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Deacetylase Inhibitors

Wei-Guo Zhu, Romola R. Lakshmanan, Matthew D. Beal, and Gregory A. Ottersof

Division of Hematology/Oncology, Department of Internal Medicine and the Comprehensive Cancer Center, The Ohio State University, ColumB@4,00hio 4

Abstract in chromatin structure by histone hyperacetylation or deacetylation
and the development of cancer (7, 8, 11, 12). The short chain fatty
) ) . . : ., acid butyrate (which is a breakdown product of fiber fermentation in

vation, whereas conversely, deacetylation of histones is associated with . .

gene silencing and transcriptional repression. Here we report that inhib- the colon) appears to inhibit HDAC and suppregses the prere_Ss_'on of
itors of histone deacetylase (HDAC), depsipeptide and trichostatin A, colon cancer (8, 11). P300/CBP and pCAF, which are transcriptional
induce apoptotic cell death in human lung cancer cells as demonstrated by coactivators, have been shown to have histone acetyltransferase &-
DNA flow cytometry and Western immunoblot to detect cleavage of tivity and are disrupted by E-1a, a viral oncoprotein (12). The RB, §
poly(ADP-ribose) polymerase. This HDAC inhibitorinduced apoptosis is  which plays an important role in controlling cell cycle progression by &
greatly enhanced in the presence of the DNA methyltransferase inhibitor, regulating E2F activity, is a transcriptional repressor that was recentl)g

5-aza-2-deoxycytidine (DAC). The HDAC inhibitor-induced apoptosis reported to recruit HDACL1 to the E2F-regulated cyclin E promoterZ
appears to be p53 independent, because no change in apoptotic cell death =

was observed in H1299 cells that expressed exogenous wild-type p5§7)' The RB pathway of ¢S cell cycle control is altered in most, if
(H1299 cells express no endogenous p53 protein). To further investigate N0t all, cancers (8). Additional evidence suggesting a link betwee B
the mechanism of DAC-enhanced, HDAC inhibitor-induced apoptosis, we histone acetylation and cancer is the functional link between DNAzZ
analyzed histone H3 and H4 acetylation by Western immunoblotting. methylation and histone acetylation through the family of methyl§
Results showed that depsipeptide induced a dose-dependent acetylation ofpNA binding proteins. Taken together, these data indicate that théi:
histones HFS and H4, which'was greatly 'ir.lcreas.ed in DAC-pretreated ce.lls. development of cancer is associated with histone acetylation. §
By analyzing the acetylation of specific lysine residues at the amino ., o4,y histone acetylation, specific inhibitors of histone deacety-£

terminus of histone H4 (Ac-5, Ac-8, Ac-12, and Ac-16), we found that the | h b d. TSA icrobial bolite. i =4
enhancement of HDAC inhibitor-induced acetylation of histones in the ase have been used. » & microbial metabolite, Is a potent rever%

DAC-pretreated cells was not lysine site specific. These results demon-ib|_e inhibitqr of HDAC (13). TSA is reported to induce hyperacety- 7‘%
strate that DNA methylation status is an important determinant of apo- lation of histones (14), cell cycle arrest, and apoptosis (15, 16)3

Histone acetylation has long been associated with transcriptional acti-

Loee)/

ptotic susceptibility to HDAC inhibitors. Depsipeptide (FR901228) is another inhibitor of HDAC, which has a§
structure unrelated to TSA (17). Depsipeptide strongly inhibits pro-§
Introduction liferation of tumor cells by arresting cell cycle transition at the & 8

z%pd G-M phases (18) and induces apoptotic cell death in humam:

The e-amino group of specific lysine residues of histones H3 a : .
H4 is modified by histone acetyltransferases and HBA&Gzymes. %reast cancer cells (19_)' T.SA ar_ld depsipeptide ta}rget _the.same patg_
y; however, the antiproliferative effect of depsipeptide is 10-fold 3

