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Abstract 

 

Histone acetylation plays an important role in the silencing and activation of genes involved in 

tumoregenesis. Trichostatin A, originally identified as an anti-fungal drug, is a potent inhibitor of histone 

deacetylase (HDAC) with potential anti-tumor activity. In this study, we investigated the effect of M344, an 

amide analogues of trichostatin A, on the growth and differentiation of THP-1 human leukemia cells. We 

showed that at low doses, (< 0.2 μM), M344 could inhibit the growth of THP-1 cells at G1 phase in vitro 

with low cytotoxic effect. Low dose of M344 exerted some differentiating effect on THP-1 cells as judged 

by the expression of c-fms proto-oncogene (M-CSF receptor) and appearance of adherent cells. Growth 

arrest induced by M344 is associated with increased levels of cyclin–dependent protein kinase inhibitor p21 

and cyclin E, in agreement with G1 phase arrest.  At higher doses (2 μM), M344 could induce THP-1 cells to 

undergo apoptosis, which was associated with the cleavage of PARP, cytochrome c release and activation of 

both caspases-8, -9, followed by the activation of caspase-3. In addition, M344 could increase the levels of 

pro-apoptotic protein Bax but decreased the levels of anti-apoptotic protein XIAP. M344 is a potent activator 

of NF-B transcription factor. RT-PCR assay showed that the M344 could transiently increase IL-1 

expression yet markedly decreased TNF-α expression. Our results show that M344 is a potent growth 

inhibitor and inducer of apoptosis in human leukemia cells and suggest potential therapeutic strategies of 

HDAC inhibitors for patients with leukemias.  
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1.  Introduction 

 

The nucleosome core particle is composed of 

two copies of each histone protein (H2A, H2B, H3 

and H4) and 146 base pairs of superhelical DNA. 

Nuclear processes such as DNA replication, 

transcription and rearrangements during cell 

differentiation and/or proliferation are dependent 

on the chromatin structure and the access of the 

regulatory proteins to the DNA [1, 2]. The 

physical and chemical characters of histone 

proteins play a key role in these processes. One of 

the regulatory mechanisms involved in the gene 

expression and transcription is mediated through 

post-translational modification   (acetylation/ 

deacetylation) of the core histone proteins. 

Modification of histone proteins is established and 

maintained through two classes of enzymes with 

opposite functions [3-6]: 1) histone acetyl 

transferase (HATs) and 2) histone deacetylases 

(HDACs) [7]. Inhibition of the histone deacetylase 

will increase the levels of acetylated histone 

proteins, which allow the easy access of the 

regulatory proteins and transcriptional factors to 

the target genes, resulting in increased gene 

expression. 

Recent studies show that histone 

acetylation/deacetylation may play an important 

role in the silencing or activation of genes 

involved in tumoregenesis. Normal cells contain 

appropriate state of histone acetylation, which is 

essential for them to undergo normal 

differentiation and maturation. Tumor cells are 

characterized by abnormal cell differentiation and 

proliferation. Inappropriate states of histone 

acetylation have been found in numerous types of 

malignant cells [8, 9], implicating potential roles 

of histone acetylation in tumorigenesis. In recent 

year, a number of HDAC inhibitors, such as TSA, 

SAHA, pyroxamde etc., have been identified by 

various investigators. In vitro studies showed that 

these inhibitors could induce various tumor cells 

to undergo growth arrest, differentiation, and/or 

apoptosis [10-12]. Thus, the use of agents that 

alter the status of histone acetylation may allow 

the switching on or off of deregulated genes and 

induce either differentiation or block uncontrolled 

proliferation in transformed cells. 

Trichostatin A (TSA), a hydroxamic acid, 

was originally isolated from culture broth of 

Streptomyces platensis as an anti-fungial 

antibiotic. Later it was found to be a potent 

inhibitor of histone deacetylase, which leads to 

wide investigation as a potential antineoplastic 

agent [13]. Accumulated evidences suggest that 

TSA can induce malignancy cells to undergo 

differentiation or apoptosis and induce cell cycle 

arrest [14]. TSA has been emerging as a potent 

novel antineoplastic agent for treating both solid 

and hematological malignancies. M344 is an 

amide analogue of trachostatin A developed 

recently by Jung and co-investigators [15]. 

