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Acute promyelocytic leukemia (APL) is associated with chromo-
somal translocations always involving the RARa gene, which
variably fuses to one of several distinct loci, including PML or PLZF
(X genes) in t(15;17) or t(11;17), respectively. APL in patients
harboring t(15;17) responds well to retinoic acid (RA) treatment
and chemotherapy, whereas t(11;17) APL responds poorly to both
treatments, thus defining a distinct syndrome. Here, we show that
RA, As2O3, and RA 1 As2O3 prolonged survival in either leukemic
PML-RARa transgenic mice or nude mice transplanted with PML-
RARa leukemic cells. RA 1 As2O3 prolonged survival compared
with treatment with either drug alone. In contrast, neither in
PLZF-RARa transgenic mice nor in nude mice transplanted with
PLZF-RARa cells did any of the three regimens induce complete
disease remission. Unexpectedly, therapeutic doses of RA and RA
1 As2O3 can induce, both in vivo and in vitro, the degradation of
either PML-RARa or PLZF-RARa proteins, suggesting that the main-
tenance of the leukemic phenotype depends on the continuous
presence of the former, but not the latter. Our findings lead to
three major conclusions with relevant therapeutic implications: (i)
the X-RARa oncoprotein directly determines response to treatment
and plays a distinct role in the maintenance of the malignant
phenotype; (ii) As2O3 andyor As2O3 1 RA combination may be
beneficial for the treatment of t(15;17) APL but not for t(11;17) APL;
and (iii) therapeutic strategies aimed solely at degrading the
X-RARa oncoprotein may not be effective in t(11;17) APL.

Acute promyelocytic leukemia (APL) is associated with recip-
rocal translocations that always involve the retinoic acid (RA)

receptor a (RARa) gene on chromosome 17 (1, 2). RARa variably
translocates and fuses to several distinct loci, including the promy-
elocytic leukemia (PML) gene located on chromosome 15
[t(15;17)], or to the promyelocytic leukemia zinc-finger (PLZF)
gene on chromosome 11 [t(11;17)] (hereafter referred as X genes)
(1, 2). PML-RARa and PLZF-RARa have the capacity of het-
erodimerizing with PML or PLZF, respectively (3–5). Similarly, the
RARa portion of X-RARa is able to mediate heterodimerization
with retinoid X receptor (RXR; an obligate heterodimeric partner
for various nuclear receptors), as well as DNA and ligand binding
through the RARa RA- and DNA-binding domains (1, 2, 4).
X-RARa has, therefore, the potential ability to interfere with both
X and RARyRXR pathways.

APL in patients harboring t(15;17) is uniquely sensitive to the
differentiating action of RA, becoming the paradigm for ther-
apeutic approaches using differentiating agents (1, 2, 6). Treat-
ment with RA alone induces disease remission transiently, and
relapse is inevitable if remission is not consolidated with che-
motherapy. Furthermore, relapse is often accompanied by RA
resistance (1, 2, 6, 7). APL patients harboring t(11;17) show a

distinctly worse prognosis with little or no response to treatment
with RA, thus defining a distinct APL syndrome (8).

The X-RARa fusion proteins form corepressor complexes
with NCoRySMRT-Sin3A-histone deacetylases, which are less
sensitive to RA (9–12). PLZF-RARa, by means of its PLZF
moiety, can form corepressor complexes that are insensitive to
pharmacological doses of RA (9–12).

RA can also induce the caspase-mediated degradation of the
PML-RARa fusion protein (13, 14). Thus, the differential
response to RA can be attributed to the differential repressive
ability of the two X-RARa fusion proteins.

As in human APL, leukemia in PML-RARa transgenic
mice (TM) responds well to RA, which can induce complete
disease remission, whereas leukemia in PLZF-RARa TM
responds poorly to RA and complete disease remission is never
attained (9).

Arsenic trioxide (As2O3) is extremely effective in the treat-
ment of APL (7, 15). As2O3 may induce the degradation of the
PML-RARa protein through ubiquitination of the PML moiety
(16–20). This event could be critical in mediating the biological
effects of As2O3 in APL. However, NB4–306 cells, a RA-
resistant cell line derived from NB4 that no longer expresses the
PML-RARa fusion protein, responded to As2O3 as the parental
NB4 cells did (20, 21). In addition, in vitro, As2O3 shows
antitumoral and proapoptotic activity in cancer cells that do not
harbor t(15;17) (21–24).

