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Glioblastoma multiforme (GBM) is a particularly
aggressive brain tumor and remains a clinically devastat-
ing disease. Despite innovative therapies for the treat-
ment of GBM, there has been no significant increase in
patient survival over the past decade. Enzymes that
control epigenetic alterations are of considerable interest
as targets for cancer therapy because of their critical
roles in cellular processes that lead to oncogenesis.
Several inhibitors of histone deacetylases (HDACs)
have been developed and tested in GBM with moderate
success. We found that treatment of GBM cells with
HDAC inhibitors caused the accumulation of histone
methylation, a modification removed by the lysine
specific demethylase 1 (LSD1). This led us to examine
the effects of simultaneously inhibiting HDACs and
LSD1 as a potential combination therapy. We evaluated
induction of apoptosis in GBM cell lines after combined
inhibition of LSD1 and HDACs. LSD1 was inhibited by
targeted short hairpin RNA or pharmacological means
and inhibition of HDACs was achieved by treatment
with either vorinostat or PCI-24781. Caspase-dependent
apoptosis was significantly increased (>2-fold) in LSD1-
knockdown GBM cells treated with HDAC inhibitors.
Moreover, pharmacologically inhibiting LSD1 with the
monoamine oxidase inhibitor tranylcypromine, in com-
bination with HDAC inhibitors, led to synergistic apop-
totic cell death in GBM cells; this did not occur in
normal human astrocytes. Taken together, these results
indicate that LSD1 and HDACs cooperate to regulate
key pathways of cell death in GBM cell lines but not in
normal counterparts, and they validate the combined
use of LSD1 and HDAC inhibitors as a therapeutic
approach for GBM.
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G
lioblastoma multiforme (GBM) is the most
aggressive and lethal type of brain tumor, with
a median survival duration of 9–12 months.1

Current treatment options for GBM include surgery,
radiation therapy, and standard chemotherapy.
However, in the past few decades, there has been little
effect of these options, or newly developed chemother-
apeutic agents, on extending the survival of patients
diagnosed with GBM.2 Therefore, the need to
develop novel therapeutic approaches for the treatment
of these tumors is of great importance. GBMs are
characterized by heterogeneity and dysregulation of
several signaling pathways, and studies have demon-
strated that this occurs by both genetic and epigenetic
mechanisms.3 Recently, the enzymes involved in the
regulation of epigenetic mechanisms have become
attractive targets for the treatment of cancer because
of their ability to alter gene expression profiles to
promote tumor cell death.

One of the most well-studied epigenetic modifications
is histone acetylation, a process regulated by histone
acetyltransferases (HATs) and histone deacetylases
(HDACs). Dysregulation of HDACs in a variety of dis-
eases, such as cancer and neurodegeneration, sparked
the pharmacologic development of novel HDAC inhibi-
tors (HDACis) for use in the treatment of these diseases.
The first US Food and Drug Administration (FDA)-
approved HDACi, vorinostat, was marketed in 2006
for the treatment of cutaneous T-cell lymphoma.
Because of its success, dozens of other HDACis have
been developed, and many of them are currently being
tested in various stages of clinical trials. There are
several different categories of HDACis that are structu-
rally dissimilar and target different classes of HDACs,
which include hydroxamates, cyclic peptides, aliphatic
acids, and benzamides.4–7 Treatment of cancer cells
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with HDACis causes cell growth arrest and cell death;
however, the exact mechanisms by which this occurs
have not been completely elucidated.4,8,9 Although the
primary mechanism of action of HDACis leads to the
accumulation of acetylated histone and nonhistone pro-
teins, they also can induce cell-cycle arrest, differen-
tiation, apoptotic cell death, and autophagic pathways,
as well as regulate reactive oxygen species (ROS) pro-
duction, which facilitates cell death.9 Although the use
of HDACis as monotherapy in the clinic has been vali-
dated in cutaneous T-cell lymphoma, they are less effec-
tive against solid tumors.7,10 In fact, the full potential of
HDACis is more readily seen when used in combination
with other chemotherapeutic agents, frequently produ-
cing either synergistic or additive effects.11–14 This has
also been shown for GBM.15 In clinical trials, several
HDACis have been tested, including vorinostat, the
first FDA-approved HDACi. Response was minimal
when HDACis were given as a single agent,16 and com-
bination studies are currently underway. New hydroxa-
mic acid-based HDACis are also in clinical development,
including PCI-24781, a pan-HDACi that inhibits
HDACs in the nanomolar range.17