Likewise, M344 exhibited an anti-malignance 

activity, which can induce terminal differentiation 

of Friend leukemia cells as well as anti-

proliferation activity in culture.  

In this study, we investigated the effect of 

M344 on the proliferation and differentiation of 

human THP-1 leukemia cells.  We now report 

here that M344 is a growth inhibitor at low doses 

with limited differentiating effect and a potent 

inducer of apoptotic cell death at high doses in 

THP-1 leukemia cells. In addition, we showed that 

G1 growth arrest of THP-1 cells induced by M344 

is associated with increased levels of p21 kinase 

inhibitor and cyclin E.   

 

2.  Material and methods
 

 

2.1 Cell and Reagents 

 Human THP-1 monocytic leukemia cell line 

is obtained from ATCC (Manassas, VA). THP-1 

cells were maintained in RPMI 1640 medium 

containing 10% FBS, 100 unit/ml of penicillin and 

100 µg/ml of streptomycin, 100 μM L-glutamine, 

and 0.1 M HEPES. 

 M344, an amide analog of Trichostatin A, 

was purchased from CALBIOCHEM (San Diego, 

CA, Cat. No.647925). Anti-c-fms, anti-Bax, anti-

p65 Rel A, anti-cytochrome c antibodies were 

obtained from Santa Cruz Biotechnology Inc 

(Santa Cruz, CA). Anti-XIAP antibody was 

obtained from MBL (Nagoya, Japan). Anti-cyclin 

A, B1, E, p21 and p34, and anti-human caspase-8 

antibodies were purchased from PharMingen, Inc. 

(San Diego, CA). Rabbit anti-human caspase-3 

substrate set III were purchase from 
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CALBIOCHEM (San Diego, CA).  Monoclonal 

mouse anti-poly (ADP-ribose) polymerase 

(PARP) was purchased from Biomol Research 

Laboratories Inc (Plymouth Meeting, PA). 

Acridine orange was a product of Sigma (Sigma, 

St. Louis, MO).  

 

2.2 Acridine Orange Staining 

 After treatment, 1 x10
6 

THP-1 cells were 

harvested and washed once with cold PBS, the 

cells were then re-suspended in 0.1 ml PBS and 

added 15L of 100 μg/ml acridine orange 

solution, incubating for 15 min at room 

temperature. The staining cells were counted 

under fluorescence microscope. Cells with highly 

condensed chromatin and fragmented nuclei that 

are uniformly stained by acridine orange were 

counted as apoptotic cells. A minimum of 100 

cells per sample was counted [16]. 

 

2.3 Cellular Fractionation and Caspases Activity 

Assay  

 We followed the procedures described 

previously [16].   

 

2.4 Western Blot [17] 

 Total cell lysates were boiled in an SDS gel-

loading buffer with DTT for 8 min. The total 

protein concentration was determined using Bio-

Rad DC protein assay kit.  The samples were 

subjected to electrophoresis on 10% SDS-

polyacrylamide gel.  After electrophoresis, 

proteins were transferred to a 0.2 m 

nitrocellulose membrane (Schleicher & Shuell, 

Keene, NH) at 4C, 14V overnight.  Nonspecific 

binding sites on the nitrocellulose membrane were 

blocked by incubating in blocking buffer (5 % 

nonfat milk in TBS-tween 20) for 2 hours at room 

temperature. The blots were washed by TBS-

tween once and incubated for 2 hours at room 

temperature with the primary antibody. After 

removal of excess primary antibody with three 

washes, the blots were incubated with a secondary 

antibody (goat anti-mouse or goat anti-rabbit 

antibodies conjugated with horseradish 

peroxidase). The membrane was developed with 

the enhanced chemiluminescence (ECL) reagent 

and exposed to Hyperfilm-ECL (Amersham Life 

Science Corp.) for visualization [16]. 

