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ABSTRACT

The fungistatic antibiotics trichostatins (IS) A and C were isolated
from culture broth of Streptomyces platensis No. 145 and were found to
be potent inducers of differentiation in murine erythroleukemia (Friend
and RV133) cells at concentrations of 1.5 x IO" M for TSA and 5 x
10" M for TSC. Differentiation induced by IS was cooperatively en

hanced by UV irradiation but not by treatment with dimethyl sulfoxide.
This enhanced activity was completely inhibited by adding cycloheximide
to the culture medium 2 h after exposure to IS, suggesting that IS are
dimethyl sulfoxide-type inducers of erythroid differentiation. No inhibi
tory effect of Is was observed on macromolecular synthesis in cultured
cells.

INTRODUCTION

The murine erythroleukemia cell line established by Friend
et al. (1) consists of transformed cells in which erythroid differ
entiation is blocked by infection with Friend leukemia virus (1,
2). Differentiation is reinitiated effectively by various polar
compounds such as I)\1S<> (3) and HMBA (4). Relatively
weak differentiation is also induced by a variety of agents
affecting DNA metabolism, such as UV, mitomycin C and
bleomycin (5-7).

The Friend cell line and the inducers of its erythropoiesis
have been extensively studied as a model system of cellular
differentiation. Nomura and Oishi (8) showed that erythroid
differentiation could be induced indirectly by fusing two genet
ically marked Friend cell lines, each of which had been sepa
rately treated with doses of DMSO and UV insufficient for the
induction of their independent differentiation. Their results
revealed that the commitment to erythroid differentiation in
Friend cells is a synergistic result of two fundamentally different
cellular reactions, which may be a membrane-mediated reaction
triggered by polar compounds and another reaction involving
an intracellular potentiator produced as a result of DNA-
damaging treatment (9-11).

The characteristics of erythroid differentiation in the Friend
cell line would appear to provide an in vitro screening system
for characterizing new agents with differentiation-inducing ac
tivities. Recently, as a result of such screening, we found that
trichostatins A and C (Fig. 1), originally reported as antifungal
antibiotics (12, 13), had potent inductive effect on erythroid
differentiation at extremely low concentrations (14). In this
paper, we describe the characterization and mode of action of
trichostatins on erythroid differentiation. A synergistic effect
of trichostatins with UV irradiation but not with DMSO was
observed by cell fusion experiments which indicated that tri
chostatins act as DMSO-type inducers. Furthermore, no inhib
itory effect on DNA and RNA synthesis was observed with
trichostatins. This finding strongly suggested that they were
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not DNA-damaging agents, such as mitomycin C and actino-
mycin D, which caused a significant inhibition of DNA and
RNA synthesis. The usefulness of these compounds as reagents
for analyzing cell differentiation is also discussed.

MATERIALS AND METHODS

Materials. Trichostatins A and C were prepared from culture broth
oÃStreptomyces platensis No. 145 according to the procedure described
previously (14). Trichostatin A was purified using the same procedure
as that for trichostatin C, except that methanolrwater (7:3, v/v) was
substituted for acetonitrilerwater (35:65, v/v) as the solvent system for
the final high-performance liquid Chromatographie run.

HMBA, thymidine, aminopterin, hypoxanthine, and cycloheximide
were purchased from Sigma Chemical Co., ouabain was from Merck,
and polyethylene glycol 6000 from J. T. Baker Chemical. Phorbol and
TPA were obtained from Chemicals for Cancer Research, Inc. [methyl-
3H]Thymidine (77.8 Ci/mmol) and [G-3H] uridine (6.0 Ci/mmol) were

purchased from New England Nuclear. MEM and RPMI 1640 were
purchased from Nissui Seiyaku. PCS was purchased from Armour
Pharmaceutical Co. All the other chemicals used in this study were of
reagent grade.

Cells and Cell Culture Conditions. A murine Friend virus-transformed
cell line (clone DS19), a double mutant of DS19 (Tk (>uu') lacking

functional thymidine kinase and resistant to ouabain, and a murine
Rauscher virus-transformed cell line (RV133) were generously provided
by M. Oishi. Friend cell lines were cultured in MEM supplemented
with 12% heat-inactivated FCS. The culture medium for RV133 cells
was RPMI 1640 supplemented with 12% heat-inactivated FCS. The
0.1 HIMhypoxanthine:0.4 ^<\i aminopterin: 16 uM thymidine medium
used for selection of the fused cells contained glycine (3 Â¿nilin MEM
supplemented with 12% FCS. All cell lines were cultured under the
same 5% CO2-95% air atmospheric conditions in a humidified incuba
tor at 37"C, using tissue culture dishes (100 x 20 mm; Corning) or

multiwell plates (24 wells; Costar).
Cell Fusion. The wild-type Friend cell line, DS19 (Tk+Ouas) and the

double mutant of DS19 (Tk"Ouar) were used for cell fusion experi

ments. UV irradiation, fusion, and selection were performed according
to the procedure of Nomura and Oishi (8).