HDACis not only influence acetylation of histones
but also affect other histone modifications, such as
methylation on lysine 4 of histone H3 (H3K4).
Dimethylation of this residue generally leads to tran-
scriptional activation, whereas loss of this mark leads
to gene repression.18 The removal of H3K4 dimethyla-
tion occurs by the lysine-specific demethylase 1 (LSD1)
enzyme.18 LSD1 (also known as BHC110, AOF2, or
KDM1A) was the first lysine demethylase discovered,
and it shares homology with the amine oxidase family
of enzymes.18,19 Studies have demonstrated that several
inhibitors of the mono- and polyamine oxidases
(MAOi and PAOi, respectively) are effective at inhibit-
ing LSD1 in vitro,20–25 and treatment of cells with
these agents leads to changes in histone methylation
and re-expression of aberrantly silenced genes in
vivo.23,26,27 More recently, novel oligoamine analogs
have been developed that are also effective in inhibiting
LSD1 in vitro and in vivo.27 Neuroblastoma and colo-
rectal cancer xenograft models treated with LSD1
inhibitors significantly inhibited tumor growth,27,28

suggesting that inhibitors of LSD1 may have therapeutic
value.

Interestingly, HDAC1/2 and LSD1 exist in common
protein complexes, and the activity of LSD1 is influenced
by the acetylation status of neighboring histone resi-
dues.22 These data provide the rationale for targeting
LSD1 in combination with HDACis for the treatment
of cancer. Although studies have demonstrated that
LSD1 inhibitors are effective as monotherapies for the
treatment of neuroblastoma and colorectal cancer,
there are no reports evaluating their effects on GBM,
and only 2 studies combined LSD1 inhibitors with
other agents.27 Here, we evaluated the effect of inhibition
of LSD1, by genetic and pharmacological means, in com-
bination with HDACis on GBM cell lines and immorta-
lized human astrocytes. We discovered that the
combination was selective for GBM cell lines and led to

enhanced cell death through both caspase-dependent
and caspase-independent mechanisms.

Materials and Methods

Cell Culture and Reagents

LN-18, U87, SNB-19, and U251 brain tumor cell lines
were obtained from American Type Culture Collection
and maintained in DMEM/F12 medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin.
Immortalized human astrocytes (NHA/E6/E7/Tert)
have been described elsewhere,29 human neural stem
cells were obtained from Lonza, and cancer stem cells
derived from patients with GBM were obtained with
appropriate informed consent after approval from The
University of Texas MD Anderson Institutional Review
Board. All cell lines were grown at 378C in a humidified
atmosphere containing 5% CO2. Vorinostat (suberoyla-
nilide hydroxamic acid) was purchased from Cayman
Chemical, PCI-24781 was kindly provided by
Pharmacyclics, and tranylcypromine was purchased
from Sigma-Aldrich. Antibodies used for this study
were as follows: total histone H3 (Millipore), acetylated
histone H3 (Millipore), dimethyl-lysine 4 of histone H3
(Abcam), and LSD1 (Abcam).

Acid Extraction of Histones

Nuclei were isolated by lysis of cells in phosphate-
buffered saline (PBS) containing 0.5% Triton X-100
(v/v), 2 mM phenylmethylsulfonyl fluoride (PMSF),
0.02% (w/v) NaN3 for 10 min on ice. After centrifu-
gation, the nuclei were washed with lysis buffer, and his-
tones were extracted in 0.2 N HCl overnight at 48C.
Samples were centrifuged to pellet debris, and the con-
centration of histones in the supernatant was determined
by Bradford assay (Sigma-Aldrich).

Transfection of shRNA into GBM cells

Control or vector containing sequence specific for LSD1
(GGCGAAGGTAGAGTACAGAGA) was described
elsewhere.30 The shRNA constructs were transfected
into LN-18 or NHA/E6/E7/Tert cells using the Lonza
Group nucleofector technology in accordance with the
manufacturer’s instructions. Cells (1 × 106) were resus-
pended in Buffer V and nucleofected using program
T-20.