2.5 Propidium Iodide Staining and Flow 

Cytometry assay:  

 The THP-1 cells were treated with 2μM 

M344 for various time periods. After washing, 

cells were re-suspended in 0.5 ml PBS and fixed 

in 4.5 ml cold 70% ethanol. For propidium Iodide 

staining, cells were washed in cold PBS once and 

re-suspended in 1 ml of propidium iodide staining 

solution containing 20 μg/ml propidium iodide, 

0.1% Triton X-100, 200 μg/ml Dnase free Rnase 

A, for 15 min at room temperature. Cells were 

then subject to flow cytometric analysis with 

FACScan (Becton Dickinson, San Jose, CA). Data 

were analyzed by Modfit Software for cell cycle 

profiles.  

 

2.6 Electrophoretic mobility-shift assay (EMSA) 

 EMSA was carried out as described 

previously [18].  Briefly, 5x10
6 

cells were washed 

with cold phosphate-buffered saline (PBS) once, 

and suspended in 400 µl cold lysis buffer (10 mM 

HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, and 1 x Protease Inhibitor 

Cocktail) with constantly flicking the tube.  The 

cells were allowed to swell on ice for 15 min, and 

then vortexed vigorously for 10 sec.  The 

homogenate was centrifuged at 6500 rpm for 30 

sec, and the supernatant fraction was discarded. 

The nuclear pellet was resuspended in 50 μl ice-

cold nuclear extraction buffer (20 mM HEPES-

KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 

mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 1x 

Protease Inhibitor Cocktail) and incubated on ice 

for 20 min for high-salt extraction.  The mixture 

was centrifuged for 5 min at 4
o
C, and the 

supernatant (nuclear extract) was either used 

immediately or stored at -70
o
C.   

 EMSA was performed by incubating 5 μg of 

nuclear extract with 
32

P-labeled NF-B p50 

oligonucleotides, 5’-GCC ATG GGG GGA TCC 

CCG AAG TCC-3’ (Geneka Biotechnology Inc., 

Canada) for 25 min at room temperature in a 

reaction buffer (10 mM Tris, pH7.5, 50 mM NaCl, 

1mM DTT, 1 mM EDTA, 5% glycerol). The 

DNA-protein complexes formed were separated 

from free oligonucleotides on 4% native 

polyacrylamide gel containing 50 mM Tris pH 

7.5, 0.38 M glycine and 2 mM EDTA. The gel 

was dried and visualized by autoradiography. 
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Fig 1. The effects of M344 on cell growth and c-fms expression.  A) THP-1 cells were treated with increasing doses 

of M344. After 24 hrs, cells were stained by trypan blue solution and counted under light microscope. B) THP-1 cells 

were incubated with 0.2 μM and 2 μM M344, respectively. After indicated time, cells were stained by trypan blue 

solution and unstained cells were counted under light microscope. C) THP-1 cells were treated with different doses of 

M344 for 24 hr, or with 0.2 μM of M344 for indicated time periods. Cells were harvested, washed and lysed in SDS-

loading buffer. The samples were subjected to western blot assay for c-fms protein level.  -actin level was used as an 

equal loading control. D) THP-1 cells (10
5
/ml) were treated with various doses of M344 for 24 hr. Adherent cells and 

nonadherent cells were measured to determine the percentage of adherent cells. E) THP-1 cells were treated with 

M344 for various time periods. Thereafter, cells were harvested and stained with acridine orange. Apoptotic cells were 

measured under a fluorescence microscope. F) THP-1 cells were incubated 2 μM M344 for various time periods as 

indicated. C-fms level was determined by western blot as described in Materials and Methods.  
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2.7 RT-PCR assay 

 Total RNA was extracted from cultured THP-

1 cells using Trizol reagent (Invitrogen Inc. 

Carlsbad, CA). cDNA was prepared by mixing 1 

μg of total cellular RNA with 100 U of M-MLV 

reverse transcriptase and 20 mM each of dNTP, 

and oligos d(T)16 (25 μM) in a total volume of 20 

μl.  The mixtures were incubated at 42 C for 45 

min followed by 5 min incubation at 95C.  

