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The main goal of our study has been to analyze the effi-
ciency of new anticancer drugs, specifically histone deacety-
lase inhibitors, in tumor cells bearing a multidrug resistance
phenotype. We report that the histone deacetylase inhibi-
tors, Trichostatin A and Suberoylanilide Hydroxamic Acid
(SAHA), dramatically reduce cell viability and promote apo-
ptosis in different drug-resistant cells, affecting in a much
lesser extent to their parental drug-sensitive counterparts.
The differential effects induced by Trichostatin A and SAHA
between drug-sensitive and drug-resistant cells are reflected
on the main characteristics of the resistant phenotype. Thus,
reverse transcription-PCR and Western immunoblots con-
firm that both histone deacetylase inhibitors promote endog-
enous down-regulation of P-glycoprotein, which is overex-
pressed in the drug-resistant cells. Transfection of drug-
sensitive cells with the P-glycoprotein cDNA ruled out the a
priori possible association between apoptosis and down-reg-
ulation of P-glycoprotein induced by the histone deacetylase
inhibitors. The results suggest a therapeutic potential of hi-
stone deacetylase inhibitors in the treatment of cancers with
acquired resistance.
© 2003 Wiley-Liss, Inc.
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The acquisition of the multidrug resistant (MDR)1 phenotype by
tumor cells represents an undesirable process of clinical relevance
that is associated with poor prognosis and a major impediment for
the success of cancer chemotherapy.1 MDR cells are characterized
by cross reactivity against different families of antineoplastics
including anthracyclines, Vinca alkaloids and epipodophilotoxins,2
which accumulate intracellularly to a much lesser extent in MDR
cells than in drug-sensitive tumor cells.1,3,4 The most consistent
molecular alteration associated to MDR is the overexpression of
the transmembrane protein Pgp,3,5 a finding that has been extended
to other proteins such as the multidrug resistant associated protein
(MRP), the lung resistance protein (LRP) and the breast cancer
resistance protein (BCRP).1 The genes encoding for Pgp (the mdr
gen family) are represented by 2 closely related genes, MDR1 and
MDR2 (or MDR3) in humans and mdr1a, mdr1b and mdr2 in mice.
Out of these genes, only the human MDR1 gene and the mouse
mdr1a and mdr1b genes have been linked to the multidrug-resis-
tance phenomenon.4 Gros et al. have demonstrated that transfec-
tion of drug-sensitive cells with the cDNA clone coding for Pgp is
sufficient to confer the MDR phenotype.6

Pgp is a large (170 kDa) molecule that belongs to the ATP
binding casette (ABC) transporter superfamily and that promotes
export of toxic xenobiotics or prevents their absorption in normal
tissues.3 The possible physiological roles for Pgp have been re-
cently summarized.7 Overexpression of Pgp in human tumor cells
seems to be related with prior chemotherapy,8 while in cancer cell
cultures, the protein overexpresses upon growing the cells in the
continuous presence of sublethal concentrations of selected anti-
tumor drugs. Cells grown in culture display patterns of resistance
similar to those seen in vivo and when they acquire the drug-
resistant phenotype, Pgp accounts for the active drug efflux of
several chemically unrelated antitumor drugs, contributing thus to
efficiently lowering the intracellular accumulation of such drugs.3,9

Several lines of evidence suggest a major transcriptional control
of Pgp. Thus, differentiating agents,10 UV radiation11 or the pro-

apoptotic tumor supressor gene p534,12,13 have been shown to
regulate the MDR1 expression in different cell lines. More re-
cently, it has been demonstrated that regulation of the chromatin
structure through modifications of histones by acetylation/deacety-
lation represents a very important control of gene transcrip-
tion.14–16 In fact, histone hyperacetylation by specific iHDACs
may critically affect processes such as apoptosis,17,18 cell prolif-
eration19 and differentiation.20 Particular molecular targets af-
fected by acetylation/deacetylation include the tumor supressor
gene p53, which activity regulating cell growth and apoptosis
seems to be dependent on deacetylation21 and the MDR1 gene,
which expression appears to be modulated by acetylase and
deacetylase activities in a human colon carcinoma cell line.22

In the present study, we have analyzed the alterations inflicted
by 2 histone deacetylase inhibitors, TSA and SAHA, in different
drug-resistant tumor cell lines. The study is aimed to gain new
insights on cellular events (histone acetylation/deacetylation),
which in affecting MDR, constitute the basis for identification of
anticancer drugs able to circumvent the undesirable multidrug
resistant phenotype.

