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Histone deacetylase (HDAC) inhibitors can induce programmed cell
death in cancer cells, although the underlying mechanism is ob-
scure. In this study, we show that two distinct HDAC inhibitors,
butyrate and suberoylanilide hydroxamic acid (SAHA), induced
caspase-3 activation and cell death in multiple human cancer cell
lines. The activation of caspase-3 was via the mitochondria�cyto-
chrome c-mediated apoptotic pathway because it was abrogated in
mouse embryonic fibroblasts with knockout of Apaf-1, the essen-
tial mediator of the pathway. Overexpression of Bcl-XL in HeLa
cells also blocked caspase activation by the HDAC inhibitors.
Nevertheless, Apaf-1 knockout, overexpression of Bcl-XL, and
pharmacological inhibition of caspase activity did not prevent
SAHA and butyrate-induced cell death. The cells undergoing such
caspase-independent death had unambiguous morphological fea-
tures of autophagic cell death. Therefore, HDAC inhibitors can
induce both mitochondria-mediated apoptosis and caspase-inde-
pendent autophagic cell death. Induction of autophagic cell death
by HDAC inhibitors has clear clinical implications in treating cancers
with apoptotic defects.

apoptosis � chemotherapy

Cancer cells evade programmed cell death to support malig-
nant growth. Thus, understanding the mechanisms of pro-

grammed cell death and designing therapeutic approaches to
trigger cell death in cancer cells are critical for treating the
disease (1, 2). There are two major morphologically distinctive
forms of programmed cell death, apoptosis and autophagic cell
death.

Apoptotic cell death is executed by a family of cysteine
proteases, caspases (3). There are two well characterized mam-
malian caspase activation pathways, the death receptor pathway
and the mitochondria�cytochrome c-mediated pathway. In the
death receptor pathway, binding of agonists to members of the
TNF�nerve growth factor receptor superfamily can induce ac-
tivation of the initiating caspase, caspase-8, which in turn
activates the effector caspase, caspase-3 (4, 5). In the cytochrome
c-mediated pathway, diverse stimuli converge at mitochondria
and cause cytochrome c release to cytoplasm, an event regulated
by the Bcl-2 family of proteins (6–8). Released cytochrome c
induces the key mediator Apaf-1 to form a multimeric protein
complex, the apoptosome. The apoptosome activates caspase-9,
which subsequently activates the downstream executioner
caspases (9, 10).

Both the death receptor and the cytochrome c-mediated
apoptotic pathways are drug targets for cancer treatment. For
example, targeting a member of the TNF receptor family, Apo2,
by its ligand Apo2L�TNF-related apoptosis-inducing ligand, can
induce cell death in cancers without significant toxicity to normal
cells (11). The cytochrome c pathway can be activated by many
conventional cancer therapeutic approaches, including radiation
therapy and all genotoxic-based chemotherapies (2).

Autophagic cell death is another important physiological cell
death process. This mode of cell death is characterized by
massive degradation of cellular contents, including essential
organelles such as mitochondria, by means of complicated
intracellular membrane�vesicle reorganization and lysosomal

activity (12–16). It is involved in development and stress re-
sponses and has been observed in multiple neurodegenerative
diseases (12–16). Because the mechanism is not well defined,
some autophagic cell death events might have been attributed to
apoptosis. Moreover, these two modes of cell death frequently
occur in parallel. For example, gene profiling of Drosophila cells
undergoing steroid-induced developmental cell death identified
clustered up-regulation of several apoptosis-related genes with
autophagy-related genes (17, 18); deprivation of neural growth
factor induced simultaneous autophagic and apoptotic cell death
in primary sympathetic neurons (19). However, caspases are not
required for autophagic cell death (12–16), and Bcl-2 and Bcl-XL
do not inhibit autophagic cell death in a mammary epithelial
morphogenesis model (20). Furthermore, like apoptosis, auto-
phagic cell death is involved in tumorigenesis: autophagic activity
was found to be suppressed in malignant tumors (16); some
autophagic regulators, such as Beclin 1 (21–24) and death-
associated protein kinase (25–28), are putative tumor suppres-
sors. Currently, there is no cancer therapeutic approach that
specifically targets the autophagic cell death machine.