The net level of histone acetylation depends on the balance of acti\){\@ ) ] ] =
of these enzymes (1, 2). Acetylation of lysine residues on th%_NFpreater .thar.1 that of TSA, and the JCof depsipeptide on histone
terminal tails of the histones neutralizes the positive charge of tAEetY!ation is much lower than TSA (17). _
histone tail and decreases its affinity to negatively charged DNA (3, CYtosine methylation of CpG islands within the promoter regions<
4). As a consequence, it is thought that histone acetylation leadsPfdumor suppressor genes can cause transcriptional silencing (20, 24,
changes of nucleosomal conformation and allows DNA to becom&is epigenetic process is characterized by reversible transcriptiona)
more accessible to transcription factors (5, 6). As such, histone acétjencing without structural genetic alterations and can be revénsed
lation has been associated with transcriptionally active regions of o through the use of DNA methyltransferase inhibitors such asg
genome, whereas silenced regions are associated with hypoacetylBX8&. Recent reports have linked the process of DNA methylation ands
histones. histone acetylation through the family of methyl DNA binding pro- x
Because the acetylation state of histones is associated with treins, as characterized by MeCP2 (21, 22). In addition, Dnmt1 is able
scriptional activity, the role of histone acetylation in regulating reexe directly bind to HDAC enzymes. We hypothesize here that the
pression of silenced tumor suppressor genes has been studied widaljproliferative and proapoptotic activities of the DNA methyltrans-
(7-10). Growing evidence suggests a relationship between alterati@gaise inhibitors and HDAC inhibitors are linked. We performed
experiments in human lung cancer cell lines H23 and H719. Both cell
Received 9/15/00; accepted 12/28/00. lines were treated with HDAC inhibitors alone or in combination with
The costs of publication of this article were defrayed in part by the payment of pa . . :
charges. This article must therefore be hereby maddartisemenin accordance with BAC to investigate whether ,apQPIOt"? cell dea_th occurs. We also
18 U.S.C. Section 1734 solely to indicate this fact. analyzed the level of HDAC inhibitor-induced histones H3 and H4
1 Supported by grants from the American Cancer Society, Ohio Division (t ; ; ; _
G. A. 0O.), Ohio Cancer Research Associates (to G. A. O.), and Grants 1 R25 CASZS%&etylatlon with or without DAC tr_eatm_em'_ The results of _our exper
(to M. D. B.) and P30 CA16058 from the National Cancer Institute, Bethesda, MOMeNts show that TSA and depsipeptide induced a p53-independent
2To whom requests for reprints should be addressed, at Division of Hematologypoptosis that was greatly increased in the presence of the DNA
Oncology, Department of Internal Medicine, The Ohio State University, Room 415 L .
Starling Loving Hall, 320 West 10th Avenue, Columbus, OH 43210-1240. Phong:]emyltranSferase inhibitor, DAC. Furthermore, the mechanism by
(61;1) 293-6786; Fax: (614) 293-7529; E-mail: otterson-1@medctr.osu.edu. which DAC enhances HDAC inhibitor-induced apoptosis may be
The abbreviations used are: HDAC, histone deacetylase; ATCC, American Ty . . . .
Culture Collection; DAC, 5-aza‘Zeoxycytidine; PARP, poly(ADP-ribose) polymerase;PglaFed to an enhancement of depS|pept|de-|nduced hyperacetylatlon
RB, retinoblastoma protein; TSA, trichostatin A; wt, wild type. of histones in the presence of DAC.
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DAC ENHANCES HDAC INHIBITOR-INDUCED APOPTOSIS

Materials and Methods medium. Twenty-four h after transfection, fresh medium was added, and cells
were treated with DAC (1um) or depsipeptide (0.05uM), singly or in
Cell Culture and Chemical Treatment. Human lung cancer cell lines combination. Cells were lysed, and proteins were assayed with Western
H23, H719, and H1299 were obtained from the ATCC and grown in RPMihmunoblotting as described above.

1640 supplemented with 10% FCS and penicillin/streptomycin at 37°C (5%

CO,; Ref. 23). Twenty-four h prior to experiments, 0510° cells were plated Results

on 100-cnd plates. DAC (Sigma Chemical Co., St. Louis, MO) was added to o ) )

cells at 1um for 12-72 h. Fresh DAC was changed every 24 h. Depsipeptide HDAC Inhibitor-induced Apoptosis Is Enhanced in the Pres-

was kindly provided by Dr. Kenneth K. Chan (The College of Pharmacy, TH&nce of DAC. HDAC inhibitors, depsipeptide and TSA, have been

Ohio State University). TSA was purchased from Sigma. DAC, depsipeptidgd)own to have potential antitumor activity in human cancer cells (14,

and TSA were dissolved in DMSO. The maximum concentration of DMSQ7, 19). We used two lung cancer cell lines, H719 and H23, as target

used in all experiments was0.01%. All untreated cells were treated withcells to study the effects of depsipeptide and TSA. Both H719 and