MATERIAL AND METHODS

Cell lines and cultures
DNM-sensitive murine leukemia L1210 and P388 cells as well

as stable resistant L1210R and P388R sublines (�160-fold and
�100-fold, respectively, resistant to DNM determined by in vitro
proliferation assays) were obtained by stepwise selection with
increasing DNM concentrations and maintained in culture as pre-
viously described.23 Breast carcinoma MCF-7 cells and a adria-
mycin-resistant MCF-7/Adr cell subline were obtained from the
Lombardi Cancer Center (Georgetown University, Washington).
RWP1 is a human pancreas carcinoma cell line that expresses Pgp.
HL-60 and HL-60/R correspond to wild-type and DNM-resistant,
respectively, human promyeolocytic leukemia cell lines. HT29 and
HT29/M6 correspond to parental and methotrexate-resistant hu-
man colon carcinoma cells, respectively. HT29 cells do not over-
express Pgp.24
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Measurements of cell growth and viability
L1210 and L1210R cells were plated at 3�105 cells/ml, treated

in triplicates at specified doses of TSA or SAHA and grown at
37°C in a CO2 atmosphere. Cells were harvested and counted to
determine the cell growth after 24 hr of incubation in the absence
(control) or in the presence of TSA or SAHA. Cell viability was
determined by the Trypan-blue method.

Measurement of cell cycle arrest and apoptosis
L1210 and L1210R cells incubated with TSA or SAHA at

selected times were centrifuged at 500g for 8 min, the supernatant
was discarded and fresh medium without those inhibitors was
added to the pellet of cells. Then, cells were cultured again for an
additional time up to 24 hr. After harvesting the cells, 1�106 cells
were centrifuged as above and washed with cold 10 mM phosphate
buffer, pH 7.4, supplemented with 2.7 mM KCl and 137 mM NaCl
(PBS) and centrifuged again. The pelleted cells were resuspended
in 75% cold ethanol, fixed for 1 hr at �20°C, centrifuged and
resuspended in 0.5 ml of PBS supplemented with 0.5% Triton
X-100 and 0.05 % RNase A. Then, cells were incubated for 30 min
at room temperature, stained with propidium iodide and the dis-
tribution of cellular DNA content was analyzed by flow cytometry
in an Epics XL instrument (Beckman Coulter Co. Miami, Florida).
Non-viable cells were excluded from the analysis on the basis of
their abnormal size. TSA-induced apoptosis was also determined
by using a caspase-3 colorimetric protease assay kit (MBL Co.,
Ltd., Japan) following the manufacturer�s instructions. Finally,
fluorescent apoptotic cells were observed by staining with an
Annexin V-FITC commercial kit (Calbiochem, San Jose, CA)
under a fluorescent light microscope. CD95 expression was deter-
mined by flow cytometry using specific monoclonal antibodies
according to the manufacturer�s instructions (Calbiochem).
Caspase-8 activity was measured by using a colorimetric assay and
a cell permeable caspase-8 inhibitor was used as control (caspase
8 inhibitor II from Calbiochem).

Drug accumulation studies
Steady-state intracellular accumulation assays of the fluorescent

DNM in the absence or in the presence of VRP was determined as
previously described.25

Pgp determination
Pgp expression by Western immunoblots was carried out using

the monoclonal antibody (MAb) C-219 (Centocor, Inc.) as de-
scribed previously23,26 followed by enhanced chemiluminiscence
(ECL) (Amersham International, Buckinghamshire, UK) to de-
velop protein bands. Protein determinations were carried out by the
Bradford method (Bio-Rad, Richmond, CA).