It has been reported that histone deacetylase (HDAC) inhib-
itors preferentially kill transformed cells or cancer cells in both
cell cultures and animal models (29). These compounds also
induce cell growth arrest and differentiation. Such properties
make them good candidates for targeted therapies. According to
their chemical structures, HDAC inhibitors can be classified into
several groups, including (i) short-chain fatty acids, such as
sodium butyrate; (ii) hydroxamic acids, such as suberoylanilide
hydroxamic acid (SAHA) (30); and (iii) cyclic tetrapeptides, such
as trapoxin.

HDAC inhibitors can increase acetylation of histones and
various other proteins. HDAC, along with their counterparts,
histone acetyl transferases, regulate the status of histone acet-
ylation and thus are involved in transcriptional regulation and
cell differentiation (31, 32). Because HDAC are overexpressed
in many cancers, and the death-inducing capability of different
HDAC inhibitors correlates with their HDAC-inhibitory po-
tency, it is widely accepted that the cell death-inducing function
of HDAC inhibitors is due to their ability to inhibit HDAC
activity (29, 33).

However, the mechanisms by which HDAC inhibitors induce
cell death are not well understood. In this report, we used
genetically engineered cell lines to dissect the molecular deter-
minants of cell death induced by butyrate and SAHA, two
HDAC inhibitors from different structural classes. We found
that HDAC inhibitors induced both apoptosis via the cyto-
chrome c-mediated caspase activation pathway and caspase-
independent autophagic cell death. Induction of two modes of
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programmed cell death by HDAC inhibitors indicates that these
drugs might be particularly valuable when treating cancers with
apoptotic defects.

Materials and Methods
Chemicals and Cell Lines. SAHA was obtained from Aton Pharma
(Tarrytown, NY). Sodium butyrate was from Sigma. N-
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-
FMK) and caspase-3 fluorogenic substrate were from Calbio-
chem. Antibodies against cytochrome c, Bcl-XL, and �-tubulin
were from BD Biosciences. Apaf-1-knockout and wild-type
mouse embryonic fibroblasts were from T. Mak (University of
Toronto, Toronto) (34). HeLa cell lines with Bcl-XL or vector
alone stably transfected were from M. Fang and X. Wang
(University of Texas Southwestern Medical Center, Dallas) (35).
Normal HeLa cells were from American Type Culture Collec-
tion. Cells were cultured in DMEM supplemented with 10% FBS
at 37°C with 5% CO2. Upon treatment, the culture medium was
replaced with fresh medium containing indicated concentrations
of butyrate or SAHA.

Subcellular Fractionation. At the indicated time points after treat-
ment, culture dishes were scraped to detach cells, and cells were
collected by centrifugation at 2,000 � g for 10 min at 4°C, washed
once with PBS, and pelleted again. Cell pellets were then suspended
in a 5� volume of buffer A (20 mM Hepes�10 mM KCl�1.5 mM
MgCl2�1 mM EDTA�1 mM EGTA�1 mM DTT) supplemented
with mixture proteases inhibitors (Roche Diagnostics) and 250 mM
sucrose. After incubating on ice for 15 min, the cells were broken
by passing through 22-gauge needles 25 times. The resulting cell
lysates were subjected to sequential centrifugation at 1,000 � g and
12,000 � g, each for 10 min at 4°C, to pellet nuclei and heavy
membranes. The supernatants were then centrifuged at 10,000 � g
for 30 min at 4°C to pellet light membranes. The resulting super-
natants were the cytosolic fractions.

Measurement of Caspase-3 Activity. Fifteen micrograms of cyto-
solic proteins from individual samples was incubated with 15 �M
fluorogenic Asp-Glu-Val-Asp (DEVD) substrate (Calbiochem)
in 20 �l of buffer A in a 384-well microplate. Generation of
fluorescent signal (relative fluorescent units�min), indicative of
caspase-3 activity, was measured by using an automated spec-
trophotometer at 30°C. Three independent experiments were
performed to determine standard deviation.