Seventy-eight μl of PCR master mixtures 

containing 0.25 U Tag DNA polymerase were 

then dispensed into each RT product and the 

corresponding template. Thereafter, 1 μl of 

"downstream" and "upstream" primers (50 pmol 

each) were added to relevant tubes. The primers 

used for PCR were as follows: IL-1α (product size 

344bp), forward 5’-CAT CGC CAA TGA CTC 

AGA GGA AGA-3’, reverse 5’-TGG TTT TGG 

GTA TCT CAG GCA TCT C-3’, TNF-α (product 

size 417bp), forward 5’-CCC CAG GGC TCC 

AGG CGG TGC TTG T-3, reverse 5’-GGA GAC 

GGC GAT GCG GCT GAT GGT G-3’ and IFN-

(product size 324bp), forward 5’-CAG GTC ATT 

CAG ATG TAG CGG ATA A-3’, reverse 5’-TAG 

CTG CTG GCG ACA GTT CA-3’). The reaction 

was carried out in a Perkin Elmer 480 Thermal 

Cycler under optimal conditions for 30-35 cycles. 

The PCR reaction products were analyzed by 

1.5% agarose mini-gel electrophoresis after 

staining with 0.5 μg/ml ethidium bromide. The 

specificity of the amplified bands was confirmed 

by the predicted size and by running known PCR 

templates provided by Clontech for each product.   

 

3.  Results 

 

3.1 Effects on THP-1 Cell Proliferation and 

Differentiation by M344 

M344 could induce differentiation and inhibit 

proliferation of murine erythroleukemia cells at 2 

μM [15]. To obtain direct evident that the M344 

inhibit THP-1 cell proliferation, we treated the 

cells with various doses of M344 for 24 hrs or for 

indicated time, and cells excluding trypan blue dye 

were counted under a light microscope. We found 

that, comparing to no treatment group, M344 

inhibited THP-1 cell proliferation in a dose-

dependent manner (Fig 1A). M344 at 0.2 μM was 

sufficient to induce a significant inhibition of 

THP-1 cell growth (Fig 1B). At higher doses (>2 

μM), M344 induced cell death as demonstrated by 

trypan blue staining (data not shown). Western 

blot analysis showed that M344 induced 

expression of c-fms (M-CSF receptor), a marker 

of mononuclear cell differentiation, most evidently 

at 0.02 μM concentration within 24 hr (Fig 1C). At 

higher doses (0.2 - 2 μM), M344 is less effective 

in stimulating the expression of c-fms; and 

prolonged treatment (48 hr) with M344 at 0.2 μM 

concentration was required to enhance the 

expression of c-fms in THP-1 cells (Fig. 1C). Yet, 

treatment of THP-1 cells with M344 did not 

significantly increase the number of adherent cells 

(less than 8%), a functional marker of mature 

mononuclear cells (Fig. 1D).  

Previous studies showed that HDAC 

inhibition could induce apoptosis in broad types of 

carcinoma and leukemia cells [19-21]. We found 

that treatment with M344 at 2 μM concentration is 

associated with increasing the number of apoptotic 

cells as judged by morphologic examination 

following acridine orange staining under a 

fluorescence microscope (Fig 1E). Apoptotic cells 

show highly condensed chromatin and fragmented 

nuclei that are uniformly stained by acridine 

orange. Cell death following M344 treatment was 

confirmed by trypan blue staining in parallel 

cultures (data not shown). Treatment of THP-1 

cells with 0.2 μM M344 slightly increased the 

number of apoptotic cells within 48 hr 

(approximately 25%). Yet, treatment with 2 μM 

M344 for 48 hr induced more than 95% of the 

THP-1 cells to undergo apoptosis (Fig. 1E). In 

addition, western blot analysis shows that, 

concomitant with apoptosis, the levels of c-fms 

expression decreased in a time-dependent manner 

when cells were treated with 2 M M344 (Fig 1F).  

 

3.2 THP-1 Cell Apoptosis Induced with M344 

To better understand the nature of apoptosis 

induced by M344, we examined the expression of 

a number of pro- and anti-apoptotic regulators.  As 

shown in Fig. 2A and B, along with the apoptotic 

progress, the anti-apoptotic protein, XIAP, 

decreased while a pro-apoptotic protein Bax 

increased, especially the small subunit after 

prolonged treatment. Since apoptosis of THP-1 

cells induced with M344 is associated with the 
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cleavage of PARP protein with the increasing of 

the 86 kd fragment (Fig. 2B), we conducted a 

colorimetric assay to evaluate the caspase activity 

after M344 treatment. Indeed, activation of 

caspases-3 was confirmed by using cytosolic 

fraction of THP-1 cells after M344 treatment (Fig. 