To determine the levels of Pgp mRNA, total RNA from non-
treated or TSA-treated L1210 and L1210R cells was isolated by
using the TRI reagent (Sigma-Aldrich, Co., St. Louis, MO). To
eliminate potential DNA contamination, total RNA was treated
with RQ1 DNase (Promega Corp., Madison, WI) for 30 min at
37°C, followed by 2 min at 94°C. The samples were then analyzed
for Pgp and �;-actin mRNAs using the one-step 7 RT-PCR Kit
(Promega Corp.). Then, 1–2 �g of total RNA were analyzed
according to the manufacturer�s instructions. Briefly, 45 min at
48°C for reverse transcription, a 2 min cycle at 94°C followed by
35 cycles of 40 sec at 94°C, 40 sec at 59°C, 1 min at 68°C and a
final 7 min cycle at 68°C. PCR products were resolved by elec-
trophoresis on 2% (w/v) agarose gels. Bands were visualized with
ethidium bromide and then quantified by optical densitometry. The
primers used for Pgp RT-PCR were 5�-CTCATTGTATT-
GGGCGG-3� and 5�-CAAAGACAACAGCAGAAAATAC-3�,
which yield a product of 353 bp. The primers used for �-actin
RT-PCR were obtained from Promega Corp.

Transfection experiments
A solution containing 1 �g of DNA dissolved in TE, pH 7.4,

was diluted with cell growth medium devoided of serum, protein

and antibiotics up to 60 �l. Four microliters of superfect reagent
(Qiagen GmbH, Germany) were added to the DNA solution and
the mixture was incubated for 10 min at room temperature to allow
complex (DNA/Superfect) formation. Then, 100 �l of cell growth
medium (containing serum and antibiotics) were added. The total
164 �l of the mixture was added to each of the wells containing
cells that had been plated at 5 �105 cells/well. Cells were incu-
bated for 2 hr at 37°C, washed with PBS and incubated again with

FIGURE 1 – TSA-effect on the growth of L1210 (white bars) and
L1210R cells (black bars) (a) The cells were incubated for 24 hr with
TSA at the different concentrations indicated. Cell viability of L1210
(closed square) and L1210R cells (open circle) after 24 hr of incuba-
tion with TSA (b) or SAHA (c) at indicated concentrations. Data
plotted mean � SEM (n � 5).
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fresh medium with G-418 (range: 0.4–4 mg/ml) to initiate stable
selection of gene expressing cells.

Plasmids
CBMC-6 (stands for Centro de Biologia Molecular y Celular)

cells were obtained by transfecting L1210 cells with the plasmid
pcDNA 3-mpgp that contains the mouse mdr1a Pgp cDNA under
the control of the CMV promoter.

RESULTS

The effects of 2 iHDACs, TSA (ranging from 1 nM to 1�M) and
SAHA (1–7.5 �M) on different parental and multidrug resistant
cell lines were assessed in terms of cell growth and viability. To
simplify, we describe the results obtained in the murine leukemia
L1210 cells though most of them have also been probed, as
specified, in other cell systems. Figure 1a shows that TSA treat-
ment inhibits cell growth in a dose-dependent manner in both
DNM-sensitive L1210 and DNM-resistant L1210R cells. In addi-
tion, increasing concentrations of TSA or SAHA progressively
decrease the viability of the L1210R cells with no effect on the
L1210 cells (Fig. 1b and 1c, respectively). This effect was also
time-dependent, since at the maximum concentration of TSA as-
sayed (1 �M), cell viability was 60–70% after 24 hr of treatment
and decreases up to 5–10% after 48 hr in the L1210R cells but
remained practically unaffected (viability � 90%) in the L1210
cells. As shown in Figure 2, the decrease in the viability of the
L1210R cells upon TSA treatment for 24 hr seemingly parallels
the amount of apoptotic cells (30–40%) induced by TSA (hipo-
haploid, sub-G1 peak). Apoptosis in the L1210R cells is confirmed
by an approximately 10-fold increase in caspase-3 activity (7.64
�1,64 and 12.82 �0.94 after 3 hr and 24 of incubation with TSA,
respectively). Figure 2 also shows the TSA-induced apoptosis in
other drug-resistant cell lines when compared to nontreated con-
trols. Figure 3 illustrates the apoptosis inflicted by TSA and SAHA
in different drug-resistant cell lines including the MCF-7/Adr,
RWP1 and L1210R cells detected by staining with Annexin V-
FITC. In the case of MCF-7 cells, the chemoresistant MCF-7/Adr
cells exhibited TSA-induced apoptosis at very low dosis (10 nM)
and displayed massive apoptosis at 100 nM in less than 24 hr of
treatment. Meanwhile, the parental MCF-7 cells needed consider-
able higher concentrations (100nM–1 �M) and longer periods of