Measurement of Apoptosis. After treatment, cells were harvested
(adherent cells were detached from culture plates by trypsiniza-
tion and combined with floating cells), pelleted by centrifuga-
tion, and suspended in PBS. Cell densities were counted by using
a hemacytometer. Subsequently, 1 � 106 cells were incubated
with Hoechst dye 33342 as instructed (Roche Diagnostics), and
apoptosis was measured by flow cytometry. Three independent
experiments were performed to determine standard deviation.

Transmission Electron Microscopy. Cells were harvested, pelleted,
and fixed in 2.5% glutaraldehyde�2% paraformaldehyde in
cacodylate buffer. After rinse with cacodylate buffer, the sam-
ples were postfixed in 2% osmium tetroxide for 1 h. The samples
were then rinsed with water, followed by dehydration in a graded
series of alcohol (50%, 75%, and 95–100% alcohol) followed by
propylene oxide, and kept overnight in 1:1 propylene oxide�poly
Bed 812. The samples were embedded in Poly Bed 812 and cured
in a 60°C oven. Ultrathin sections were obtained with a Reichert
Ultracut S microtome. Sections were stained with uranyl acetate
and lead citrate and photographed by using a Jeol 1200 EX 11
transmission electron microscope.

Results
HDAC Inhibitors Induced Caspase Activation and Apoptosis in HeLa
Cells. We chose two structurally different HDAC inhibitors, sodium
butyrate and SAHA, to study the mechanisms by which HDAC
inhibitors initiate cell death. In HeLa cells, after treatment with
both HDAC inhibitors with effective concentrations for inhibition
of HDAC activity (millimolar-level for butyrate and micromolar-
level for SAHA), massive cell death was observed in 2 days. The cell
death could be detected by using Hoechst staining, which detects
chromosomal condensation, a hallmark of apoptosis. After Hoechst
staining, cell death was quantitated by flow cytometry (Fig. 1A). In
butyrate- and SAHA-treated cells, caspase-3 was potently activated
(Fig. 1B). HDAC inhibitors also caused DNA fragmentation in
HeLa cells (data not shown). Therefore, butyrate and SAHA
induced apoptosis in HeLa cells. These results are consistent with
previous reports that HDAC inhibitors induce apoptosis with
activation of caspases (36–38). We also found that butyrate and
SAHA induced caspase activation and cell death in many other
human cancer cell lines, including chemoresistant ovarian cancer
cell line SKOV-3 and glioblastoma cell line U251 (data not shown).

The Cytochrome c Pathway Is Required for HDAC Inhibitor-Induced
Caspase Activation But Not Cell Death. To address whether HDAC
inhibitors induce caspase activation and apoptosis via the cyto-

Fig. 1. Butyrate and SAHA induced apoptosis, caspase-3 activation, and
cytochrome c release in HeLa cells. HeLa cells were harvested after 2 days of
treatment with indicated concentrations of butyrate or SAHA. (A) Cell death
was measured by Hoechst dye 33342 staining followed by flow cytometry as
described. BuT, butyrate; Con, control. (B) Cytosolic proteins of each sample
were assayed for caspase-3 activity as described. (C) Cytosolic proteins (40 �g)
were subjected to immunoblotting against cytochrome c (Cyto). Immunoblot-
ting against �-tubulin was performed as the loading control.
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chrome c pathway in HeLa cells, release of cytochrome c from
mitochondria was analyzed. Immunoblot analysis showed that, in
the cytosolic fractions free of mitochondria, cytochrome c levels
were much higher if cells were treated with butyrate or SAHA
(Fig. 1C). However, cytochrome c release can be either cause or
consequence of caspase activation. For example, when caspase-8
and caspase-3 are activated through the death receptor pathway,
the activated caspases can cleave the pro-death Bcl-2 member,
Bid, which then causes cytochrome c release (39, 40). To test
whether cytochrome c release is the consequence or the cause of
caspase activation initiated by HDAC inhibitors, we performed
experiments using transformed wild-type and Apaf-1-knockout
mouse embryonic fibroblasts (MEFs) (34). Targeted deletion of
Apaf-1, the direct target of cytochrome c, disrupted cytochrome
c-mediated caspase activation, and the knockout MEFs are
resistant to a variety of apoptotic stimuli, including UV irradi-
ation and genotoxic reagents (34). After treatment with SAHA
and butyrate for 2 and 3 days, caspase-3 was not activated in the
knockout MEFs, except a slight increase after 3 days of treat-
ment with higher doses of butyrate and SAHA (Fig. 2 A and B).
As a control, in wild-type MEFs, caspase-3 was potently acti-
vated with lower doses of compounds after 2 days of treatment
(Fig. 2 A and B). Apoptosis was also highly induced in the
wild-type MEFs as measured by Hoechst staining (data not
shown). Thus, HDAC inhibitor-initiated caspase activation is
mediated by Apaf-1 and the cytochrome c pathway.