DNA Fragmentation

Apoptosis was assessed by measuring DNA fragmenta-
tion using propidium iodide (PI; Sigma-Aldrich) staining
followed by analysis by flow cytometry. Treated cells
were harvested by trypsinization, washed with PBS,
and fixed with 70% ethanol overnight. The next day,
cells were washed with PBS and then resuspended in PI
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staining solution (PBS containing 25 mg/mL propidium
iodide and 100 mg/mL RNase A) for 1 h before analysis
by flow cytometry (FACS Calibur; Becton Dickinson) on
the FL-3 channel. The percentage of cells in the subdi-
ploid population was quantified using CellQuest soft-
ware (BD Biosciences).

Western Blotting

Seventy-two hours after nucleofection, cells were har-
vested, and total cell lysates prepared by lysis with
Triton X-100 lysis buffer (PBS, 25 mM Tris pH 7.5,
150 mM NaCl, 1% Triton X-100) containing protease
inhibitors for 1 h at 48C followed by centrifugation.
Protein concentrations were determined by Bradford
assay (Sigma-Aldrich), and 50 mg of protein was separ-
ated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred to nitrocellulose,
and immunoblotted with specific antibodies as indi-
cated. Immunoreactive bands were detected by chemilu-
minescence (GE Healthcare).

Caspase 3/7 Assay

Activity of caspase 3/7 was assessed as previously
described.31 In brief, 1 × 106 cells were treated as indi-
cated, lysed in PBS by freeze/thaw cycles on dry ice,
clarified by centrifugation at 14k RPM, 15 min, 48C;
protein concentration was determine by Bradford
assay. Cell extracts were adjusted to 1 mg/mL with
PBS, and 50 mL was plated in duplicate wells of a
96-well plate and 150 mL of DEVD buffer containing
50 mM DEVD-AMC (Biomol International) was
added. Samples were incubated for 3 h at room temp-
erature, and fluorescence was read by spectrofluorime-
try at 460 nm (ex: 355 nm). The fluorescence generated
by the cleavage of the peptide and release of fluoro-
genic AMC correlates with the amount of caspase
activity. Caspase activity was inhibited using the
general caspase inhibitor z-VAD-fmk (25 mM;
Calbiochem) for 30 min before addition of HDACis
or tranylcypromine and added every 24 h throughout
the duration of the experiment.

Statistical Analysis

Unless otherwise indicated, values in tables and figures
are expressed as the mean+ standard error of the
mean of at least triplicate determinations. Statistical
comparisons were made using GraphPad Prism soft-
ware, version 4.0 (GraphPad Software) by the Student
t test. A probability value of ,.05 was considered to
be statistically significant. Synergism was calculated by
determining the combination index by the method of
Chou and Talalay36 using CalcuSyn software (Biosoft).
Combination index values ,0.8 indicate a synergistic
combination, values of 0.8–1.0 are additive, and
values .1.0 are antagonistic.

Results

HDACs Influence the Levels of Histone Methylation in
Glioblastoma Cells

To lay the foundation for combined targeting of HDACs
and LSD1, we sought to establish the relationship
between acetylation and methylation in U87 (p53 wild-
type) and LN-18 (p53 mutant) cells. The GBM cell lines
were treated for 6 h with doses of vorinostat that have
been previously described as effective in glioma cell
lines,32 as well as other solid tumor cell lines,33,34 and
the levels of histone H3 acetylation and methylation
were evaluated by Western blot. We also treated the
GBM cell lines with the HDACi PCI-24781. These 2
HDACis were selected to compare vorinostat, the
current FDA-approved clinical inhibitor, with a novel
hydroxamic acid-based HDACi, PCI-24781, which has
greater affinity for HDACs, particularly HDAC1.17

Treatment with vorinostat induced a dose-dependent
accumulation of histone H3 acetylation in both LN-18
and U87 cell lines (Fig. 1A). We also observed a dose-
dependent increase in di-methylation of lysine 4 of
histone H3 (H3K4me2; Fig. 1A), suggesting that there
is cross-talk between the enzyme activities in these
cells. Similarly, treatment of cells with the novel hydro-
xamic acid-based HDACi PCI-24781 also caused the
accumulation of histone H3 acetylation and H3K4me2
(Fig. 1B). To evaluate the dynamics of histone acety-
lation and methylation, we performed a time course in
which LN-18 and U87 cells were treated with 1.0 mM
of vorinostat or PCI-24781 and in which histone modi-
fications were monitored by Western blot (Fig. 1C and
D). Histone acetylation and methylation reached a
maximum by 6 h and persisted for at least 48 h
(Fig. 1C and D). These data strengthen the rationale
for simultaneously targeting LSD1 and HDACs.