incubation (1–3 days) with TSA to achieve measurable apoptosis.
TSA induced also apoptosis in the methotrexate-resistant human
colon carcinoma HT29/M6 cell subline. In contrast to the obser-
vation in the L1210 or P388 cells, the parental HT29 cells were
similarly affected by incubation for 24 hr with 1 �M TSA than
HT29/M6 (20 � 6.5% and 18.2 � 4.7% of apoptotic cells, respec-
tively).

The inhibition of cell growth and the different cell viability
promoted by TSA or SAHA between drug-sensitive cells and their
drug-resistant counterparts prompted us to analyze the cell cycle
distribution after exposure of the cells to the iHDACs. Thus, the

FIGURE 2 – Distribution of cellular DNA content obtained by flow
cytometry in different drug-resistant cell lines. (1), (2) and (3) corre-
spond to non-treated (controls) L1210R, P388R and HL-60R cells; (4),
(5) Iand (6) correspond to L1210R, P388R and HL-60R cells, respec-
tively, treated with 1 �M TSA for 24 hr. Apoptotic cells corresponding
to the sub-G1 peak are indicated by an arrow.

FIGURE 3 – Apoptotic cells stained with Annexin V-FITC after
treatment with 1 �M TSA for 24 hr. L1210R cells (a). RWP-1 cells
(b). MCF-7/Adr cells (c). Note some non-viable cells stained (yellow)
with propidium iodide.

FIGURE 4 – Distribution of cellular DNA in the L1210 (1, 2 and 3)
and L1210R cells (4, 5 and 6) induced by treatment for 3 hr (2 and 5)
or 24 hr (3 and 6) with 1 �M TSA. Control of nontreated L1210 (1)
and L1210R (4) cells, respectively.

581SUSCEPTIBILITY TO APOPTOSIS INDUCTION



L1210R cells treated with TSA or SAHA undergo an initial arrest
in the G1 phase (panel 5, Fig. 4), which population decreased
concomitant to the raise in apoptosis after 24 hr of incubation
(panel 6, Fig. 4). On the other hand, the L1210 cells do not
undergo apoptosis and tend to accumulate in the G2-M phase
(panels 2 and 3, Fig. 4). These observations indicate that apoptosis
in the drug-resistant cells occurs at the G1-S phase transition.

Since drug-resistant cells appear to be more susceptible than
drug-sensitive cells to iHDACs-induced apoptosis, we decided to
study if other characteristics of the MDR phenotype had also been
affected. It is well established that MDR cells display decreased
intracellular accumulation of anticancer drugs with respect to their
drug-sensitive counterparts.3 Because Pgp is overexpressed in the
L1210R cells23 and represents a very efficient mechanism respon-
sible for lowering chemotherapeutic drug in the MDR cells, we
analyzed the effect of TSA and SAHA on the intracellular accu-
mulation of the fluorescent anthracycline DNM along with its
reversion by VRP, as a functional assay for Pgp activity.3 Flow
cytometry experiments demonstrated that treatment with both iH-
DACs did not affect the accumulation of DNM in the drug-
sensitive cells (the histograms of DNM accumulation in these cells
after incubation with the inhibitors overlap with those correspond-
ing to untreated L1210 cells (Fig. 5a or 5a�), but originated the
division of the drug-resistant cells into 2 subpopulations distin-
guished by differential accumulation of DNM. The new second
subpopulation, gradually appears in a dose- and time-dependent
manner as the TSA or SAHA concentration increases (peak 2 or 2�,