0.01% of DMSO as a control. H23 were chosen because they are known to lack the cyclin dependent
Trypan Blue Assay. Cells that were treated with different drugs at differ-,jnase inhibitor plB"K“, on the basis of promoter hypermethylation

ent concentrations were harvested and stained with trypan blue (final conc&s)_ We were interested in evaluating the effects of combining

tration, 0.02%; Life Technologies, Inc., Gaithersburg, MD). The stained Cell—?DAC inhibitors and DNA methyltransferase inhibitors on pi#
were then counted immediately under a microscope. At least 200 cells were y

counted for each time point. Stained black cells were considered as dead c%_rlgtem expressmn._ Cells were exposed to TSA or_ dep5|pept|d_e act,
and unstained bright cells as viable cells. different c_oncentratlons for 6 h, washed and plaq_ad in fresh medlumg
Protein Extraction and Western Immunoblotting. Cells were harvested, and then incubated for 24 h to measure cell viability with trypan blueg
and proteins were extracted as described previously (23). Cells were lysed v@g$ay. Fig. A shows that TSA and depsipeptide decreased cell via-g
lysis buffer [50 nu Tris-HCI, 250 nu NaCl, 5 mu EDTA, 50 mv NaF, 0.1% bility in both cell lines in a dose-dependent fashion. Cell viability, for
Igepal CA-630, and a mixture of protease inhibitors (Roche Diagnostiassxample, decreased in a graded fashion from 93.53.2% to
Mannheim, Germany)]. Equivalent amounts of proteins (150—42§Pwere 58,2+ 2% in H719 cells treated with increasing doses of TSA for 6 h
size fractionated on SDS-PAGE (9% for p53 amdubulin and 7.5% for (Fig, 14). Similarly, the cell viability decreased from 91:53.2% to
PARP). Proteins on the g_els were transferred 0nt<_) nitrocellulose membraggs 3.2% in H719 cells when treated with depsipeptide at dose
and blocked [5% nonfat milk, ZOOWnNaCI, 25 T”S (PH 7:5), aqd 0.05% ranging from 0.05 to fum (Fig. 1A). Almost identical results were
Tween 20]. The membranes were incubated with primary antibody at 4o tained with H23 cells. DAC-induced changes in cell viability were

overnight with rocking. After washing with TBS-T (20miTris, 500 v NaCl, . .
and 0.1% Tween 20) six times at 5 min each, membranes were incubated \ﬁHth when cells were exposed to DAC 1) for up to 72 h (Fig. 1,

the appropriate secondary antibody (antimouse 1:2000 for p53, 1:5000 RB@nd C). When TSA or depsipeptide (at the lowest concentrations
a-tubulin, and 1:2500 for PARP) at room temperature for 1-2 h. Protein bari@sted in Fig. &) was introduced into DAC-pretreated cells, a signif-
were detected using a chemiluminescent detection system (Amersham Pi¢ant enhancement of cytotoxicity was observed (FigBland C).
macia Biotech, Uppsala, Sweden). The antibodies were purchased from S&dls were pretreated with DAC (iwm) for 24, 48, and 72 h, respec-
Cruz Biotechnology (Santa Cruz, CA; anti-p53, DO-1xd/ml), PharMingen  tively, and TSA (0.5um) or depsipeptide (0.0am) was added to the
(San Diego, CA; anti-PARP; Jug/ml), and Oncogene Research ProducthAC-pretreated cells for the fih& h of drug exposure (at 1824,
(Darmstadt, Germanys-tubulin, Ab-1; 0.3ug/ml). , 42-48, or 66—72 h, respectively). Cell viability decreased signifi-
Acid Extraction of Histones. The acid extraction of histones was per'cantly, with increased toxicity noted in cells that had longer times of

formed as described previously (2, 13) with modifications. Briefly, cells (70% - - .
: - ) S . xposure to DAC (Fig. 1B andC). For example, in H719 cells (Fig.
confluence) were treated with depsipeptide alone or in combination with DA B), treatment with an identical dose of depsipeptide (0;08)

After treatment, cells were scraped and centrifuged at>2@dfor 10 min and . . .
then suspended in 10 volumes of PBS. Cells were centrifuged again at §00 demonstrated greater. toxpty, depending on the duration Of, DA,
for 10 min. Cells were suspended with five volumes of lysis buffer [1@ m Pretreatment. In depsipeptide-treated cells, we observed cell viabilit
HEPES (pH 7.9), 1.5 m MgCl,, 10 mv KCI, 0.5 mv DTT, and 1.5 v Of 91.5* 3.2% with no DAC pretreatment, 677 2.2% with 24 h of
phenylmethylsulfonyl fluoride] and 0xsulfuric acid and then lysed on ice for DAC pretreatment, 51.2 1.7% after 48 h of DAC pretreatment, and
30 min. After centrifugation at 11,00 g for 10 min at 4°C, the cell 38.2 = 3.2% with 72 h of DAC pretreatment. Similar results were
supernatant fraction that contained acid-soluble proteins was retained. Supgtained with H23 cells (Fig.@) and with TSA alone and in com-
natant was dialyzed against 200 ml of G cetic acid twice for 1-2 h each pination with DAC, although the potency of TSA was less than
and then dialyzed against 200 ml of®l for 1 h, 3 h, and overnight. Dialysis depsipeptide (Fig. 1).