Assay of Erythroid Differentiation. Erythroid differentiation was
assayed by benzidine staining of hemoglobin accumulated in the cells
according to the method of Orkin et al. (15).

Assay of DNA and RNA Synthesis. Levels of incorporation of ra
dioactivities from labeled thymidine and uridine into cellular material
were measured in order to estimate synthesis of DNA and RNA,
respectively.

Confluently grown Friend cells were collected by centrifugation
(1500 rpm; 5 min) at room temperature and resuspended in 0.5 ml of
medium containing various concentrations of trichostatins A and C.
After 30 min of incubation at 37Â°C,radioactive precursors were added

to the medium at a final concentration of 2 ^Ci/ml and further incu
bation was performed. These macromolecular syntheses were deter
mined by measuring incorporation into the cold trichloroacetic acid-
insoluble fraction. The precipitates obtained by treatment with 10%
trichloroacetic acid at 5Â°Cfor l h were collected on glass fiber filters,

and the levels of radioactivity on the dried filters were measured in a
5-ml volume of toluene-based scintillator using a liquid scintillation
spectrometer (Aloka Co.).

RESULTS

Effect of Trichostatins on Erythroid Differentiation of Murine
Erythroleukemia Cells. When Friend cells were cultured with
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EFFECT OF TS ON ERYTHROID DIFFERENTIATION

1-4 ng/ml of trichostatin A for 5 days, the number of benzidine-
positive cells indicating hemoglobin accumulation increased as
the dosage was raised (Fig. 2). Trichostatin C showed more
potent inducing activity within a concentration range of 0.1-
0.4 Â¿ig/ml.A maximum induction exceeding 70-80% of benzi-
dine-positive cells was obtained with trichostatins A and C at
their optimum concentrations of 1.5 x IO"8 and 5 x 10~7 M,

respectively. DMSO caused a maximum induction of approxi
mately 50% at 210 mM. Concomitant suppression of the cell
growth occurred with differentiation of the cells in the effective
dosage range of trichostatins as observed with DMSO. Induc
tion of erythroid differentiation by trichostatins was also ob
served with another murine erythroleukemia cell line, RV133

H3C-N

Trichostatin A

Trichostatin C

Fig. 1. Structures of trichostatins A and C.
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Fig. 2. Effect of trichostatins on induction of Friend cell differentiation. Friend
cells were inoculated at an initial density of IO5 cells /ml and cultured in the
presence of various concentrations of trichostatin A (A), trichostatin C (B), and
DMSO (C). The percentages of benzidine-positive cells (â€¢)and linai cell densities
(O) were determined after 5 days of cultivation.
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Fig. 3. Effect of trichostatins on induction of RV133 cell differentiation.
RV133 cells were inoculated at an initial density of 10* cells/ml and cultured in
the presence of various concentrations of trichostatin A ill, trichostatin C (B),
and TPA (C). The percentages of benzidine-positive cells (â€¢)and final cell
densities (O) were determined after 5 days of cultivation.

(Fig. 3), which showed induction with TPA as well as with
DMSO (16).

In order to determine the incubation time with trichostatins
necessary for commitment to erythroid differentiation, Friend
cells were incubated with 0.2 tig/m\ of trichostatin C for various
times and then transferred to drug-free medium containing

Table 1 Effect of length of exposure to inducen on commitment to
erythroid differentiation

Friend cells were cultured in the presence of trichostatin C (0.2 Mg/ml), DMSO
(1.8%, v/v), or HMBA (2 mM). At the times indicated, the cells were collected by
centrifugation, washed once with phosphate-buffered saline and incubated in
drug-free medium containing 1.5% methylcellulose for residual lengths of a total
of 120 h. at which time they were assayed for benzidine-positive colonies.

Contact period
(h)0.5

5
10
15
20
30

120Â°%

benzidine-positivecoloniesTSC1.0

1.87.8

11.8
18.655.275.5DMSO0.5

0.5
0.83.7

20.6
28.772.1HMBA0.2

0.2
0.1
6.3

11.6
25.5
80.8

"In the case of the contact period of 120 h. each number indicates the
percentage of benzidine-positive cells.