LSD1 is Overexpressed in Glioblastoma

To determine whether LSD1 is a possible molecular
target in GBM, we analyzed LSD1 protein expression
by Western blot in a variety of established GBM cell
lines and compared expression with that of immorta-
lized human astrocytes (NHA/E6/E7/Tert). All GBM
cell lines examined expressed more LSD1 than the
immortalized astrocytes, with LN-18 and SNB-19
showing the greatest amount of overexpression (1.77-
and 1.91-fold, respectively) (Fig. 2A). We then com-
pared LSD1 protein expression in normal neural stem
cells (NSCs) with that in cancer stem cells derived
from patients with GBM (GSC). In all 4 of the samples
tested, LSD1 protein was overexpressed as much as
8-fold in cancer stem cells obtained from GBM patients,
compared with normal neural stem cells (Fig. 2B). These
data demonstrated that LSD1 is more highly overex-
pressed at the protein level in GBM relative to immorta-
lized human astrocytes or normal neural stem cells,
suggesting that LSD1 may be a suitable molecular
target for therapy.
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Loss of LSD1 Sensitizes Glioblastoma Cells to
Treatment with HDACis

Having established higher LSD1 expression in GBM cell
lines and patient-derived samples, we investigated the
functional consequences of inhibiting LSD1 in combi-
nation with HDACis. To modulate levels of LSD1
protein, we transfected LSD1-directed short hairpin
RNA (shRNA) constructs into LN-18 cells by electro-
poration and monitored knockdown by Western blot
at 72 h after transfection. As shown in Fig. 3A, LSD1
protein levels were reduced by 90% in cells transfected

with shRNA specific to LSD1, compared with control
nonspecific shRNA.

Because of the functional interplay between the
HDACs and LSD1 and the increased expression of
LSD1 in GBM cell lines and cancer stem cells derived
from patients with GBM, we asked whether loss of
LSD1 would enhance apoptosis in GBM cells treated
with HDACis. To evaluate whether loss of
LSD1-sensitized cells to HDACis, we monitored DNA
fragmentation as a measure of apoptosis in LSD1 knock-
down cells treated with HDACis. We treated the LSD1

Fig. 1. Histone deacetylase inhibitors affect histone modifications removed by LSD1. LN-18 and U87 glioblastoma multiforme cells were

treated with increasing doses (1.0–5.0 mM) of (A) vorinostat or (B) PCI-24781 for 6 h. To evaluate the dynamics of histone

accumulation, LN-18 cells were treated with 1.0 mM (C) vorinostat or (D) PCI-24781 and harvested at the time points shown. Histone

proteins were acid extracted, and changes in histone modifications were detected by Western blot using antibodies specific for

acetylated H3 (a-H3-Ac), dimethyl-H3K4 (a-H3K4me2), and total H3 (a-H3). The Western blots shown are representative of 3

independent experiments.

Fig. 2. LSD1 is overexpressed in glioblastoma multiforme (GBM) cell lines and patient specimens. Expression of LSD1 protein was assessed in

total cell lysates by Western blot using an antibody for LSD1 (Abcam) in (A) GBM cell lines, compared with immortalized human astrocytes