Surprisingly, 3 days after treatment with the HDAC inhibitors,
cell death was apparently observed in the Apaf-1-knockout cells
(Fig. 2 C and D). The death levels were dose- and time-
dependent. At day 2, modest cell death was observed in the
knockout cells treated with high concentrations of SAHA (5
�M) but not butyrate or low concentrations of SAHA (data not
shown). At day 3, more dramatic cell death was observed in the
knockout MEFs treated with 5 �M SAHA, and 2.5 �M SAHA

also induced modest cell death. At day 3, 50 mM but not 10 mM
butyrate also caused clear cell death (Fig. 2C). Therefore,
HDAC inhibitors can cause both mitochondria�cytochrome
c-mediated apoptosis and Apaf-1-independent cell death.

Caspase-Independent Cell Death Induced by HDAC Inhibitors. Caspase
activity might not be required for the Apaf-1-independent cell
death induced by butyrate and SAHA, or the residual caspase
activation observed in Fig. 2 might be essential. To distinguish these
two possibilities, we used a high concentration (40 �M) of Z-VAD-
FMK, a potent cell-permeable caspase inhibitor. Z-VAD-FMK
completely blocked SAHA-induced caspase activation in the wild-
type MEFs, indicating the effectiveness of the inhibitor (Fig. 3A).
However, the caspase inhibitor did not block the cell death induced
by SAHA or butyrate in either wild-type or Apaf-1-knockout MEFs
(Fig. 3B). Thus, caspase activation is not required in the Apaf-1-
independent cell death induced by HDAC inhibitors.

Overexpression of Bcl-XL Blocked Cytochrome c Release and Caspase
Activation but Not HDAC Inhibitor-Induced Cell Death. To further
confirm that butyrate and SAHA can induce programmed cell
death independent of cytochrome c-mediated caspase activation,
we tested the effect of these two compounds on a HeLa cell line
stably transfected with Bcl-XL. This cell line is resistant to
genotoxic-induced apoptosis (35). Overexpression of Bcl-XL
blocked HDAC inhibitor-triggered cytochrome c release, com-
pared with cells stably transfected with vector alone (Fig. 4A). As
expected, it also inhibited butyrate�SAHA-induced caspase
activation (Fig. 4B). This result further confirms that HDAC
inhibitor-induced caspase activation occurs solely via the

Fig. 2. Apaf-1 is required for butyrate and SAHA-induced caspase-3 activa-
tion but not cell death. Apaf-1 wild-type (WT, filled bars) and knockout (KO,
open bars) MEFs were harvested after the treatment with butyrate (A) or
SAHA (B) for 2 days or 3 days, and caspase-3 activation was measured as
described. Cell death of the KO cells was documented by light microscopy after
treatment of butyrate (C) or SAHA (D) with indicated concentrations.

Fig. 3. Butyrate and SAHA induced caspase-independent cell death. (A)
Apaf-1 wild-type (WT, filled bars) and knockout MEFs (KO, open bars) were
treated with 5 �M SAHA or 50 mM butyrate in the presence or absence of 40
�M Z-VAD-FMK (Z-VAD), as indicated. After treatment (2 days for the WT cells
and 3 days for the KO cells), the cells were harvested for measurement of
caspase-3 activity. (B) Microscopic pictures of the treated cells showing cell
death.