respectively, in Fig. 5) and represents more than 50% of the cells
at the maximum concentration used. This cell subpopulation is
characterized by a level of DNM accumulation indistinguishable
from that of parental L1210 cells (Fig. 5a or 5a�) and remains
unaffected after preincubation with VRP. The previous results
suggest that the new emerging cell subpopulation has undergone
either loss of Pgp expression or inhibition of its drug efflux pump
activity. The following experiments evidentiated that TSA pro-
moted down-regulation of Pgp expression. Thus, Figure 6a shows
that TSA considerably reduced the levels of Pgp mRNA in the
L1210R cells as determined by RT-PCR. Comparative analysis of
Western blotting between untreated and TSA-treated L1210R cells

FIGURE 5 – Steady-state intracellular accumulation of DNM in
L1210 and L1210R cells incubated with TSA or SAHA for 24 hr
analyzed by flow cytometry. Untreated L1210 and L1210R cells (a,b);
L1210R cells treated with 10 nM, 100 nM or 1 �M TSA (c,d or e),
respectively. Untreated L1210 and L1210R cells (a� and b�); L1210R
cells treated with 2, 5 or 7.5 �M SAHA (c�, d� or e�), respectively.

FIGURE 6 – Time-dependent (left) and concentration-dependent
(right) reduction of Pgp mRNA levels in L1210R cells treated with
TSA analyzed by RT-PCR (a). mRNA bands were resolved on 2 %
agarose gel and visualized by ethidium bromide. Left panel: untreated
cells (control) and 1 �M TSA-treated cells for 12 or 24 hr, respec-
tively. Right panel: untreated cells (control); lanes 1, 2 and 3 corre-
spond to L1210R cells incubated with 10 nM, 100 nM and 1 �M TSA,
respectively. As control for loading and RNA quality, parallel RNA
samples were analyzed with �-actin primers. Detection of Pgp by
Western blot (b) of untreated L1210R cells (lane 1) or cells treated
with 100 nM (lane 2), 500 nM (lane 3) or 1 �M (lane 4) TSA for 24
hr using the anti-Pgp MAb C219 in crude membrane extracts contain-
ing 30 �g of protein. Pgp mRNA levels (c) corresponding to peaks 1,
2, 1� and 2� (Fig. 5) isolated by cell sorting flow cytometry after
treatment of L1210R cells with 1 �M TSA or 7,5 �M SAHA for 24
hr.
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also revealed a progressive dose-dependent reduction of Pgp ex-
pression. As expected, individual RT-PCR analysis of the 2 cell
populations (Fig. 5) isolated by cell sorting flow cytometry dem-
onstrated that the loss of Pgp expression was mostly due to the
complete absence of the Pgp mRNA in the second cell subpopu-
lation (Fig. 6c), characterized by high accumulation of DNM
(peaks 2 or 2�, Fig. 5).

In order to further study the specific implication of Pgp on the
different effects induced by the iHDACs between drug-sensitive
and drug-resistant cells, we stably transfected wild-type L1210
with mouse mdr1a Pgp cDNA, originating the CBMC-6 cell
subline. The newly generated CBMC-6 cells exhibit a similar
pattern of DNM accumulation than the L1210R cells (Fig. 7). This
observation indicates functional expression of Pgp in the CBMC-6
cells which was further confirmed by i) the increase of DNM
accumulation in the presence of VRP (Fig. 7a) and ii) Pgp mRNA
levels determined by RT-PCR (Fig. 7b) and Western blot (Fig. 7c).
However, CBMC-6 and L1210R cells behave completely different
when treated with TSA since in the former, a) DNM accumulation
was not increased, i.e., the appearance of a second cell subpopu-
lation with elevated drug accumulation was not observed (panel 1,
Fig. 7d), b) apoptosis was not induced (panel 2, Fig. 7d) and c) Pgp
mRNA levels were not reduced (Fig. 7b). The fact that Pgp mRNA

levels remain unaffected in the CBMC-6 cells but decrease in the
L1210R cells suggests a transcriptional regulation of the endoge-
nous Pgp promoter by TSA that is not operating in the CBMC-6
cells because in these cells, the Pgp mRNA is under control of a
heterologous promoter. On the other hand, since the CBMC-6 cells
do not enter in apoptosis upon treatment with TSA or SAHA, it
seems clear that the apoptosis mediated by these agents is inde-
pendent on Pgp activity and therefore the sole functional expres-
sion of Pgp results insufficiently to explain the differences exerted
by TSA or SAHA between drug-resistant and drug-sensitive cells.