2C). Compared with no treatment group, M344 at 

2 μM concentration significantly increased 

caspase–3 activity in a time-dependent manner. In 

addition, cytochrom c in cytosolic fraction of 

apoptotic THP-1 cells was gradually elevated after 

M344 treatment (Fig. 2D).  

 

 
Fig 2.  Apoptosis induction by HDAC inhibitor M344. A) THP-1 cells were treated with various doses of 

M344 for 24hr. Cells were harvested and lysed in SDS-loading buffer. Total protein concentration was 

determinate and sample was subjected to western blot assay with anti-XIAP, Bax, and Bcl-2 antibodies. B) 

THP-1 cells were treated with 2 M of M344 for various time periods as indicated. Total cell lysates were 

subjected to western blot assay with anti-XIAP, Bax, Bcl-2 and anti-PARP antibodies. C) THP-1 cells were 

treated M344 for indicated time periods. The activity of caspase-3 was analyzed as described in Materials 

and Methods. D) THP-1 cells were treated with 2 M of M344 for indicated time periods; cytosolic fractions 

were obtained and subjected to western blot assay for cytochrome c protein. β-actin was used as equal 

loading control. 

 

3.3 Regulation of Cell Cycle by HDAC Inhibitor 

M344 

Since M344 could prevent THP-1 growth, we 

investigated the effects of M344 on cell cycle 

progression.  We treated THP-1 cells with M344 

for various time periods followed by cell staining 

with propidium iodide and flow cytometric 

analysis. As shown in Fig. 3A, treatment of THP-1 

cells with M344 (0.2 µM) for 48 hour increased 

the percentage of cells in G0/G1 phases from 

47.11% (control) to 83.32%, while the cells in S 

phases decreased from 34.33% to 6.15%.  Since it 

has been documented that histone deacetylase 

inhibitors can induce the expression of cyclin–
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dependent protein kinase inhibitor p21 [22-24], we 

asked whether p21 plays a role in M344-induced 

growth arrest in THP-1 cells.  As shown in Fig. 

3B, treatment of THP-1 cells with M344 markedly 

increased the levels of both p21 and cyclin E, 

reaching peak levels at about 12 hrs following 

treatment. In contrast, the levels of cyclne A, 

cycline B1 and cdc2 (p34) were not changed by 

M344 (unpublished data). 

 

 
 

Fig 3. Cell cycle regulation by HDAC inhibitor 

M344.  A) THP-1 cells were treated with 0.2 M 

of M344 for 48 hrs. Cells were harvested and 

stained with propidium Iodide staining solution 

followed by Flow Cytometry assay to determine 

the cell cycle stage. B) THP-1 cells were treated 

with various doses of M344 for 24 hr, or with 2 

M of M344 for indicated time periods. At the 

end of incubation, cells were harvested and lysed 

in SDS-loading buffer. Samples were subjected to 

western blot assay. -actin level was used as an 

equal loading control. 

 

3.4 Activation of NF-B by HDAC Inhibitor 

M344 

Previous studies showed that activation of 

NF-B is a key event induced by HDAC inhibitor 

in various types of cells [25-32]. To determine 

whether activation of NF-B was involved in 

M344-induced THP-1 cell differentiation/ 

apoptosis, electrophoresis mobility-shift assay 

(EMSA) was conducted to exam the NF-B 

specific oligo binding activity of M344 treated 

nuclear extract. As shown in Fig. 4A, M344 

treatment could markedly increase the levels of 

NF-B activation in a dose-dependent manner. 

Activation of NF-B transcription was detected 

within 4 hr and reached a peak level 8 hrs after 

treatment.  Western blot analysis using nuclear 

extract from treated THP-1 cells showed that there 

is a concomitant increase of p65 RelA subunit of 

NF-B (Fig 4B).  

 

 
 

Fig 4.  Induction of NF-κB activation by HDAC 

inhibitor M344.  A) THP-1 cells were treated with 

indicated doses of M344 for 3 hrs, or with 2 M 

of M344 for indicated time periods. After 

incubation, cell nuclear extract was isolated and 

total protein concentration was determinate. 