RA and As2O3 are both very effective antileukemic drugs in
t(15;17) APL. RA triggers differentiation whereas, As2O3 in-
duces both apoptosis and partial differentiation of the leukemic
blasts (7, 15–21, 25). However, it is still unclear whether com-
bination of these drugs may be more effective in the treatment
of t(15;17) APL, and whether therapy-resistant leukemia such as
t(11;17) APL responds to As2O3 andyor As2O3 1 RA. Further-
more, the mechanisms by which the X-RARa oncoproteins
mediate response or resistance to treatment still need to be
established. To address these questions, we have used PML-
RARa and PLZF-RARa mouse models of leukemia.

Abbreviations: RA, retinoic acid; RAR, RA receptor; APL, acute promyelocytic leukemia;
PLZF, promyelocytic leukemia zinc finger; TM, transgenic mice; NM, nude mice; PB, periph-
eral blood; BM, bone marrow; TUNEL, terminal deoxynucleotidyltransferase-mediated
dUTP end labeling; UN, untreated; C.I., confidence interval.
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Materials and Methods
TM and Diagnosis of Leukemia. We used leukemic hCG-PML-
RARa and hCG-PLZF-RARa TM. The generation of these TM
and the characterization of their hemopoiesis have been de-
scribed (9, 26). Diagnosis of leukemia was made on the basis of
the following concomitant criteria: (i) presence of blastsy
promyelocytes (.1%) in the peripheral blood (PB); (ii) leuko-
cytosis (WBC . 30 3 103yml); and (iii) anemia (hemoglobin ,
10 gydl) andyor thrombocytopenia (platelets , 500 3 103yml).

Nude Mice (NM) Transplantation. NUyJ Hfh 11nu 4-to 8-week-old
NM (The Jackson Laboratory) were injected with 5 3 107 leukemic
cells i.p. The leukemic cells were obtained from the bone marrow
(BM) and spleen of moribund leukemic PLZF-RARa or PML-
RARa TM. For these experiments, three independent leukemias
from each TM genotype were used. No differences in treatment
response were observed between recipients of different donors. The
morphology, immunophenotype, and expression of the oncopro-
teins by the transplanted leukemic cells were identical to those
observed in leukemic TM. By sacrificing NM at various times after
transplantation, we detected leukemic infiltration in the BM and
spleen in 100% of the NM by day 25. Thus, the various treatments
were started 25 days after transplant.

Treatment with Arsenic and RA. To determine the dose of As2O3 to
be administered, wild-type (C57BLy6) and NM (n 5 6, per group)
were treated with 1, 2.5, 5, 7.5, and 10 mgyg of body weight per day
As2O3 (Sigma) with or without 1.5 mgyg per day of RA (Sigma)
daily i.p. for 4 weeks, after which three animals per group were
killed and a thorough pathological analysis of all organs was
performed. As2O3 (1 or 2.5 mgyg per day) with or without RA did
not cause signs of toxicity, and the remaining animals remained
healthy after more than 1 year of follow-up. As2O3 (7.5 and 10 mgyg
per day) with or without RA resulted in lethality in both NM and
wild-type mice. Lethality was probably caused by liver failure,
because hepatic necrosis was constantly found. NM perfectly
tolerated 5 mgyg per day of AS2O3. In wild-type mice, however, this
dose caused liver damage, but did not result in death. On the basis
of these data, leukemic PLZF-RARa or PML-RARa TM were
treated, at presentation, for 21 consecutive days with an i.p. daily
injection of (i) RA at 1.5 mgyg per day; (ii) As2O3 at 2.5 mgyg per
day; or (iii) As2O3 1 RA at the same doses. NM were treated as
above with (i) RA at 1.5 mgyg per day; (ii) As2O3 at 5 mgyg per day;
or (iii) As2O3 1 RA at the same doses. TM and NM were followed
on a daily basis, and automatic and differential counts of PB were
performed weekly. The animals were considered in hematological
remission according to the following criteria: hemoglobin levels $
12 gydl; WBC counts # 30,000yml with #1% blasts, and platelets $
500,000yml. All these criteria were fulfilled in two consecutive
weekly tests.