Table 2 Effect of TPA on erythroid differentiation induced by trichostatin
C and DMSO

Various concentrations of TP A were added to cultures of Friend cells together
with trichostatin C (0.2 jig/ml) or DMSO (1.5%, v/v), and the extent of differ
entiation was determined by benzidine staining.

%B*-cells

TPAng/ml
NoneTSC0

<0.
10 <0.
20 <0.
50 <0.

100 <0.83.3

36.0
12.5
5.3
2.9DMSO51.7

40.2
36.3
10.57.7Viable

cell no.
(cells/ml x10-')None27.6

28.5
22.3
26.6
25.4TSC22.1

20.0
5.9
4.X
3.9DMSO23.0

23.9
22.9
20.9
20.4

mo
Q.
I
<B

10

Time, h

Fig. 4. Erythroid differentiation in fused Friend cells. Trichostatin-treated
cells were fused with either UV-irradiated or DMSO-treated cells. Two genetically
marked Friend cells, DS19 (Tk*Oua'J and DS19 (Tk'Oua1), were grown in MEM
supplemented with 12% PCS to a cell density of 2 x 10*cells/ml. DS19 (Tk*Oua')
cells (5 x IO6cells/ml) were irradiated with UV (20 J/m2) in a Petri dish (60 mm

diameter). The cells were then collected, resuspended in the same fresh medium,
and further incubated for 24 h at 37'C. Each 1 ml of DS 19 (Tk'OuaO cell culture
(5 x 10' cells/ml) previously exposed to 0.2 Â»ig/mltrichostatin C (O) or 1.8%
(v/v) DMSO (â€¢)for the indicated period was mixed with 5 x 105cells of the UV-
irradiated DS19 (Tk*Oua'). Each 1 ml of DS 19 (Tk*OuaÂ§)cell culture (5 x 10s

cells /ml) exposed to 0.2 *ig/ml trichostatin C for the indicated period was mixedwith 5 x 10s cells of DS19 (Tk-Qua1), which had been exposed to 1.8% DMSO

for 6 h (A). Cell fusion was then done with polyethylene glycol 6000 according
to the method of Nomura and Oishi (8). The fused cells were selected in 0.1 mM
In PImin iliine:(1.4Â«\iaminopterine:16 uM thymidine medium containing 1.5 mM
ouabain. Benzidine-positive cells were scored on the fifth day after fusion.
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EFFECT OF TS ON ERYTHROID DIFFERENTIATION

Table 3 Effect of cycloheximide treatment before cell fusion on erythroid
differentiation infused Friend cells

Friend cells, DS19 (TlrOua'), were incubated for 2 h with trichostatin C (0.2
Pg/ml) or DMSO (1.8%, v/v). After incubation, the cells were collected, washed
once with phosphate-buffered saline, resuspended in the same medium, and
further incubated for 6 h. Cycloheximide (1 Mg/ml) treatment was performed
during the first incubation for 2 h or during the second incubation after removal
of the inducers for 6 h. The cells were then fused with UV-irradiated cells, selected
as described in Fig. 3, and benzidine-positive cells were scored.

Cycloheximide treatment90-2

ha2-8 hlTSC26.2

23.3
4.04.2&B*-cellsDMSO26.8

20.9
5.3
7.6

â€¢-, +. absence or presence, respectively, of cycloheximide during the incuba

tion period.

x 3

a
o

TO

t'
n

co

o 6

a .â€¢o 4

T!
5 2
n
X

CO

B

shown in Fig. 4, considerable proportions of the fused cells
became reactive to benzidine. Similar results were obtained
when the mutant cells were treated with DMSO (1.8%, v/v) in
place of trichostatin. In contrast, no differentiation was ob
served upon fusion of the trichostatin-treated cells with the
DMSO-treated cells. These results indicate that trichostatin C
is a DMSO-type inducer and not a DNA-damaging type.

Kaneko et al. (9) showed that commitment to erythroid
differentiation by DMSO was inhibited by cycloheximide in the
second stage of the induction process starting 2 h after DMSO
challenge. We therefore performed similar experiments in
which cycloheximide was added during or after treatment with
trichostatin C for 2 h. As shown in Table 3, the presence of
cycloheximide during the first 2 h of incubation with tricho
statin caused no inhibition, whereas marked inhibition was
observed by adding cycloheximide 2 h after trichostatin chal
lenge. Since these results are identical to those obtained with
DMSO, it seems quite likely that trichostatins induce intracel-
lular processes requiring protein synthesis which are probably
common to those occurring in DMSO induction.

