having an integrated electrode. The plate
was incubated at room temperature for 1 h with vigorous
shaking. Following this, 25 �l of the detection antibody
solution (1 �g/ml) was added to each well and the plate
again incubated at room temperature for 1 h with vigorous
shaking. Following three wash steps, the plate was analysed
on a SECTOR™ Imager (Meso Scale Discovery) and light
emitted at 620 nm was measured. A standard curve was
prepared from the cytokine calibrator solution provided
with the assay kit. Measurements were corrected for cell
number and expressed relative to control (supernatant from
cells cultured under normoxic conditions).

Determination of intracellular Se species

Following the exposure of cell lines to MSA, cells were
lysed as for western blotting. Cell lysates were then

analysed by reverse-phase high-performance liquid chro-
matography (Agilent 1200, Agilent technologies, Palo Alto,
CA, USA) coupled to an Agilent 7500i inductively coupled
plasma mass spectrometer (ICP-MS) for element-speciWc
detection. For chromatographic and ICP-MS conditions,
see ‘Supplementary Data Table S1’.

Results

The eVect of MSA on protein acetylation and HDAC 
proteins in short-term culture

Time- and concentration-dependent experiments revealed
similar eVects in all four cell lines (data for SUD4 cells
shown in Fig. 1a). MSA concentrations as low as 1 �M
increased the acetylation of histone H3 and �-tubulin as
early as 2 h, an eVect sustained until 24 h. The induction of
acetylated histone H3 continued to increase out to 24 h,
while acetylated �-tubulin was typically maximal at 2 h,
showing a slight decrease at 24 h. In addition, MSA
induced the expression of the cyclin-dependent kinase
inhibitor p21, a known HDAC-regulated gene, at 24 h but
by 48 h the eVect was less marked (Fig. 1b). MSA did not
alter the expression of class I (HDAC1), class IIa (HDAC4)
or class IIb (HDAC6) HDAC proteins (Fig. 1c).

Fig. 1 a Protein acetylation in SUD4 cells exposed to MSA for 2 and
24 h; b p21 expression in DHL4 cells exposed to MSA; c HDAC
expression in RL and DHL4 cells exposed to MSA for 24 h; d HDAC

activity in 4 DLBCL cells after exposure to MSA or TSA for 2 h;
e Inhibition of HeLa nuclear HDAC activity by medium from DHL4
cells exposed to MSA for 2 h. *P < 0.05
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The eVect of MSA on HDAC activity

When MSA was incubated with HeLa isolated nuclear
extract for 30 min and 2 h, there was no inhibition of Fluor
de Lys™ substrate deacetylation, suggesting that MSA, in
this cell-free assay system, was not able to inhibit HDAC
activity (data not shown). However, when HDAC activity
was investigated in a cell-based assay, MSA did result in
inhibition of HDAC activity in a concentration-dependent
manner in all four cell lines, with 30 �M MSA inhibiting
HDAC activity by between 40 and 50% (Fig. 1d). This sug-
gests that cellular metabolism of MSA is required to gener-
ate an active metabolite.

To further investigate whether a cellular metabolite of
MSA was responsible for this eVect, the HDAC inhibitory
activity of medium from DHL4 cells incubated with MSA
for 2 h was tested in the cell-free HDAC assay. Medium
from DHL4 cells incubated with 10 �M MSA was not able
to inhibit Fluor de Lys™ substrate deacetylation, but
medium from cells incubated with 30 �M MSA had a sig-
niWcant HDAC inhibitory eVect (20.6 § 4.7%; Fig. 1e) rel-
ative to control. Medium incubated with 30 �M MSA for
2 h in the absence of cells had no eVect on HDAC activity.
These data support the hypothesis that a cellular metabolite

of MSA is responsible for the HDAC inhibitory eVect seen
in cell-based assays.