As noted above, TSA and SAHA were able to induce apoptosis
and also to reduce Pgp expression in the drug-resistant cells. In
order to explore whether these effects were mediated by some
protein component(s), L1210R cells were incubated with the pro-
tein synthesis inhibitor CHX. Because of a 24 hr incubation with
CHX induced apoptosis in L1210 and L1210R cells, we performed
time-course experiments aimed to determine the minimal time
needed for TSA to reproduce its effects. Treatment of L1210R
cells with 1 �M TSA for 1 hr, followed by 23 hr of incubation with
fresh medium without TSA, was sufficient to induce the expected
effects (Fig. 8). Control experiments under these conditions re-
vealed that CHX (5 �g/ml) induced low levels of apoptosis per se
(Fig. 8a). Incubation of L1210R cells in the presence of both TSA

FIGURE 7 – Characterization of L1210 cells transfected with mouse Pgp cDNA (CBMC-6 cells). Relative accumulation of DNM (a) estimated
by flow cytometry in L1210 (1), L1210R (3) and CBMC-6 (5) cells and its reversion by 5 �M VRP in L1210 (2), L1210R (4) and CBMC-6
(6) cells. Data plotted mean � SEM (n 	 7). RT-PCR analysis of Pgp mRNA (b) in the CBMC-6 cells (lane 1). Lanes 2, 3 and 4 correspond
to CBMC cells treated with 5 �g/ml CHX for 24 hr, 1 �M TSA for 24 hr and CHX plus TSA, respectively. Detection of Pgp by Western blot
(c) in the CBMC-6 cells (lane 3). Lanes 1 and 2 correspond to L1210 and L1210R, respectively. DNM accumulation in the CBMC-6 cells (d)
treated with 1 �M TSA (1). Distribution of cellular DNA content after treatment of CBMC-6 cells with 1 �M TSA for 24 hr (2). Note the absence
of apoptotic cells in comparison with panel 4 in Figure 2 or panel 6 in Figure 4.
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and CHX significantly abolished the TSA-induced apoptosis (Fig.
8a), the emergence of a new 12-cell subpopulation with high DNM
accumulation (Fig. 8b) and the decrease in Pgp mRNA levels (Fig.
8c). Clearly, these data indicate that TSA induces the expression of
a protein effector(s), which is (are) mediating apoptosis and down-
regulation of Pgp in drug resistant cells.

DISCUSSION

In the past few years, it has been suggested that histone acety-
lation is involved in transcriptional regulation.27,28 The pleiotropic
nature of the MDR phenomenon comprises alteration of multiple
genetic events,29,30 thus providing an excellent cellular situation to
study activation or repression of endogenous genes, whose tran-
scription involves acetylation/deacetylation of histones. In this
regard, a question arises as to what extent the main characteristics
of the drug-resistant tumor cells are affected by drugs that, altering
the acetylated/deacetylated status of the cells, could efficiently
overcome the MDR phenotype.