was performed using a Slide-A-Lyzer cassette (Pierce, Rockford, IL) asTqy determine whether apoptotic cell death is responsible for th

instructed by the manufacturer. Proteins (@pfor each lane) were quantitated P . L
and size fractionated on SDS-PAGE (15%) for Western immunoblotting. T|-¢|3DAC inhibitor-induced decreases in cell viability, we performed

antibodies were purchased from Serotec, Ltd. (Oxford, United Kingdo OW Cytometry a_naIySIS to examine cellular DNA content and West-
anti-acetylated histone H4, 1:1250; anti-Ac-5, Ac-8, Ac-12, and Ac-16 &M immunoblotting to detect PARP clee_lvage. Fig. 2 _shows the result:
acetylated histone H4, dg/ml) and Upstate Biotechnology (Lake Placid, Ny;Of the flow cytometry data, demonstrating changes in cell cycle and
anti-acetylated histone H3, dg/ml). accumulation of sub-GG; (apoptotic) DNA in the drug-treated cells.
Flow Cytometry. Cells were trypsinized and washed with cold PBS onc€ells treated with DAC alone showed cell cycle changes that were
and then fixed with 70% ethanol and stored-&20°C overnight. Fixed cells dependent on the duration of DAC treatment as shown in Figaad
were then washed with PBS and suspended in/20ff propidium iodide (10 C, Twelve h of DAC treatment did not induce obvious changes in cell
rg/ml; Sigma). Stained cells were incubated at room temperature for 30 W?cle, although 72 h induced a significant increase inMGphase
in the dark. A Beckton-Coulter Elite (Miami, FL) Fluorescence Activated Ceﬁells and a decrease in,@; cells, with no significant increase in

Sorter was used to analyze celliar DA content. Anoplosis was 2553 e¢Boptotic DNA (Fig. Z compared with 2, control panel). TSA (0.5
PP by ploidy) popu Y puter prog um) and depsipeptide (0.0pm) also induced a GM block and a

Lysis II. . i . ;
Plasmid Construction and Transient Transfection. Wild-type p53 DNA Fiecrease 'n_g':'Gl pha_se cells (Fig. 2D a_nd F). Depsipeptide alone
was inserted into the vector PCIneo (Promega Corp., Madison, Wi)ugef induced an increase in sub;@, DNA (Fig. 2D). Clearly, the treat-
PClneo wt p53 or empty PCIneo vector was transfected into p53 null H128%€Nnt of depsipeptide in combination with DAC for 12 h induced a
cells using a calcium phosphate method (24). After incubation at 37°C fgignificant increase in apoptotic DNA (FigER Also, the HDAC
8-10 h, cells were washed with cold PBS twice and replaced with freghhibitor-induced apoptosis was dependent on the duration of DAC
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DAC ENHANCES HDAC INHIBITOR-INDUCED APOPTOSIS

A B C
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—@—H7 19 -depsipeptide —&— DAC + depsipe ptide —8— DAC + depsipe ptide
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Fig. 1. Effects of depsipeptide or TSA alone at various concentrations, or in combination with DAC, on cell viability of H719 and H28 &I or H23 cells were treated g
with depsipeptide (0.05, 0.5, 2.5, o) or TSA (0.5, 2.5, 5, or 1wm) for 6 h and then incubated in fresh medium for 24 h. Depsipeptide @)®r TSA (0.5um) was introduced I3
into DAC (1 um; 24, 48, or 72 h)-pretreated H719 celB) (or H23 cells C) for 6 h and then incubated for 24 h and collected for trypan blue assay. 3
Z
g
treatment time. For example, only 3.4% apoptotic DNA was observettaved PARP fragment consistent with apoptotic cell death (Rig. 3 g
when TSA (0.5um; 12 h) was added into 12-h DAC-treated cells (H719 cells and Fig. B, H23 cells). However, an increase in cleaved &
uMm; Fig. 2G). However, when TSA (0.5um; 12 h at 60—72 h) was M, 89,000 fragment was observed when cells were treated with DACﬁ;
added into 72-h DAC-treated cells (im), apoptotic DNA was (1 um) and depsipeptide (0.0pm; Fig. 3). The increase in cleaved 2

increased to 43% (FigH). Similar results were observed in H23 cellsSPARP fragment was dependent on the duration of DAC treatmen‘%
(data not shown). These flow cytometric data suggest that the alt@ifig. 3). These data are consistent with that from the flow cytometricg
ations in cell viability demonstrated in Fig. 1 are related to pranalysis. We noted the apparent basal level of PARP cleavage in thg
grammed cell death in the cells treated with DNA methyltransferast23 cells (Fig. 8, Lane 3 and found this to be reproducible. This
inhibitors in combination with HDAC inhibitors. appears to be attributable to an increased level of basal apoptosis

dsgronie

The apoptotic cleavage of PARP was analyzed with Western ittirese cells. The flow cytometry data of control H23 cells seems tog
munoblotting as described previously (26). When both of the cell linssipport this because there is increased sgHisDNA content in s
were treated with depsipeptide (0.Q64) alone fa 6 h and then these cells 3% compared with~1% noted in the H719 cells (Fig. &
incubated in fresh medium for 12—48 h, we observedMhe39,000 2A and data not shown)]. g