Apoptosis and Differentiation. NM were transplanted as described
with either PML-RARa or PLZF-RARa leukemic cells, and 25
days later they were treated for 3 days with As2O3 at 5 mgyg per
day, RA at 1.5 mgyg per day, or As2O3 1 RA at the same doses.
Approximately 6 h after the last dose, NM were killed and the
leukemic cells were then sorted from the liver by using a MoFlo
flow cytometer (Cytomation, Fort Collins, CO). The cells were
sorted on the basis of these immunophenotypic features: CD451,
CD3e2, and B2202 (all antibodies were purchased from PharM-
ingen). On sorting, more than 90% myeloid cells were obtained
as judged by morphological analysis (Fig. 4B). Apoptotic cells
were scored by the terminal deoxynucleotidyltransferase-
mediated dUTP nick end-labeling method (TUNEL) by using
the In Situ Cell Death Detection Kit (Boehringer Mannheim).
The TUNEL assay was performed according to the instructions
of the supplier. 49,6-Diamidino-2-phenylindole (DAPI; Sigma)

was used to reveal nuclei. Myeloid differentiation on various
treatments was evaluated: (i) by morphological analysis scoring
the number of mature myeloid cells; and (ii) by measuring with
flow cytometry the expression levels of the CD11b surface
marker (clone M1y70, PharMingen) in the sorted leukemic cells.

Establishment of the Lee Cell Line from a Leukemic PLZF-RARa TM.
BM cells were collected from PLZF-RARa TM with leukemia and
cultured in DMEM supplemented with 30% FCS, 2% pokeweed
mitogen-stimulated murine spleen cell-conditioned medium (Stem-
Cell Technologies, Vancouver), 2 mM L-glutamine, and 1% peni-
cillin–streptomycin at 37°C in a 5% CO2 atmosphere. Without
pokeweed mitogen-stimulated murine spleen cell-conditioned me-
dium, cells died within 1 month. After six passages, the concentra-
tion of FCS was reduced to 20%, and recombinant stem cell factor
and IL-3 (PeproTech, Rocky Hill, NJ) were added to the cultures
at a final concentration of 10 and 5 ngyml, respectively. Morpho-
logical and flow cytometric surface marker analyses as well as in
vitro RA responses revealed features that paralleled those observed
in vivo in leukemic blasts from PLZF-RARa TM.

Cell Cultures. NB4 cells were grown in RPMI medium 1640
supplemented with 10% FCS and 1% penicillin–streptomycin
and maintained at 37°C in a 5% CO2 atmosphere. Lee cells were
cultured as described. The cells were treated with As2O3 andyor
RA at the indicated doses.

Immunocytofluorescence and Western Blot Analyses. Transplanted
NM and leukemic TM were treated for 2 or 7 days with As2O3,
RA, or As2O3 1 RA. Leukemic cells were sorted from the liver
of NM or harvested from the BM of leukemic TM, cytospun onto
slides, and subjected to confocal indirect immunofluorescence
analysis with a rabbit polyclonal anti-RARa antibody (a kind gift
from P. Chambon, Institut de Génétique et de Biologie Mo-
léculaire et Cellulaire, Strasbourg, France) as described (9).
Staining with 49,6-diamidino-2-phenylindole was performed to
reveal nuclei. For Western blot analysis, whole-cell lysates were
prepared by direct lysis in enzyme immunoassay buffer. Proteins
were electrophoresed on an SDSy8% polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and immunostained with
anti-RARa and anti-b-actin antibodies.

RNA Analysis. Total RNA was prepared by using Trizol reagents
(GIBCOyBRL). For the Northern blot analysis, denatured total
RNA (25 mg) was hybridized with the human PLZF AvaI probe
39, following standard procedures.

Statistics. Statistical analysis was performed by using the SPSS 9.0
software (SPSS, Chicago). Survival analysis was based on Kaplan–
Meyer estimation and groups were compared by the log-rank test.
The comparison between the percentage of CD11b-positive and of
TUNEL-positive cells in treated and untreated NM was performed
by the Mann–Whitney u test. All quoted P values are two sided, and
confidence interval (C.I.) refers to 95% boundaries.