In the present study, we report that the histone deacetylase
inhibitors TSA and SAHA are promoting 2 major effects in the
drug-resistant cells: down-regulation of Pgp and induction of ap-
optosis. With respect to the former, we observed that TSA and
SAHA significantly increased the accumulation of DNM in the
L1210R cells with no effect on the drug-sensitive counterparts.
This finding raised the following question: is it the decrease of Pgp
activity or is it the loss of Pgp expression responsible for the
increase of DNM accumulation observed in the drug-resistant
cells? The former possibility does not seem plausible since Pgp
activity was unaffected by TSA in the Pgp-transfected CBMC-6
cells. On the other hand, RT-PCR and Western blot analysis
consistently demonstrated that TSA markedly reduced Pgp expres-
sion in the L1210R drug-resistant cell lines. In contrast, some
studies report no changes in the expression of Pgp in human CEM
cells by SAHA31 or an increase in the steady-state level of MDR1
mRNA in the human colon carcinoma SW620 cells upon treatment
with TSA.22 Although the basis for this discrepancy is not known,
possible explanations are a) the DNA sequences of mouse and
human MDR1 promoters are different3 and therefore they are most
likely subjected to differential regulation and b) the regulation of
Pgp expression is tissue-specific32 since epithelial cells such as
colon cells constitutively express high levels of Pgp as compared
to hematopoietic cells (with the exception of CD34-positive bone
marrow stem cells9 that, as in the case of the L1210R cells, have
been selected under pressure to overexpress Pgp (see Experimental
Procedures). In this context, while differentiating agents increased
the expression of Pgp in colon carcinoma SW620 cells,22 the
opposite effect was found in human pluripotent stem cells.33

It is noteworthy that iHDACs did not affect Pgp expression in
the CBMC-6 cells, probably because the expression of Pgp in these
cells is under the control of the heterologous CMV promoter. This,
in turn, suggests that regulation of Pgp expression by these inhib-
itors in the L1210R cells is due to a transcriptional control of the
endogenous Pgp promoter.

The second highlight of this report is concerned the greater
susceptibility to apoptosis induced by TSA and SAHA in several
drug-resistant cell lines than in their corresponding drug-sensitive
counterparts. This aspect was marked in the Pgp-expressing
L1210R, P388R (murine leukemia) and MCF-7/ADR (human
breast carcinoma) cell lines and less noticeable in the MRP-
expressing HL60/R cell line. In a recent article, Ruefli et al.34 have
reported similar sensitivity to SAHA-mediated apoptosis in drug-
sensitive and drug-resistant cells, a finding also observed in our
HT29 cells. It seems reasonable to assume that tumor cells of
diverse origins might have dissimilar responses to certain apopto-
tic stimuli. In addition to having diverse origin, a particular situ-
ation can be attained in tumor cells upon acquiring the complex
drug-resistant phenotype. Taken together with the at-the-moment
reported susceptibility of tumor cells to iHDACs-mediated apo-

FIGURE 8 – Preventing action of CHX on the effects induced by
treatment with TSA in the L1210R cells. Experiments were performed
incubating the cells with TSA for 1 hr followed by incubation in fresh
medium up to 24 hr. Apoptosis of cells (a) treated with 1 �M TSA, 5
�g/ml of CHX or with (TSA � CHX). Control: untreated cells.
Apoptosis is determined by the number of cells within the sub-G1 peak
(in the cell cycle analysis by flow cytometry). DNM accumulation (b)
corresponding to peak 2 in Figure 5e upon treatment of L1210R cells
with TSA, CHX or both, under the conditions described in (a). Pgp
mRNA levels (c) determined by RT-PCR in untreated cells (1) and in
cells treated for 24 hr with CHX (2), TSA (3) and CHX plus TSA (4)
as above. As loading and RNA quality control, parallel RNA samples
were analyzed with �-actin primers.
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ptosis34 and the data here observed, it is possible to classify the
cells into the 3 following categories: first, cell lines in which
drug-resistant cells such as L1210/R and P388/R cells are suscep-
tible to iHDACs-mediated 15 apoptosis, while their parental coun-
terparts are not. In the case of P388 cells, Ueda et al.35 found in
mice bearing ascitic tumors of P388 cells treated with FR901228,
a potent inhibitor of histone deacetylase, that this agent was more
effective against mitomycin C, cyclophosphamide, vincristine and
5-fluorouracil resistant P388 leukemias than against non-resistant
P388 cells.

A second category can be represented by the human breast
carcinoma MCF/7 cell line characterized by a dose-dependent
sensitivity to the iHDACs-mediated apoptosis. In these cells, the
chemoresistant MCF-7/Adr cells were considerable more suscep-
tible to TSA-induced apoptosis than the parental MCF-7 counter-
parts.