&
Y
Control DAC 12h DAC 72h depsipeptide g
12h 2
o Ap 11% 2 Ap 3.6% " Ap  49% " Ap  15.1% >
g GO/G1 65.6% g GO/G1 59% 5 GO/G1 37.2% 5 GO/G1 42.4% e
S 16.2% H S 14.3% i S 224% i S 16.7% g
G2M 17.1% G2M 23.1% G2M 35.6% G2M 25.8% E]
o
0 1023 0 1023 o o 5}
DNA LIN BRECLIN DNA LIN 1028 ° DNA LIN 103 %
& L & ) & G & H
DAC 12h + TSA 12h DAC 12h + DAC 72h +
depsipeptide 12h TSA 12h TSA 1zh
" Ap  43% v Ap  0.8% o Ap  34% & i s
2 GO/G1 28.1% s GO/G1 41.8% § GO/GI 31.7% 8 GO/G1 32.2%
i s 117% . S 177% o s 184% " S 75%
G2/M 17.4%C G2/M 39.7% G2M 46.5% G2M 134%
[=) =3 [=) =.
0 1023 D 1023 0 1023 0 1023
DNA LIN DNA LIN DNA LIN DNALIN

Fig. 2. The analysis of cell cycle changes and apoptotic DNA after treatments with depsipeptide and TSA alone, or in combination with DAC, in Hylfouettgtometry.
A, control cells exhibit two peaks, &G, and G-M. DNA that is smaller than GG, is consistent with apoptotic DNA. H719 cells were treated with DAGu() for 12 h B) or 72 h
(C). Cells were exposed to depsipeptide at u@5(D) or TSA at 0.5um alone ) for 12 h. Cells were treated with DAC (iwm) for 12 h and followed by depsipeptide treatment
(0.05 um) for 12 h E). Cells were treated with DAC (fum) for 12 h and TSA (0.5um) for 12 h @) or treated with DAC (Ium for 72 h) and TSA (0.5um for 12 h at 60-72 h;
H). In each case, samples were incubated in fresh, drug-free medium for 24 h after the removal of drug.

1329



DAC ENHANCES HDAC INHIBITOR-INDUCED APOPTOSIS

+ depsipeptide DNA Methyltransferase Inhibitor Enhances Histone Acetyla-
After depsi-treatment S tion Induced by Depsipeptide. To further study the mechanism by
—— > which depsipeptide-induced apoptosis is enhanced in the presence of

the DNA methyltransferase inhibitor DAC, we analyzed histone H3
and histone H4 acetylation with Western immunoblotting. Because
histones are tightly associated with nuclear DNA (1, 2, 28), we
isolated nuclear histones with acid extraction, as described in “Mate-

116 KD rials and Methods.” Fig. 5A andB, shows that depsipeptide induced

89 KD significant acetylation of histone H3 and H4 in H719 cells. The
depsipeptide-induced histone acetylation was dose dependent. For
example, acetylated histone H3 was barely detectable, and acetylated
histone H4 was not seen when cells were treated with depsipeptide
alone at 0.05um for 6 h (Fig. 5,A andB). Depsipeptide at 0.125 or

B 1o KD 0.25 um induced a dose-dependent, increased acetylation of histones
89 KD H3 and H4. DAC alone (Jum for up to 72 h) did not induce any
significant histone acetylation (Fig. & and B). Interestingly, the

1 2 3 4 5 6 7 8 9 levels of acetylated histone H3 and H4 were greatly increased wheé’

Fig. 3. The cleavage of PARP induced by depsipeptide alone or depsipeptide combigchSIpeptlde (0.0rm; 6 h) was introduced into DAC-pretreated cells

with DAC. H719 cells p) or H23 cells B) were treated with depsipeptide (0.Q8) alone
for 6 h and then washed and incubated for 12, 18, and 24hes 2, 3and4). Cells were
exposed to DAC (Jum) for 24 or 48 h and then washed and incubated for 24dnés H719 H23
5 and6). For the treatment with DAC and depsipeptide, cells were treated with DAC (1
um) for 12, 24, or 48 h, and then depsipeptide (0,05 was added into the DAC-treated

cells for the find6 h (at 6-12, 18—24, or 42—48 hanes 7, 8and9, respectively). The o i
DAC plus depsipeptide-treated cells were then washed and incubated for 24 h. b“‘Q é-?
> >~ W
o 5 00 5 .x
& F & F & F & &