Determination of the intracellular Se metabolites formed 
after exposure of cells to MSA

RL and DHL4 cell lines were exposed to 20 �M MSA for 1
and 2 h. After incubation with MSA, three main Se-con-
taining peaks were detected, the most abundant, identiWed
as dimethylselenide, with a retention time of around 35 min
(Fig. 2b, peak C), a peak eluting at 60 min (peak D; subse-
quently identiWed as S-methylselenoglutathione [9]) and
MSC (peak A, 5 min). A very small peak eluting at 11 min
(peak B) was identiWed as SLM. In the RL cell line, the
same peaks were detected with the exception of MSC (data
not shown) and the peak with the highest intensity was
again dimethylselenide.

EVect of MSA on HIF-1� expression and VEGF secretion

Inhibition of HDAC activity has been shown to inhibit
angiogenesis through eVects on HIF-1� [7]. Therefore, the
eVect of MSA on HIF-1� expression and VEGF production
was investigated after culture of RL and DHL4 cells under

Fig. 2 a Representative chromatogram of control DHL4 cells;
b Representative chromatogram demonstrating intracellular Se species
generated after exposure of DHL4 cell to 20 �M MSA for 2 h Peak A
is MSC, peak B is SLM, peak C is dimethylselenide and peak D is
S-methylselenoglutathione; c HIF-1� expression in DHL4 ann RL

cells exposed to hypoxia and MSA for 24 h; d VEGF levels in the
supernatant of DHL4 and RL cells exposed to hypoxia and MSA for
24 h; e protein acetylation and p21 expression in RL and DHL4 cells
exposed to MSC
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hypoxic conditions. Western blotting for HIF-1� in nuclear
extracts showed that hypoxia induced the expression of
HIF-1�, but this induction was suppressed by MSA
(Fig. 2c). Hypoxia also increased the production of VEGF
by RL and DHL4 cell lines but this was inhibited by MSA
in a concentration-dependent manner (Fig. 2d).

The eVect of MSC on protein acetylation

MSC will be the Se compound used in the forthcoming
clinical trial. Figure 2e shows that in RL and DHL4 cells,
MSC increased the acetylation of histone H3 and �-tubulin
and the expression of p21 in a concentration-dependent
manner, suggesting that MSC, or a metabolite of MSC, also
inhibits HDAC activity.

Discussion

These experiments demonstrate for the Wrst time that the
organic Se species MSA can inhibit HDAC activity in
DLBCL cell lines. The deacetylation of histone proteins is
mainly mediated by class I HDACs, while �-tubulin deacet-
ylation is mediated by HDAC6, a class II HDAC. The con-
centration-dependent increase in the acetylation of both
histones and �-tubulin strongly suggests that MSA inhibits
both class I and II HDACs, although possibly with a diVer-
ent time-course as the acetylation change was more appar-
ent at an early time-point with a class II HDAC substrate.
The HDAC inhibitory action of MSA was conWrmed by an
HDAC activity assay. However, in the cell-free assay,
MSA was not able to inhibit the HDAC activity of HeLa
nuclear extract. HDAC inhibition was only apparent when
MSA was exposed to intact, viable cells and activity mea-
sured using a cell-based assay. This is likely to be due to
the intracellular activation of MSA to methylselenol, which
is the metabolite thought to be responsible for its anti-
tumour eVect [13]. Although medium from cells exposed to
MSA was able to inhibit the HDAC activity of HeLa
nuclear extract, the eVect was small (30 �M MSA inhibited
HDAC activity by 21%). This is probably due to the vola-
tile nature of MSA metabolites which are not retained in the
cell medium [10]. Medium incubated with MSA alone, in
the absence of cells, had no eVect on HDAC activity in a
subsequent cell-based assay, conWrming the Se species
responsible for the eVects observed is a cellular metabolite
and not a breakdown product.