(NHA/E6/E7/Tert) and (B) cancer stem cells obtained from patients with GBM (GSC), compared with normal neural stem cells (NSCs). Actin

was used as a loading control, and densitometry was performed using ImageJ software.
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knockdown and control cells with increasing doses of
the pan-HDACis vorinostat and PCI-24781 (1.0–
5.0 mM) for 48 h and assessed DNA fragmentation by
quantifying cells with sub-diploid DNA content by
flow cytometry. Our data demonstrated that knockdown
of LSD1 alone does not significantly induce apoptosis
(Fig. 3B and C), indicating that targeting LSD1 alone
is not sufficient to cause significant cell death.
However, DNA fragmentation is significantly enhanced
(P , .01) when LSD1 knockdown cells are treated in
combination with a 5.0-mM dose of vorinostat
(Fig. 3B). Similarly, all doses of PCI-24781 enhanced
DNA fragmentation in LSD1 knockdown cells, with
the 5.0-mM dose exhibiting the greatest effect
(Fig. 3C). These data strongly suggest that loss of
LSD1 in combination with 2 different hydroxamic acid-
based HDACis has a combined effect on the induction of
apoptosis in GBM cell lines.

Activation of the caspase enzymes is a central element
in the induction of apoptosis. To confirm that the cell
death observed in LSD1 knockdown cells treated with
HDACi is proceeding through an apoptotic pathway,
we evaluated DNA fragmentation in the presence of
the general caspase inhibitor z-VAD-fmk. Control and
LSD1 knockdown LN-18 cells were preincubated with

z-VAD-fmk for 30 min prior to addition of vorinostat,
and DNA fragmentation was measured after 48 h. As
depicted in Fig. 3D, DNA fragmentation induced by vor-
inostat is significantly reduced (P , .01)—but not com-
pletely blocked—by the addition of z-VAD-fmk in
both control and LSD1 knockdown LN-18 cells. These
data suggest that targeting LSD1 in combination with
HDAC inhibitors may function through both caspase-
dependent as well as caspase-independent mechanisms.
In fact, several studies demonstrate that vorinostat
induces autophagy in a variety of cell types.35

Combination of Vorinostat and Tranylcypromine, a
Monoamine Oxidase Inhibitor (MAOi), Results in
Synergistic Cell Death of Glioblastoma Cells

Our results demonstrate that targeting both LSD1 and
HDACs may be a viable therapeutic option to induce
cell death. Because of the similarity between LSD1 and
monoamine oxidases, several reports have established
that MAOis, such as tranylcypromine, and polyamine
oxidases also inhibit LSD1.20–25 In addition,
studies evaluating monoamine oxidase inhibitors as
monotherapies in mouse xenograft models led to

Fig. 3. Loss of LSD1 sensitizes glioblastoma multiforme cells to histone deacetylase inhibitors. (A) LN-18 cells were transfected (Lonza) with

control (CTRL) or LSD1 shRNA, and knockdown was monitored at 72 h by Western blot (50 mg). For all Western blots, actin was used as a

loading control, and densitometry was performed using ImageJ software. LN-18 cells transfected with control (CTRL; gray bar) or LSD1

(black bar) shRNA were treated with increasing amounts (1.0–5.0 mM) of (B) vorinostat or (C) PCI-24781 for 48 h, and the level of

DNA fragmentation was assessed by PI staining and quantitation by flow cytometry. (D) Control (CTRL; gray bar) or LSD1 (black bar)

shRNA transfected LN-18 cells were pretreated with the general caspase inhibitor zVAD-fmk (25 mM) for 30 min before treatment with

5.0 mM of vorinostat. Additional zVAD-fmk was added after 24 h, and DNA fragmentation was measured by PI staining 48 h after

vorinostat addition. *P , .01. **P , .001. n ¼ 3. Data are mean+ standard error of the mean.
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reduced tumor size,27,28 suggesting that LSD1 inhibitors
are effective chemotherapeutic agents that when com-
bined with HDACi, cooperate to enhance cell death.

To evaluate this hypothesis, we treated GBM cell
lines with different doses of vorinostat (1.0, 2.5,
5.0 mM) and tranylcypromine (0.1, 0.5, 1.0 mM) for
72 h and evaluated DNA fragmentation by PI staining.
As depicted in Fig. 4A, tranylcypromine alone did not
cause a significant increase in DNA fragmentation in
any of the GBM cell lines. However, the combination
of tranylcypromine and vorinostat led to a dramatic
increase in DNA fragmentation in LN-18 and U87
cells, compared with either tranylcypromine or vorino-
stat alone (Fig. 4A). These results indicate that use of
MAOis that target LSD1 in combination with HDACi
promote the synergistic induction of DNA
fragmentation.