HDAC Inhibitor-induced Apoptosis Is p53 Independent. H23 cells

have a missense mutation in the p53 DNA that alters codon 246 fror
ATG to ATC and the amino acid from methionine to isoleucine (ATCC, A w ps3
National Cancer Institute), whereas no p53 mutation has been describ

1 2 3 4 8§ 6 7 8

in H719 cells (ATCC). To investigate whether p53 is involved in the .
depsipeptide-induced apoptosis, we analyzed p53 expression using We Wi-p53

ern immunoblotting. Fig. A shows no change in p53 protein when cells —
were treated with either DAC or depsipeptide alone or in combination ir 6& é-?
either cell line. To further evaluate the role of p53 in the HDAC inhibitor- & cﬁ , &
) . . ) & O~ T
induced apoptosis, we performed transfection experiments. H1299 cel & 9 Qv S“Q QY' Qf,\
are derived from a patient with lung cancer and express no endogeno
p53 protein. These cells express wt RB and have undetectabdi¥&‘H16 1
although it is not known whether this is from homozygous deletion or B -"" P53
promoter hypermethylation (27). wt p53 was inserted into the eukaryotit .
expression vector PCIneo and transfected into H1299 cells. Big. 4 1 2 3 4 5 6
shows that transient transfection of these cells with PClneo-wt p5: Wt-p53
produced abundant p53 protein expression as measured by Weste ——— &
immunoblotting. No obvious changes in p53 level were found after DAC éi? & ci} &
(1 um; 48 h), depsipeptide (0.0pm; 6 h), or DAC plus depsipeptide > ‘ 2 ﬁoo F e
treatment (Fig. B). We saw no PARP cleavage in H1299 cells treated 5&" w@ § ?C,J 039 N & ?9 2y

i : inepti : ¢ QA &
with DAC (1 um; 48 h), depsipeptide (0.0am; 6 h) or DAC and

%20z Jequieides /0 uo 1senb Aq ypd-dZE101L0Y0U0/ZEEZGTE/LTE LI/ L9/Pd-Bo1e/SBlI80uRD /610 S|BUINOLIORE//:d)Y WO PEpEO|U.

depsipeptide together, regardless of whether the cells expressed wt p

protein or not (Fig. €). These data suggest that p53 is not involved in -l ae Bl pb s bl g~  116KD
HDAC inhibitor-induced apoptosis in human lung cancer cells. The T = XD

resistance of H1299 cells to this apoptotic pathway is unexplained. We d 1 2 3 4 5 6 7 8 9
not believe that the differences in susceptibility to treatment with HDAC Fig. 4. changes of p53 level and cleavage of PARP induced by depsipeptide or
inhibitors and DNA methyltransferase inhibitors is attributable to diffedepsipeptide combination with DA@, H719 or H23 cells were treated with DAC (iv)

. . for 48 h alone [Lanes 2and6), depsipeptide (0.0pm) for 6 h alone Lanes 3and7), or
ences iNCDKN2 promoter methylatlon. As noted above, both H23 an combination Lanes 4and 8), and then washed and incubated for 24 h. Cells were
H719 cells are characterized by lack of P18 protein expression harvested, and the p53 level was assayed with Western immunobldtting. 1(H719

; cells) andLane 5(H23 cells) are control sampleB.shows p53 expression ai@ishows
_because 0€DKN2 hypezmethylatlon. Althoth we have not CharaCterf(éleavage of PARP in H1299 cells. The PCIneo-wt p53 was transiently transfected into
ized the reason for p18“ loss in H1299 cells, we have tested other lungi1299 cells. The cells were then treated with DAGu for 48 h;Lane 3in B andLanes
cancer cells that lack pf8“ on the basis of homozygous deletions and 2nd6 ianig.tc), d?asgiﬁtige (0-?5“" tfr?é&nh? ;E_m% 4indBLa”d ngez ge}mjg) ifl Q).

. . - r in combination with both drugs toge e 5in B andLanes 4and8 in C). Lane
found that these cells retain susceptibility to HDAC-induced (and DAé'ln B is untreated H719 cells as p53-positive conttaine 9in C is a positive control for
enhanced) apoptosis, (data not sho(}vn), PARP cleavage that H719 cells were treated with DAGu{iLfor 48 h) and depsipeptide
(0.05 um for 6 h). All of the treated cells were washed and incubated for 24 h, followed
by protein harvesting for detecting the p53 level or PARP cleavage with Western
4W-G. Zhu and G. A. Otterson, unpublished observations. immunoblotting.
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depsipeplide + depsipeptide