18032 � www.pnas.org�cgi�doi�10.1073�pnas.0408345102 Shao et al.



cytochrome c pathway. However, the cell death induced by
SAHA and butyrate was not blocked by overexpression of
Bcl-XL (Fig. 4C).

HDAC Inhibitors Can Induce Autophagic Cell Death Independent of
Caspase Activation. The uniqueness of the caspase-independent
cell death induced by butyrate and SAHA prompted us to
examine its morphology closely. Although dying cells to some
degree resembled apoptotic cells, such as formation of mem-
brane blebs, they could not be measured by methods detecting
other classic parameters of apoptosis, such as chromosomal
condensation or DNA fragmentation (data not shown). On the
other hand, dying cells became rounded, detached from culture
plates, and appeared to have more cytoplasmic vacuoles, all
features suggesting autophagic cell death.

To date, the most convincing and standard method to detect
autophagy is to examine the ultrastructure of cells by transmission
electron microscopy (16). Therefore, we applied such ‘‘gold stan-
dard’’ to examine the ultrastructural morphology of
Apaf-1-knockout cells and Bcl-XL-overexpressing HeLa cells after
SAHA or butyrate treatment for various times. The morphological
characteristics demonstrated that SAHA induced autophagic cell
death in these cells. Fig. 5 A–D shows the typical autophagic
features of Apaf-1-knockout MEFs after treatment with 5 �M
SAHA for 36 h. Whereas untreated cells had normal nuclear and
cytoplasmic morphology (Fig. 5A), �60% of treated cells (�200
examined) developed typical autophagic morphology. In summary

(Fig. 5B), nuclei were distorted, many small vesicles (arrowheads)
and huge vacuoles (arrows) appeared in the cytoplasm, and these
membrane compartments contained multiple cellular organelles.
Higher magnification showed that most membrane vesicles pos-
sessed double or multiple membrane boundaries, with mitochon-
dria and�or other cellular organelles inside (Fig. 5 C and D). These
morphological features clearly reflect the classical autophagic char-
acteristics (12–16); therefore, the observed double�multiple-
membrane vesicles were autophagosomes, and the larger vacuoles
were the autophagic vacuoles. Fig. 5 E and F shows examples of
HeLa cells overexpressing Bcl-XL, without and with SAHA treat-
ment, respectively. Furthermore, our analysis of SAHA�butyrate-
induced autophagic cell death revealed a dynamic process. For
example, we observed the autophagic induction stage, in which
small double membrane structures form and approach toward
mitochondria (Fig. 5G, arrowheads). We also saw docking and
fusion of autophagosomes with autophagic vacuoles (Fig. 5F,
arrowhead). Furthermore, in some cells, large autophagic vacuoles
occupied the major cellular space, and most mitochondria have
already been degraded (Fig. 5H). Such massive degradation of
essential cellular structures is probably the point of no return for
autophagic cell death.

Discussion
HDAC inhibitors can induce programmed cell death preferen-
tially in transformed cells, making them promising cancer che-
motherapeutic agents (29). Butyrate, a short fatty-acid HDAC
inhibitor is an approved anticancer medicine; SAHA (30), a
hydroxamic acid HDAC inhibitor with much higher potency,
requires clinical trials (41). In this report, we examined the
biochemical mechanisms of programmed cell death induced by
butyrate and SAHA. We found that these two compounds
exerted essentially the same death mechanisms. Butyrate and
SAHA induced caspase-3 activation and apoptosis through the
mitochondria�cytochrome c-mediated apoptotic pathway, and
caspase activation could be blocked by deletion of Apaf-1, the
caspase inhibitor Z-VAD-FMK, and overexpression of Bcl-XL.
However, abrogation of caspase activation did not prevent cells
from death (Figs. 2–4). The inefficiency of Bcl-XL in inhibiting
cell death (Fig. 4) also suggests that the caspase-independent cell
death was not caused by endonuclease G (42, 43) and apoptosis-
inducing factor (44), two other mitochondrial proapoptotic
proteins that can coordinately degrade chromosomal DNA
independent of caspase activity (45). By conducting the ultra-
structural study using transmission electron microscopy, we
demonstrated that the HDAC inhibitor-induced, caspase-
independent cell death is autophagic cell death (Fig. 5).