To determine whether the increase in cell death
observed during treatment with vorinostat and tranylcy-
promine corresponds to enhanced apoptosis, as was the
case for genetic knockdown of LSD1, we measured
caspase 3/7 activity in these cells. As shown in Fig. 4B,
vorinostat alone induced a 2-fold increase in caspase 3

activity within 24 h. However, the combination of vori-
nostat and tranylcypromine led to a marked (6-fold)
increase in caspase 3 activity. Moreover, pretreatment
of LN-18 cells with the general caspase inhibitor
z-VAD-fmk significantly reduced DNA fragmentation
(P , .001) induced by vorinostat, and the data show evi-
dence of trends towards a decrease in DNA fragmenta-
tion and protection from apoptosis (Fig. 4C). These
data indicate that the cell death observed on LSD1 inhi-
bition, chemically or genetically, in combination with
HDACis at least partially occurs by activating apoptosis
but may involve additional cell death pathways.

Immortalized Human Astrocytes are not Sensitive to
the Combined Treatment of Vorinostat and
Tranylcypromine

To assess the GBM-specific selectivity of simultaneous
inhibition of HDACs and LSD1, we treated immorta-
lized human astrocytes (NHA/E6/E7/Tert) with differ-
ent doses of vorinostat (1.0, 2.5, and 5.0 mM) and
tranylcypromine (0.1, 0.5, and 1.0 mM) for 72 h and

Fig. 4. Inhibition of LSD1 in glioblastoma multiforme cells leads to enhanced cell death in response to histone deacetylase inhibitors. (A)

LN-18 and U87 GBM cells were treated concurrently with vorinostat (1.0, 2.5, or 5.0 mM) and increasing doses of the monoamine

oxidase inhibitor tranylcypromine (0.1, 0.5, of 1.0 mM) for 72 h, followed by analysis of sub-diploid cells by PI staining. The

concentrations depicted are 5.0 mM vorinostat, 1.0 mM tranylcypromine, and the combination. *P , .05. n ¼ 3. Data are mean+
standard error of the mean (SEM). (B) LN-18 cells were treated with 5.0 mM of vorinostat, 1.0 mM of tranylcypromine, or the

combination for 24 h. Caspase 3 activity was determined by adding the fluorogenic caspase 3/7 DEVD-AMC substrate and measuring

the amount of fluorescence in each sample. (C) LN-18 cells were pretreated with the general caspase inhibtor zVAD-fmk (25 mM) for

30 min before addition of 5.0 mM of vorinostat, 1.0 mM tranylcypromine, or the combination. Additional zVAD-fmk was added every

24 h and DNA fragmentation was measured by PI staining 72 h after drug treatment. *P , .001. n ¼ 3. Data are mean+SEM.
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evaluated DNA fragmentation by PI staining. Similar to
the LN-18 and U87 cells, vorinostat caused an increase
in DNA fragmentation in the immortalized astrocytes
(Fig. 5A). Interestingly, simultaneous treatment of
immortalized astrocytes with vorinostat and tranylcy-
promine failed to enhance DNA fragmentation
(Fig. 5A). To determine whether tranylcypromine and
vorinostat exhibit synergistic effects when used in com-
bination, we calculated the combination index values36

for each combination as shown in Fig. 5B. Eight out of
nine combination treatments in GBM cells lines
resulted in synergistic effects with 5.0 mM of vorino-
stat and 1.0 mM of tranylcypromine displaying the
strongest effect (combination index, 0.313). However,
treatment of immortalized human astrocytes with the
same doses of vorinostat and tranylcypromine did
not cause synergistic effects (Fig. 5B). Moreover, we
obtained similar results by knocking down LSD1 in
the immortalized human astrocytes followed by treat-
ment with vorinostat (Fig. 5C). We detected no
increase in DNA fragmentation in the knockdown
cells versus the control during treatment with vorino-
stat. These data provide evidence to suggest that the
combination treatment is selective for GBM tumor
cells versus normal cells.