e 17 KD
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1234 5 6 7 8 9
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Fig. 5. Western immunoblot analysis of histone acetylation induced by
depsipeptide alone or in combination with DA&,.acetylated histone HB,
acetylated histone H4. H719 cells were treated with depsipeptide alone (0.05,
0.125, or 0.25um for 6 h; Lanes 2—3 DAC alone (1um for 48—72 h;Lanes
5 and6), or both drugs together (v DAC for 24, 48, or 72 h with 6 h of
0.05um depsipeptide, respectivelyanes 7-9. Acetylated histone H3 or H4
was assayed with Western immunoblotting. The membrane was stripped and
probed witha-tubulin antibody to control for protein loadin@—F, to detect
specific acetylated histone H4 lysines, H719 cells were treated with dep-
sipeptide alone (0.0fm for 6 h) and then washed and incubated for 12—48
h (Lanes 2—4 Cells were also treated with DAC (dwv for 48 or 72 h;Lanes
5 and6), or in combination (DAC at Jum for 48 or 72 h with depsipeptide
at 0.05um for 6 h at 42—48 and 6672 lanes 7and 8, respectively).
Acid-extracted proteins were size fractionated by SDS-PAGE and probed
with specific lysine site anti-acetylated histone H4 antibod@&sAc-5; D,