Effects of Trichostatins on DNA and RNA Synthesis. DNA
and RNA synthesis in exponentially growing Friend cells was
measured in the presence and absence of trichostatins. As
shown in Fig. 5, 500 ng/ml of trichostatin A caused no inhibi
tion of radioactivity incorporation into the cellular material
from labeled thymidine and uridine. Trichostatin C also showed
no effect on the macromolecular syntheses involving these
compounds (data not shown).

Time, h
Fig. 5. Effect of trichostatin A on DNA and RNA synthesis of Friend cells.

Friend cells (5 x 10* cells/0.5 ml/16 mm/well) were cultured in the absence (O)

or presence of 500 (â€¢)or 50 ng/ml (â€¢)of trichostatin A. Incorporation of
radioactivity was determined as described in "Materials and Methods." Data are

the means of quadruplicate assays. A, DNA; B, RNA.

1.5% methylcellulose. After cultivation for 120 h after the initial
inducer challenge, benzidine-positive colonies were counted. As
shown in Table 1, the commitment to erythroid differentiation
induced by trichostatin C required approximately 10 h, which
was slightly shorter than the time of 15 h required for induction
by DMSO and HMBA.

Erythroid differentiation of Friend cells induced by DMSO
is inhibited by TPA. Similar inhibition by TPA was also ob
served with the differentiation induced by trichostatin C (Table
2).

Synergistic Effect of UV Irradiation on Trichostatin-induced
Differentiation. Hitherto known inducers of erythroid differen
tiation in Friend cells can be classified according to their mode
of action into two groups, i.e., polar compounds like DMSO
and DNA-damaging agents such as UV irradiation and milo
mycin C. A synergistic effect between inducers of these different
groups can be detected by fusing cells which have been sepa
rately treated with doses of each inducer insufficient to induce
differentiation (8). Cell fusion experiments were therefore car
ried out to determine the general mode of induction effected by
trichostatins.

Mutant DS19 (Tk~Ouar) Friend cells were briefly treated

with 0.2 Mg/ml of trichostatin C for various lengths of time up
to 10 h while DS19 (Tk+Ouas) wild-type cells were exposed to
UV irradiation (20 J/m2). These dosages were insufficient to

cause erythroid differentiation independently. Both types of
treated cells were fused, and the fusants were selected by incu
bation in 0.1 DIM hypo vanilline:!).4 //M aminopterine: 16 /UM
thymidine medium containing 1.5 HIMouabain for 5 days. As

DISCUSSION

This work confirmed that TS are extremely potent and effec
tive inducers of erythroid differentiation in murine erythroleu-
kemia cells. Since these compounds showed no significant
inhibition of DNA synthesis, they appear to be different from
the series of inducers affecting DNA metabolism. The synergis
tic effect of UV irradiation but not DMSO treatment and the
requirement of protein synthesis for TS induction indicate the
close similarity of the mode of action of this compound to that
of DMSO. Compared with similar types of inducers, the most
striking feature of TS is their extremely low dosage required
for induction.

TSA and C were reported by Tsuji et al. (12) and by Tsuji
and Kobayashi (13) as antifungal antibiotics which were active
against Trichophyton and Aspergillus. The minimum inhibitory
concentrations of TSA and C against Trichophyton mentagro-
phytes are 3.13 and 25 Mg/ml, respectively, which are much
higher than those required for induction. TSA is more effective
than TSC by one order of magnitude in the fungistatic action
but by two orders in the differentiation-inducing activity. This
difference may be due to strong cytotoxic activity of TSA to
Friend cells, compared with that of TSC. Although their mech
anism of fungistatic action and the reason for their narrow
range of microbial spectrum have been unknown as yet, we
confirmed that they exhibited no inhibitory effects on the
incorporation of the precursor of protein, lipid, and glycopro-
tein into cellular material in Friend cells at least during the first
6 h after challenge of the drugs (data not shown). These prelim
inary data suggest that TS are not general inhibitors of macro-
molecular synthesis.

The mechanism of action of inducers classified as DMSO
type such as polar-planar compounds (17, 18) and short-chain
fatty acids is not clear; however, an alteration in membrane
function may be the most likely effect (19-22). The potent
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EFFECT OF TS ON ERYTHROID DIFFERENTIATION

inducing activity of TS suggests that TS can affect the mem
brane function more specifically than the others.

Trichostatins, which thus appear to be new DMSO-type
inducers, are expected to become useful for elucidating the
mechanism of erythroid differentiation.
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