Results
The Combination of As2O3 and RA Is More Effective in the Treatment
of Leukemia in PML-RARa TM Than Either Drug Alone. PML-RARa
leukemic TM were treated with a daily i.p. dose of As2O3, RA,
or As2O3 1 RA. In any of the three therapeutic arms, survival
was significantly longer than in untreated (UN) animals (P ,
0.0001) (mean survival time of UN: 9.3 days, 95% C.I. 5 6.6–12
days; RA: 44.3 days, 95% C.I. 5 36.7–51.9 days; As2O3: 36.7 days,
95% C.I. 5 29.5–43.9 days; As2O3 1 RA: 72 days, 95% C.I. 5
47.2–96.8 days) (Fig. 1A). Although in mice treated with RA
alone the mean survival was longer than in those treated with
As2O3 alone, this difference was not statistically significant (P 5
0.26), whereas the mean survival of leukemic PML-RARa TM
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treated with As2O3 1 RA was significantly longer than the one
observed with RA alone (P 5 0.04) or As2O3 alone (P 5 0.03).

RA and As2O3, alone or in combination, induced disease
remission in 100% of leukemic PML-RARa TM as demon-
strated by the disappearance of the leukemic cells from the PB
(Fig. 1 B–E) and the return of the WBC, hemoglobin, and
platelet counts to normal (data not shown). Disease remission
was also confirmed by killing mice and performing differential
bone marrow counts in each therapeutic arm at the time when
the blasts disappeared from the PB (not shown). Spontaneous
disease remission was never observed among untreated mice.
After relapse, leukemic infiltration of spleen, liver, and BM was
consistently detected in the necropsy.

RA, As2O3, or As2O3 1 RA Are Ineffective in Leukemic PLZF-RARa TM.
PLZF-RARa leukemic TM were treated with a daily i.p dose of
As2O3, RA, or As2O3 1 RA. Leukemic mice survived longer when
treated. However, the mean survival time did not differ statistically
between untreated and treated mice (P 5 0.1) (mean survival time
of UN: 14.6 days, 95% C.I. 5 11.1–18 days; RA: 30.3 days, 95% C.I.
5 17.9–42.6 days; As2O3: 21 days, 95% C.I. 5 11.7–30.3 days;
As2O3 1 RA: 29.67 days, 95% C.I. 5 13.4–45.9 days) (Fig. 1A).
Moreover, RA, As2O3, or their combination never induced disease

remission, as shown by the constant presence of leukemic cells in
the peripheral blood (Fig. 1 B–E).

As2O3 1 RA Prolongs the Survival of NM Transplanted with PML-RARa
Leukemic Cells. In NM transplanted with PML-RARa leukemic
cells, either RA or As2O3 treatments resulted in a significantly
(P , 0.001) longer mean survival than that observed in UN mice
(Fig. 2A). The treatment with RA or As2O3 alone resulted in
comparable mean survival time (UN: 60.6 days, 95% C.I. 5
55.5–65.7 days; As2O3: 75.6 days, 95% C.I. 5 68.3–82.8 days;
RA: 83.6 days, 95% C.I. 5 75.6–91.6 days). When treated with
the As2O3 1 RA combination, transplanted NM survived longer
than those treated with either drug alone (105 days, 95% C.I. 5
98.6–111.4 days; P 5 0.004 for the comparison between As2O3
1 RA with RA; P , 0.0001 for As2O3 1 RA versus As2O3).
Prolonged survival induced by the various drugs was accompa-
nied by a longer interval between the transplantation and the
appearance of blasts in the PB (Fig. 2 B–E).

RA, As2O3, or As2O3 1 RA Are Ineffective in the Treatment of NM
Transplanted with PLZF-RARa Leukemic Cells. As observed in PLZF-
RARa TM, neither of the treatments prolonged survival in

Fig. 1. Effects of treatment with As2O3, RA, or As2O3 1 RA on the survival of
leukemic TM PML-RARa and PLZF-RARa. (A) Cumulative survival of leukemic
TM PML-RARa (Left) and PLZF-RARa (Right) injected daily i.p. with RA (blue
line), As2O3 (green line), or RA 1 As2O3 (black line). Control animals received
no treatment (red line). The black bar on the abscissa represents the 21-day
period of treatment. (B–E) Absolute number of blasts (log scale) in the PB of
leukemic PML-RARa (Left) and PLZF-RARa (Right) TM. (B) Untreated PML-
RARa (n 5 13) and PLZF-RARa (n 5 7) TM. (C) RA-treated PML-RARa (n 5 6) and
PLZF-RARa (n 5 7) TM. (D) As2O3-treated TM (n 5 6). (E) RA 1 As2O3-treated
TM (n 5 6).