Ac-8; E, Ac-12; F, Ac-16.
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(Fig. 5,A andB). The increase in acetylated histones by depsipeptitien using antibodies directed against specific acetylated lysine resi-
was also dependent on the duration of DAC treatment. In Figahd dues at the NEterminus of histone H4. These antibodies recognize
B, the intensity of histone acetylation in the combination treated celisly acetylated lysines at residues 5, 8, 12, and 16 (designated Ac-5,
(Lanes 7-9 should be compared with 0.0bm depsipeptide alone Ac-8, Ac-12, and Ac-16). Detectable acetylated histone H4 was found
at baseline at lysine 5 (Ac-5), but not at Ac-8, Ac-12, and Ac-16 in
To determine whether histone acetylation induced by depsipeptidetreated control cells (Fig. 35—F). Depsipeptide (0.0%um; 6 h)
is lysine site specific, we performed immunoblotting to test acetylinduced detectable acetylation of histone H4 at Ac-5 and Ac-16 but
1331
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not at Ac-8 and Ac-12. However, depsipeptide induced prominefindings linked DNA methylation to histone deacetylation to explain
increases of acetylation of histone H4 at all lysine sites in the DA@ethylation-mediated gene silencing. In addition to the functional link
pretreated H719 cells (Fig. 5;—F). DAC alone could not induce noted between histone deacetylation and DNA methylation, several
increased acetylation of histone H4 at any lysine site (Fig®c-5;). labs have recently shown a direct physical link by the copurification
or HDAC enzymes with the major DNA methyltransferase enzyme,
Discussion Dnmtl (42-44).
On the basis of our experimental data and recent findings of a
Our data demonstrate that the HDAC inhibitors TSA and depsipeplecular link between methylated DNA and hypoacetylated his-
tide induce a dose-dependent apoptosis in human lung cancer cglies, we would hypothesize that the susceptibility to HDAC inhib-
(Figs. 2 and 3). The HDAC inhibitor-induced apoptosis is greatlyor-induced apoptosis is from a decondensation of chromatin, allow-
enhanced in the presence of the DNA methyltransferase inhibitgg for easier access to endogenous proapoptotic endonucleases. The
DAC (Figs. 2 and 3), is p53 independent (Fig. 4), and may be relatgfhancement of apoptosis associated with increased histone acetyla-
to enhancement of histone acetylation (Fig. 5). tion by the DNA methyltransferase inhibitor DAC is supportive of this
Consistent with our data, HDAC inhibitor-induced apoptosis hagpothesis. We have thus far been unable to demonstrate convincingly
been reported in several human cancer cell lines (15, 19, 29, 30). Hi@rations (in these cells) of known pro- and antiapoptotic proteins.
mechanism by which HDAC inhibitors induce apoptosis in humag remains possible that treatment with these agents alters the expres-
cancer cells is not fully understood. There are several possible eXRigm patterns of genes that are relevant for apoptotic cell death that W§
nations (3, 10, 15, 16, 29-35). It may be that histone acetylatipave not yet tested for. Alternatively, other as yet unknown activities3
increases chromatin relaxation and enhances the accessibility of Dyfthese agents may conspire to give them their apparent synergist@
to apoptotic endonucleases (3, 16). Consistent with the correlatigtivity. An additional potential mechanism for this synergistic activ- &
between histone acetylation and transcriptional activity, newly sy@y may rely on the physical association of Dnmtl and HDAC (42— =
thesized protein has been reported to be involved in HDAC inhibito#4). One could postulate that the inhibition of Dnmtl with DAC 5
induced apoptosis (15, 30). Cycloheximide, an inhibitor of proteffiduces an alteration in the configuration of the enzyme that, in somg
synthesis, almost completely prevented the formation of apoptofigy, is translated to the associated HDAC, enhancing its susceptibi§
bodies and nuclear fragmentation in Jurkat cells treated with butyraigto inhibition. It may be interesting to study the affinity of HDAC
or TSA (15). M-carboxycinnamic acid bishydroxamide is a poterind Dnmt1 with and without the presence of these small molecula
inhibitor of HDAC and is reported to induce apoptosis in humajnhibitors. The mechanism by which DAC increases HDAC inhibitor-
neuroblastoma cells (30). This apoptosis was suppressed in the piigguced acetylation of histones H3 and H4 remains unclear. A furtheg
ence of cycloheximide. In addition, recent findings have indicated thgbp for our research is to determine whether MeCP2 or other methyh\’
HDAC inhibitor-induced apoptosis may be related to gene expressigiding proteins are involved in the DAC-induced enhancement ofe
modulated by HDAC inhibitors (31-35). These genes inchp@®(19, histone acetylation from HDAC inhibitors. Finally, it will be relevant &
31, 32), cmyc(33, 34), andyelsolin(35). The inability, in our study, to examine alterations of gene expression, histone acetylation, ang
to reconstitute drug sensitivity in H1299 cells by expressing p53 degree of apoptosis in nontransformed “normal” cells. Others (45)g
consistent with the findings of others who have reported that p53Have suggested that depsipeptide-induced apoptosis exhibits selectig-
not involved in HDAC inhibitor-induced apoptosis (8, 19, 31, 32)ity toward malignant chronic lymphocytic leukemia cells (as opposeds
The reason for H1299 resistance to these drugs is also enigmati¢oaperipheral blood mononuclear cells from normal volunteers). This%
this time. We plan to investigate the cellular and molecular differenchas significance for the possibility of introducing agents with this 2 g
in susceptibility to HDAC inhibitors and DAC sensitivity in future mechanism of action into the clinic.
work. In conclusion, the data presented in this study show, for the firsts
Interestingly, the depsipeptide- or TSA-induced apoptosis is efime, that apoptosis induced by HDAC inhibitors is greatly enhancedg
hanced greatly in the presence of the DNA methyltransferase inhibitarthe presence of DAC in human lung cancer cells. However, whichg
DAC in this study. The mechanism by which HDAC inhibitor-gene or genes are involved in this apoptosis is unknown. Futur%
induced apoptosis in lung cancer cells is enhanced in the presencetaflies include examination of apoptosis-related genes in HDAC;;
DAC is unclear. However, our data suggest a functional connectighibitor-induced apoptosis, determination of how DAC modulateso
between DAC-induced unmethylated DNA and HDAC inhibitorHDAC inhibitor-induced acetylation of histones, and evaluation of &
induced acetylation of histones. Other researchers have reported fiiese effects in nontransformed cells. We have just begun to perforr§
viously that DNA methylation state is functionally connected withhese experiments in normal human bronchial epithelial cells. It |s<°
chromosome structure (21, 22, 36, 37). For example, the inactivep¥ssible that these agents (or analogues of them) may be used eltrfér
chromosome in mammals is both hypoacetylated and hypermetljene or together in the future as cancer chemotherapeutic agents, and
lated (38). Methylated DNA is transcriptionally repressed, and in thisdeed, clinical trials are already under way with these and related
condition methylated DNA is assembled into nucleosomal structuagents. A more thorough understanding of their mechanism of action
(39, 40). Recently, two groups provided a substantive clue thatisadesirable.
methyl CpG binding protein, MeCP2, forms a complex with HDAC
that affects chromatin architecture and gene regulation (21, 22). E(fé%nowledgments
etal.(41) demonstrated that the DNA methylation state influences theye acknowledge Andrew Oberyszyn from The Ohio State University
local histone acetylation level, and DNA methylation is involved irtomprehensive Cancer Center Analytical Cytometry Laboratory for assistance
inducing decreased levels of chromatin acetylation. Cametrah(9)  with the flow cytometry analysis. The Analytical Cytometry Laboratory is
also reported that the HDAC inhibitor TSA acts synergistically witlsupported in part by NIH P30 CA16058. We also thank Dr. Kenneth K. Chan
DAC to restore mRNA expression of several methylated tumor sufgr kindly providing us with depsipeptide.
pressor genes. HypermethylatddLH1, TIMP3, CDKN2B, and References
CDKN2A cannot be transcriptionally reactivated with TSA alone; ) ) )
however, after minimal demethylation in the presence of DAC, TSA™ pIier ¥, & Flor, R U and Moy & € acenlaion and pemenof
treatment resulted in enhanced expression of each gene (9). Theseci. USA,51: 786794, 1964.
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