It is currently unclear whether this HDAC inhibitory
activity is due to reversible binding of a Se species at the
catalytic site on the enzyme, or an irreversible eVect due to
the redox modiWcation of cysteine residues in HDAC pro-
teins. The main species formed from MSA (methylselenol,
dimethylselenide and dimethyldiselenide) do not contain

the classical features of an HDAC inhibitor, requiring a
side chain to reach into the active site pocket and a Zn bind-
ing group, typically a carboxylic or hydroxamic acid [22].
Moreover, MSA has been shown to inhibit other enzymes,
notably PKC isoforms, through the redox modiWcation of
key cysteines [11]. Although similar eVects have not been
reported with Se compounds and HDACs, reactive car-
bonyl species have recently been shown to inactivate
HDAC enzymes through the modiWcation of two conserved
cysteine residues (Cys261 and Cys273), possibly representing
a redox signalling response that would result in the tran-
scription of a subset of genes through HDAC inhibition [6].
There is therefore the potential for Se compounds to
directly alter HDAC structure and thereby catalytic activity.

The intracellular Se metabolites formed after exposure of
cells to MSA revealed that the major metabolite was dim-
ethylselenide, the methylation product of methylselenol. As
expected, methylselenol itself was not detected, due to its
high volatility. However, the presence of dimethylselenide
conWrmed that methylselenol was the major metabolite
formed and hence was likely to be responsible for HDAC
inhibition. �-Keto acid Se metabolites, reported by others to
show HDAC inhibitory activity [19, 23], were not detected
by the ICP-MS method used. The assay was not optimised
for the detection of these �-keto acid species, although given
this is a robust, highly sensitive method for trace element
and elemental speciation analysis, with an extremely low
detection limit and shown by others to detect a wide range
of organic Se compounds [1], it is likely that such metabo-
lites would not have been detected if present.

Se compounds have also been reported to inhibit angio-
genesis in xenograft models [3]. Although we have not
demonstrated a direct causal link between the activity of
HDACs and the expression or activity of HIF-1�, other evi-
dence suggests the two are associated. As outlined earlier,
the regulation of HIF-1� expression involves HDACs [7],
while HIF-1� activity is dependent on deacetylation by
HDACs 4 and 6, which maintains the stability of the pro-
tein [25]. HIF-1� expression is also regulated by NF-k�,
itself subject to acetylation/deacetylation modiWcations of
the p65, and possibly p52, subunits which aVects DNA
binding [2]. We have previously reported the NF-k� inhibi-
tory activity of MSA [14]. Given that in the experiments
now reported MSA, at similar concentrations to those
required for HDAC inhibition, was able to inhibit HIF-1�
expression and VEGF secretion, suggests that HDAC inhi-
bition may be a potential mechanism by which Se com-
pounds inhibit angiogenesis in vivo.

HDAC inhibition by MSA requires relatively high con-
centrations, with 30 �M for 2 h resulting in 40–50% inhibi-
tion of activity across the four cell lines tested. HDACi
currently in clinical trials inhibit activity in vitro at nano-
molar concentrations [15]. However, this Se concentration
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is potentially clinically achievable. In the phase I/II dose
escalation study of SLM in patients with solid tumours, the
highest dose level of 7,200 �M twice daily resulted in a
mean plasma Se concentration after 8 days of 31 �M/l [8].

MSA cannot be used clinically due to its high reactivity,
thus the naturally occurring organic Se compounds, SLM
and MSC, have been used as precursors of methylselenol.
Methylselenol is generated from MSC and SLM by the action
of pyridoxal 5�-phosophate (PLP)-dependent �-lyases and
�-lyases, respectively, predominantly in the liver and
kidney [24]. To date, SLM has been the most widely used
compound in clinical trials [16, 21], however, its conver-
sion to methylselenol is not as eYcient as that of MSC, as
SLM can also be non-speciWcally incorporated into body
proteins in place of methionine [27]. In addition, MSC has
been shown to have a more potent anti-tumour eVect [12,
20], and therefore it is the compound that will be used in
the forthcoming clinical trial. These experiments show that
MSC can also inhibit HDAC activity in vitro, although only
at relatively high concentrations. This is likely to be
because tumour cells have only low �-lyase activity, thus
generating only limited amounts of methylselenol. It is
anticipated that when used in vivo much lower concentra-
tions of MSC would be required to inhibit HDAC activity.

In summary, this work demonstrates that methylselenol
can inhibit HDAC activity, an eVect likely to induce other
biological changes and potentially to contribute to the anti-
tumour eVects of Se in vivo.
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