Fig. 2. Effects of treatment with As2O3, RA, or As2O3 1 RA on the survival of
NM transplanted with leukemic cells PML-RARa and PLZF-RARa. (A) Cumula-
tive survival of NM transplanted with leukemic cells obtained from PML-RARa

(Left) or PLZF-RARa (Right) leukemic TM and treated with daily i.p. injections
of As2O3 (green line), RA (blue line), or RA 1 As2O3 (black line). Control animals
received no treatment (red line). The red bar on the abscissa represents the
25-day period between the transplantation and the beginning of the treat-
ment and the black bar represents the 21-day treatment period. (B–E) Abso-
lute number of blasts (log scale) in the PB of leukemic PML-RARa (Left) and
PLZF-RARa (Right) NM. (B) Untreated PML-RARa (n 5 8) and PLZF-RARa (n 5
6) NM. (C) RA-treated PML-RARa (n 5 8) and PLZF-RARa (n 5 6) NM. (D)
As2O3-treated PML-RARa (n 5 9) and PLZF-RARa (n 5 6) NM. (E) RA 1
As2O3-treated NM PML-RARa (n 5 11) and PLZF-RARa (n 5 6).
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transplanted NM in a significant manner (UN: 66.2 days, 95%
C.I. 5 61.7–70.7 days; As2O3: 69.4, 95% C.I. 5 65.9–72.8 days;
RA: 70.2 days, 95% C.I. 5 65.9–74.5 days; As2O3 1 RA: 73.5
days, 95% C.I. 5 69.7–77.3 days). The differences between the
three arms were not significant (P 5 0.15). In addition, no
significant difference was observed among the various treat-
ments in the interval time between transplantation and the
detection of blasts in peripheral blood (Fig. 2 B–E).

Distinct Biological Response to As2O3, RA, or As2O3 1 RA Treatments
in PML-RARa or PLZF-RARa Leukemia Models. In NM transplanted
with either PML-RARa or PLZF-RARa leukemic cells, both
As2O3 and As2O3 1 RA treatments resulted in increased
apoptosis of the leukemic blasts (Fig. 3). However, whereas in
the PML-RARa model As2O3 and As2O3 1 RA caused a
marked increase in apoptosis (.5-fold), in the PLZF-RARa
model, the increase was modest (up to 2-fold) (Fig. 3).

The differential response of the PML-RARa and PLZF-
RARa leukemic cells to the various treatments was even more
pronounced when we evaluated the differentiating ability of the
various drugs. In the PML-RARa NM model, we observed a
significant increase in the number of mature myeloid cells (UN:
28.1% 6 8%; RA: 54.5% 6 12.3%; As2O3: 35.7% 6 8.3%; As2O3

1 RA: 57.7% 6 13.2%) as well as in the levels of CD11b
expression on treatment with RA or with As2O3 1 RA, com-
pared with that detected in mice untreated or treated with As2O3

alone (Fig. 4). In contrast, in the PLZF-RARa NM model, none
of the treatments induced a significant increase in the number of
mature myeloid cells (UN: 37.1% 6 12.1%; RA: 41.1% 6 8.1%;
As2O3: 39% 6 11.7%; As2O3 1 RA: 43.9% 6 8%) or in the
CD11b expression in the leukemic cells, as compared with cells
from untreated NM (Fig. 4).