Our finding that HDAC inhibitors can induce both caspase-
dependent apoptosis and caspase-independent autophagic cell
death has clear therapeutic implications. It has been documented
that most, if not all, radiation- and chemotherapy-resistant
cancers have apoptotic defects (1, 2). In particular, the mito-
chondria�cytochrome c pathway mediates apoptosis induced by
radiation therapy and all genotoxic-based chemotherapies, and
it is frequently deregulated in human cancer tissues. For exam-
ple, Apaf-1 expression is severely attenuated in many malignant
melanomas (46), and antiapoptotic members of the Bcl-2 family
are up-regulated in a variety of human cancers (6–8). Our work
shows that even when Apaf-1 gene is deleted (Fig. 2) or Bcl-XL
is overexpressed (Fig. 4), butyrate and SAHA can still trigger
caspase-independent autophagic cell death, indicating the po-
tential advantage of HDAC inhibitors in treating cancers with
apoptotic defects.

Induction of two modes of cell death by HDAC inhibitors
could also reconcile some controversies in previous reports. It
has been reported that caspase activity was required for
HDAC inhibitor-potentiated cell death (36–38). However, it
has also been reported that caspase inhibition could not block

Fig. 4. Overexpression of Bcl-XL blocked butyrate- and SAHA-induced cyto-
chrome c release and caspase-3 activation, but not cell death. HeLa cell lines
stably transfected with Bcl-XL (HeLa-Bcl-XL) or vector alone (HeLa) were
treated for 2 days with various concentrations of butyrate or SAHA as indi-
cated. (A) Cells were harvested, and cytosolic proteins (40 �g) were subjected
to immunoblotting to detect Bcl-XL, cytochrome c, and �-tubulin. (B)
Caspase-3 activity was measured after treatment (filled bars, control HeLa
cells; open bars, Bcl-XL-overexpressing cells). (C) Two days after treatment
with 10 mM butyrate or 2.5 �M SAHA, death of the Bcl-XL-overexpressing
HeLa cells was documented by light microscopy.
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HDAC inhibitor-induced cell death (47, 48), which is consis-
tent with our observation. On the other hand, contradictory to
our results, it was reported that Bcl-2 and Bcl-XL could
prevent HDAC inhibitor-induced cell death (37, 48). We
reason that these discrepancies might arise from the fact that
HDAC inhibitors can induce both apoptotic and autophagic
cell death. Therefore, the methods used for cell death analysis
might have a direct impact on interpretation of results. For
example, we found that methods specific for apoptosis, such as
TUNEL staining (detecting DNA fragmentation) and Hoechst
staining (detecting chromosomal condensation), could not
score cells dying by autophagy (data not shown), whereas
methods that detect loss of plasma membrane integrity, such
as trypan blue staining, are very subjective and cannot distin-
guish necrosis, late-stage apoptosis, or late-stage autophagic
cell death. Thus, it is important to develop methods that can
accurately measure different mechanisms of cell death, espe-
cially autophagic cell death.

Because of the lack of methods for measuring autophagic cell
death specifically and quantitatively, the mechanistic study of

autophagic cell death has been difficult. Lack of appropriate
tools to induce autophagic cell death is another major obstacle.
Currently, nutrient deprivation is the only widely used method to
induce autophagy in mammalian cells. We suggest that the
capability of HDAC inhibitors in initiating autophagic cell death
makes them not only promising therapeutic agents in treating
cancers with apoptotic defects, but also useful pharmacological
tools for studying the fundamental biology of mammalian au-
tophagic cell death, which is now emerging as an important and
exciting field.
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