Finally and in close agreement with the report by Ruefli et al.,34

TSA induced apoptosis in a similar extent in both drug-sensitive
and drug-resistant human colon carcinoma HT29 cells. In this
scenario, it seems plausible that along with the acquisition and
development of drug resistance, different experimental conditions
(drug selection, viral transfections, type of drug(s) for selection,
degree of resistance, etc.) could decide if the resulting drug-
resistant cells retain the original susceptibility of the parental,
drug-sensitive cells to apoptotic stimuli. In any case, it must be
pointed out that with the reported exception of K562 cells,34

drug-resistant cells are susceptible to iHDAC-mediated apoptosis
and that the situation can be also extended to other drug-resistant
non-mdr cells, since methotrexate-resistant HT29 cells, which do
not overexpress Pgp,24 undergo apoptosis when treated with TSA.

In agreement with the reported role for iHDACs as apoptosis
inductors in other cell systems,17,18 we observe that inhibition of
cell viability in the drug-resistant cells after incubation with TSA
or SAHA was related to apoptosis in these cells. As stated in
Figure 4, distribution of cellular DNA content upon treatment with
TSA was different in drug-sensitive and drug-resistant L1210 cells
and it has been recently reported that the final destination of the
cells, i.e, apoptosis or cell survival, could be dependent on the
phase of the cell cycle to which cells tend to accumulate.36

Pgp represents the most consistent molecular alteration of the
MDR phenotype.3,5 Previous studies have reported delay or pro-
tection to different apoptotic stimuli by Pgp37,38 and therefore it
was pertinent to evaluate the possible contribution of Pgp to the
apoptosis induced by TSA or SAHA in our drug-resistant cell

lines. Transfection of the drug-sensitive L1210 cells with the Pgp
cDNA rendered the CBMC-6 cells with functional expression of
Pgp. However, the CBMC-6 cells did not undergo apoptosis upon
treatment with TSA or SAHA, indicating that the apoptosis in-
duced by these agents in the drug-resistant cells was irrelevant to
Pgp overexpression. Also, we have observed that low concentra-
tions of TSA or SAHA do not induce apoptosis (Fig. 1b) but do
decrease Pgp mRNA levels (Fig. 6a) in the L1210R cells, sup-
porting separation between both processes.

The 2 major effects inflicted by TSA or SAHA, apoptosis and
reduction of Pgp expression were abolished in the presence of the
protein synthesis inhibitor cycloheximide, indicating the require-
ment of protein effectors for both processes to occur. Identification
of specific molecules responsible for mediating the effects pro-
moted by both DHACs inhibitors is under way in our laboratory.
However, it seems reasonable to speculate that, apart from Pgp-
expression, the pleiotropic nature of MDR could originate a dif-
ferent balance of acetylase/deacetylase activities between drug-
sensitive and drug-resistant cells. This in turn, could determine the
response of the cells to changes in the acetylation/deacetylation of
histones and other cellular targets.39 In such a case, the hyper-
acetylation induced by iHDACs, such as TSA or SAHA, could
result in a different activation or derepression of specific cell death
genes36 as reported here in drug-resistant cells, increasing their
susceptibility to apoptotic stimuli. A putative candidate to mediate
TSA-induced apoptosis in the L1210R cells is CD95, which ex-
pression increases by treatment with histone deacetylase inhibi-
tors.36 However, we ruled out this possibility in our cells because,
first, TSA induced CD95 expression in both L1210 and L1210R
cells the concentration of TSA needed for CD95 induction (5 nM)
was considerably smaller than that required for apoptosis induction
(50 nM) and third, a cell permeable inhibitor of caspase 8 was able
to block TSA-induced caspase 8 activity but failed to prevent
TSA-induced apoptosis in the L1210R cells (data no shown).

Finally, TSA reduced Pgp expression and “sensitized” drug-
resistant L1210 cells to DNM, suggesting that in addition to its
proposed antitumor action in the treatment of carcinomas,40,41

iHDACs might have a therapeutic potential against tumors with
acquired resistance phenotype.
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