Discussion

Targeting enzymes involved in epigenetic regulation of
gene expression has become increasingly popular as a
cancer therapy. The success of the HDACi vorinostat,
the first HDACi to have been approved by the FDA for
treatment of cutaneous T-cell lymphoma, prompted
the development of other small molecule HDACis for
clinical use. Although HDACis show promise in many
cancer types, they are not as effective against solid
tumors as monotherapies.7,10 Therefore, the identifi-
cation of agents that sensitize tumor cells to HDACis is
highly clinically relevant. We evaluated the ability of 2
broad-spectrum HDACi, vorinostat and PCI-24781, to
cause changes in histone acetylation and methylation
in GBM cell lines. We found that both of these
HDACis led to increased levels of histone H3 acetylation
and H3K4 methylation, a modification removed by the
LSD1 demethylase. On the basis of these results, we
sought to determine whether targeting LSD1 and
HDACs simultaneously caused enhanced GBM tumor
cell death. We found that shRNA knockdown of LSD1
in GBM cells led to sensitization to the broad-spectrum
HDACis vorinostat and PCI-24781. The cell death
observed by the combination treatment was partially

Fig. 5. The combined inhibition of histone deacetylases and LSD1 is specific for glioblastoma multiforme cells. (A) Immortalized normal

human astrocytes (NHA/E6/E7/Tert) were treated concurrently with increasing doses of vorinostat (1.0, 2.5, or 5.0 mM) and

tranylcypromine (0.1, 0.5, or 1.0 mM) for 72 h followed by analysis of sub-diploid cells by PI staining. (B) To determine synergy, the

combination index values (CIs) were calculated by isobologram anaylsis using the CalcuSyn software. A CI value ,0.9 indicates synergy,

values of 0.9–1.1 indicate additive effects, and values .1.1 are considered antagonistic. The table defines the CI values for LN-18 cells

treated with the dose combinations shown in (A). (C) Immortalized human astrocytes were nucleofected with control or LSD1-specific

shRNA, and the degree of knockdown was monitored by Western blot. (D) Control (CTRL shRNA; gray bar) and LSD1 knockdown

(LSD1 shRNA; black bar) cells were treated with increasing doses of vorinostat (1.0–5.0 mM) for 48 h and the level of DNA

fragmentation was assessed by PI staining and quantitation by flow cytometry. n ¼ 3. Data are mean+ standard error of the mean.
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blocked (�50%) by pretreatment with the general
caspase inhibitor zVAD-fmk, suggesting that cell death
occurs partially through the apoptotic pathway, but
other caspase-independent pathways of cell death are
also likely to contribute to our observations. Supporting
these data are several reports of vorinostat inducing
autophagy in a variety of cell types.35 We also obtained
similar results when HDACis were combined with chemi-
cal inhibition of LSD1 with the monoamine oxidase
inhibitor, tranylcypromine. Importantly, we demon-
strated that combined inhibition of LSD1 and HDACs
is selective for GBM tumor cell lines versus immortalized
human astrocytes, an observation that may be due to
elevated levels of LSD1 in GBM cell lines and patient
samples (Fig. 2). Overall, these data offer a novel thera-
peutic option for the treatment of GBM.

It has been demonstrated that each HDACi has a
different ability to inhibit various HDAC enzymes,
some more specifically than others. The targets of each
HDAC enzyme, both histone and nonhistone proteins,
and their contribution to GBM is still unclear. In
addition, most HDACis target the active site of the
HDAC and function through moieties that chelate
zinc. Therefore, other proteins that require zinc for
their function may also be affected by very high doses
of HDACis. However, efforts to improve HDACis
have yielded compounds with chemical modifications
that provide some selectivity against other zinc-
containing enzymes. Our studies were performed with
doses that have previously proven to be effective in indu-
cing tumor cell death in vitro and in vivo32–34 and are
clinically relevant. The maximum plasma concentration
for vorinostat in patients is 2.5 mM for oral adminis-
tration of 400 mg per day and 9 mM for 300 mg/m2

per day for intravenous administration,37 which is well
within the range of doses used in the current study.