Samples were subjected to EMSA by running 

through 4% non-denaturing acrylamide gel at 100 

v for 30 min. The gel was dried and exposed to X-

ray film.  B) THP-1 cells were treated with 2 M 

of M344 for 0, 6 and 12 hrs and nuclear 

extractions were obtained; western blot was 

employed to assay the nuclear p65 Rel A level in 

equal amount of nuclear extraction. GAPDH was 

used as equal loading control. 

 

3.5 Expression of Inflammatory Cytokines  

A major functional response of mature 

macrophages is the production of inflammatory 

cytokines. Since Inhibition of chromatin histone 

deacetylation could trigger gene expression 
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globally, we asked whether M344 might affect the 

expression of cytokines in THP-1 cells.  We 

examined the mRNA levels of inflammatory 

cytokines IL-1α and TNF-α using RT-PCR 

technique in M344-treated THP-1 cells. Control 

THP-1 cells expressed basal levels of IL-1α and 

TNF-α mRNA.  When THP-1 cells were induced 

to undergo apoptosis by treating with 2 μM of 

M344, the level of IL-1α mRNA increased 

gradually and reached a peak level at 24 hour. By 

48 hour, the level of IL-1α diminished to a 

minimal level, presumably due to cell death. In 

contrast, M344 caused a continual decrease in the 

levels of TNF-α mRNA in THP-1 cells, especially 

in 2 μM of M344 treated group (Fig 5 A). 

 

 
 

Fig 5. Effect of M344 on the expression of 

inflammatory cytokines in THP-1 cells.  A) THP-1 

cells were treated with 0.2 M and 2 M of M344, 

separately for up to 48 hrs. Cells were then 

harvested at indicated time and total RNA was 

extracted followed by RT-PCR analysis.  One μg 

of total RNA for each sample was used to generate 

the cDNA through reverse transcription reaction. 

PCR assays for individual cytokine were 

conducted as described in Materials and Methods.  

 

 4.  Discussion  

 

In this study, we investigated the effect of a 

newly developed M344 on THP-1 cells, a human 

myelomonocytic leukemia cell line. We showed 

that M344 is a potent growth inhibitor [34-37], 

which arrests cell cycle in G1 phase. At low doses, 

M344 exhibits some weak differentiating effect on 

THP-1 cells as judged by enhanced expression of 

c-fms (M-CSFR) in these cells. Yet, M344 did not 

fully convert THP-1 cells to become adherent, the 

most prominent functional marker of mature 

macrophages. A similar study by Dai et al 

reported that histone deacetylase inhibitor, sodium 

butyrate, could arrest U937 human leukemia cells 

in G1 phase as well as induce U937 cells to 

undergo maturation as evidenced by the 

expression of differentiation markers CD11a, 

CD11b, and CD18 [38]. At higher doses (> 0.2 

μM), M344 could induce THP-1 cells to undergo 

apoptosis following G1 arrest. Treatment of THP-

1 cells with 2 μM inhibitor induced more than 

95% cells to undergo apoptosis within 48 hr. 

Apoptosis induced by M344 is associated with the 

activation of both caspase activation and 

cytochrome c release from the mitochondria, 

suggesting that both mitochondria-dependent and 

receptor-mediated pathways are involved. Other 

investigators have reported similar results using 

other types of HDAC inhibitors including MS-275 

and FR901228 [20, 39]. These findings indicate 

that HDAC inhibitors may act through a 

mechanism distinct from traditional cytotoxic anti-

cancer agents, which induce apoptosis primarily 

through a cytochrome c dependent pathway.  

Growth arrest of THP-1 cells induced by 

M344 is associated with increased levels of both 

p21 and cyclin E, two major cell cycle regulators 

of G1 phase.  In contrast, the levels of cyclin A, 

cyclin B1 and cdc 2 (p34) were not substantially 

changed by M344 in the process. This finding 

indicates that p21 plays a key role in suppressing 

the growth of THP-1 cells induced by M344. 

Given that THP-1 cells are p53 deficiency [40], 

our results indicate the mechanism by which 

M344 affect THP-1 growth and survival are 

probably independent of p53. The importance of 

p21 in regulating growth inhibition induced by 

HDAC inhibitors also has been reported 

previously in other cell types and tissues [23, 36, 

37, 41, 42].   

Similar to the results reported by other 

investigators [43, 44], we showed that HDAC 

inhibitor is a potent activator of NF-B 

transcription factor. Activation of NF-B 

transcription factor was detected mainly in cells 

treated with higher dose of HDAC inhibitors (>0.2 

μM), suggesting that the activation of NF-B may 

contribute primarily to inducing apoptotic cell 

death rather then cell differentiation.  
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We hypothesized that inflammatory cytokines 

such as TNF-α induced by NF-B activation may 

play a role in the induction of apoptosis in THP-1 

cells. Unexpectedly, we found that instead of up-

regulating TNF-α expression, M344 suppressed 

the expression of TNF-α in THP-1 cells. Inhibition 

of TNF-α was particularly evident in cultures 

treated with high doses of the inhibitor (>2 μM). 

This finding suggests that the activation of 

apoptotic pathway is not mediated through the 

production of TNF-α by M344-treated THP-1 

cells. In contrast, M344 could rapidly and 

transiently increase the levels of IL-1 mRNA, 

another potent inflammatory cytokine, in THP-1 

cells. It is not known why HDAC inhibitor could 

trigger the production of IL- NF-

since the production of both cytokines is under the 

regulation NF-B transcription factor. 

Conceivably, HDAC inhibitor may induce 

additional regulatory proteins such as 

transcriptional repressors and co-activators, which 

act in coordination with NF-B to either promote 

or suppress the production of these cytokines [46, 

47]. The fact that HDAC inhibitor can inhibit 

TNF- -1 cells suggests that 

HDAC inhibitor could also act as a novel and 

potential anti-inflammatory agent. In supporting 

this view, a recent study by Leoni et al. reported 

that histone deacetylase inhibitor suberoylanilide 

hydroxamic acid exhibits anti-inflammatory 

properties through the suppression of cytokine 

production by macrophages [48].   

One of the apoptosis regulators affected by 

M344 is XIAP (X chromosome-linked IAP), a 

potent anti-apoptotic protein [49, 50]. XIAP is 

abundantly expressed in THP-1 cells. The levels 

of XIAP reduced markedly in THP-1 cells that had 

been treated with high (2 μM) but not low dose of 

M344. Reduction of endogenous XIAP was 

detected within 12 hr following HDAC treatment 

prior to the onset of apoptosis, suggesting that  

down-regulation of XIAP may play a role in the 

induction of apoptosis in M344-treated cells. The 

mechanism by which M344 suppresses the 

expression of XIAP in THP-1 cells is not known 

at present. However, of equally likelihood, HDAC 

inhibitor induced XIAP down regulation may be a 

direct result of caspase-mediated XIAP 

degradation during apoptosis as has been 

reported previously [51].    

Advances in the understanding of the 

acetylation/deacetylation mechanism in cells have 

prompted investigators to examine the role of 

HDAC inhibitors as potent anti-cancer agents. Our 

data showed that M344 could induce THP-1 

leukemia cells to undergo growth arrest and 

promote apoptosis. HDAC inhibitors act with 

entirely different mechanisms than those with 

traditional anti-cancer agents. This unique 

property of HDAC inhibitor allows a combined 

use of HDAC inhibitors with conventional anti-

cancer drugs. Indeed, in a recent report, Denlinger 

et al [52] showed that treatment of non-small cell 

lung cancer with combined proteasome inhibitor 

and HDAC inhibitor greatly promoted apoptosis 

by 3- to 4-fold compared with HDAC inhibitor 

alone. More recently, Maggio et al. reported that 

histone deacetylase inhibitor MS-275 acts 

synergistically with fludarabine to induce 

apoptosis in human leukemia cells [53] and 

Chobanian et al. showed that histone deacetylase 

inhibitors could enhance paclitaxel-induced cell 

death in ovarian cancer cell lines independent of 

p53 status [54]. Still, Coffey et al reported that 

combined treatment with deacetylase inhibitors 

and retinoic acids inhibit growth of human 

neuroblastoma in significantly lower 

concentrations when used together than when used 

individually. Thus, combination therapy may 

improve the ultimate efficacy while reducing the 

side effects of these agents in clinical use [55].   
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