Histone tails are modified by a variety of posttransla-
tional modifications, including phosphorylation, acety-
lation, methylation, and ubiquitination. An emerging
hypothesis is that these modifications do not act alone
but instead influence one another.38,39 Our data indicate
that, in GBM cell lines, histone acetylation influences the
demethylation of H3K4 (Fig. 1). Consistent with our
results, inhibition of HDACs in HEK293 cells also influ-
ences methylation on nucleosomes in vivo and acety-
lation of nucleosomes decreases demethylation by
LSD1 in vitro.22 One mechanism proposed to explain
the interplay between histone acetylation and methyl-
ation is the physical association of HDAC1 and LSD1
by which each enzyme influences the activity of the
other.22 More recently, Huang et al40 provided an
alternative mechanism and demonstrated that treatment
of prostate cancer cells with HDACi leads to the sup-
pression of histone demethylase enzymes, including
LSD1, through transcriptional repression of Sp1. These
data indicate that there is a biological link between
acetylation and H3K4 methylation and suggest targeting
LSD1 as a possible therapeutic strategy. Similar to
HDACs, LSD1 has also been reported to target proteins
other than histones, which may play a role in the
enhanced apoptosis observed on combined LSD1 and

HDAC inhibition. For example, p53 is a substrate of
LSD1.41,42 Demethylation of lysine 370 of p53 inhibits
association of the p53-binding protein 1, leading to the
down-regulation of p53-regulated genes, such as the
pro-apoptotic p21 protein.41 In addition to regulating
methylation of p53, LSD1 is also recruited by p53 to
the a-fetoprotein gene during hepatic development, in
which loss of p53 leads to decreased occupancy of
LSD1, an increase in H3K4 methylation, and a loss of
gene repression.42 To determine the contribution of p53
to the synergy observed with HDACis and tranylcypro-
mine, we used GBM cell lines that contain wild-type p53
(U87) and mutant p53 (LN-18) in which there is a
mutation in the DNA binding domain. We found no
difference in the ability of tranylcypromine and HDACis
to cause synergistic cell death in these 2 cell lines,
suggesting that the cell death caused by these agents is
p53-independent, although additional studies are required
in isogenic cell lines to prove this concept. Additional
studies aimed at determining the nonhistone targets of
LSD1 will potentially reveal alternative pathways that con-
tribute to the synergistic cell death observed in our studies.

Because of the homology of LSD1 with the amine
oxidase family of enzymes, several mono- and polya-
mine oxidase inhibitors have been evaluated as inhibi-
tors of LSD1.19,23,24 Inhibition of LSD1 in vivo leads
to the reexpression of aberrantly silenced genes.23,26,27

These inhibitors have been used in mouse xenograft
models with success,27,28 providing evidence for the
use of these agents in the treatment of cancer. Our
data demonstrate that the MAOi tranylcypromine
enhances the cytotoxic effect of HDACis. Although tra-
nylcypromine is a good candidate for use in combination
studies for the treatment of GBM, because it is already
clinically used for the treatment of depression, it is
often associated with unfavorable side effects due to
interactions with certain foods and medications.43

Moreover, the specificity of tranylcypromine for
MAOs is much higher than that for LSD1,44 which
may induce unwanted adverse effects when used for
cancer chemotherapy. Several groups have developed
new compounds that are more specific LSD1 inhibitors
and are being evaluated preclinically.27,44–46 Our
studies suggest that these new compounds could be eval-
uated, alone and in combination with HDACis, in GBM.

In conclusion, our work demonstrates that inhibition
of LSD1 in combination with HDACis results in syner-
gistic cell death. These data provide proof of principle
experiments that indicate that combined inhibition of
HDACs and LSD1 leads to enhanced GBM cell death.
Future studies are focused on evaluating the combi-
nation of vorinostat and tranylcypromine in the intracra-
nial glioblastoma mouse model described by Lal et al47

and understanding the mechanism(s) by which HDAC
and LSD1 inhibition enhances tumor cell death in vitro
and in vivo. One possible explanation is that HDACs
and LSD1 cooperate to regulate the expression of
genes involved in apoptosis. In fact, treatment of
LSD1-knockdown cells with vorinostat yields changes
in several genes known to be involved in apoptosis,
including Bid, p53, and p73; several tumor necrosis
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factor receptors; and caspases (unpublished data).
Overall, these studies are designed to make substantial
contributions to the understanding of GBM biology,
which may provide molecular explanations for resist-
ance and identify novel targets for therapy.
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