RA or RA 1 As2O3 Can Induce, Both in Vivo and in Vitro, the Complete
Degradation of the PML-RARa or PLZF-RARa Oncoproteins. We next
studied the effects of RA, As2O3, or their combination on the
stability of the PML-RARa or PLZF-RARa oncoproteins in
our leukemia models. Immunofluorescence analysis was per-
formed on the cells from the BM of leukemic TM and on the
leukemic cells sorted from transplanted NM on various treat-
ments. By using an anti-RARa antibody that recognizes the
X-RARa fusion proteins, a characteristic nuclear microspeckled
staining pattern was detected in leukemic cells from both
PML-RARa and PLZF-RARa TM (ref. 9 and Fig. 5A). In the
PML-RARa TM and NM models, RA, As2O3, or RA 1 As2O3
treatments resulted in the disappearance of the nuclear mi-
crospeckled signal after 2 or 7 days of treatment, in agreement
with the notion that these drugs can induce the degradation of
the PML-RARa protein (Fig. 5A and not shown). Surprisingly,
however, in both PLZF-RARa TM and NM models of leukemia,
RA 1 As2O3 or RA treatments also induced the disappearance
of the nuclear microspeckled signal, whereas As2O3 alone did not
(Fig. 5A and not shown), suggesting that RA can induce the
degradation of the PLZF-RARa fusion protein as well. Western
blot analysis demonstrated that the PLZF-RARa oncoprotein is
persistently absent in actively growing leukemic cells treated for
7 days with RA 1 As2O3 (Fig. 5A). This result also rules out the
possibility that a novel subpopulation of leukemic blasts resistant
to the RA 1 As2O3-induced degradation of the PLZF-RARa
protein is selected throughout treatment.

To confirm that the disappearance of the microspeckled signal
observed in the PLZF-RARa leukemic cells on RA or RA 1

Fig. 3. Effects of treatment with As2O3, RA, or As2O3 1 RA on the induction
of apoptosis in leukemic cells sorted from the liver of transplanted NM. (A) The
percentage of apoptotic cells in the sorted leukemic cells from the NM
transplanted with PML-RARa (Left) or PLZF-RARa (Right) leukemic cells and
treated as indicated was evaluated by scoring the number of TUNEL-positive
cells. The results are expressed as -fold relative to the untreated animals. Mean
percentage 6 standard deviation (SD) of PML-RARa leukemic apoptotic cells
in the liver: UN: 3.3% 6 0.5%; RA: 4.6% 6 0.8%; As2O3: 16% 6 4%; and As2O3

1 RA: 18% 6 4.5%. Mean percentage 6 SD of PLZF-RARa leukemic apoptotic
cells in the liver: UN: 4% 6 1.1%; RA: 4.4% 6 1.2%; As2O3: 7.7% 6 1.5%; and
As2O3 1 RA: 8% 6 1.8%. (B) TUNEL-positive cells (green fluorescence) in sorted
leukemic cells from the liver of NM transplanted with PML-RARa or PLZF-RARa

cells and treated with As2O3 1 RA for 3 days. Staining with 49,6-diamidino-2-
phenylindole was performed to reveal nuclei. (31,000.)

Fig. 4. Effects of treatment with As2O3, RA, or As2O3 1 RA on the induction of
differentiation in leukemic cells sorted from the liver of transplanted NM. (A) The
percentageofCD11b1 cells in thesorted leukemiccells fromtheNMtransplanted
with PML-RARa (Left) or PLZF-RARa (Right) leukemic cells and treated as indi-
cated was determined by flow cytometry. Results are expressed as -fold relative
to the untreated animals. Mean percentage 6 SD of PML-RARa leukemic cells
expressing CD11b in the liver: UN: 25.6% 6 4.5%; RA: 53.5% 6 10.2%; As2O3:
33.9% 6 8%; and As2O3 1 RA: 54.5% 6 12%. Mean percentage 6 SD of
PLZF-RARa leukemic cells expressing CD11b in the liver: UN: 36.4% 6 4.4%; RA:
43.2% 6 4.1%; As2O3: 35.1% 6 5.2%; and As2O3 1 RA: 44.3% 6 6.5%. (B)
Morphological features of PML-RARa or PLZF-RARa leukemic cells sorted from
the liverof transplantedNMandtreatedwithAs2O3 1RAfor3days.TheCytospin
preparations were stained with Wright–Giemsa stain. (31,000.)
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As2O3 is not caused by a subcellular redistribution of the
oncoprotein, but is the result of its degradation, and to compare
the effects of the various drugs on PML-RARa and PLZF-
RARa, we took advantage of a cell line established from a
leukemic PLZF-RARa TM (Lee) and the APL NB4 cell line,
which express the PML-RARa oncoprotein (27). Lee cells
express PLZF-RARa, which is detected in its classical nuclear
microspeckled distribution (Fig. 5B). RA was used at subphar-
macological doses (1027 M), which could induce only a partial
degradation of PML-RARa in NB4 (Fig. 5B and refs. 13 and 14).
As observed in vivo, however, at this dose of RA, in Lee cells

either this drug or RA 1 As2O3, but not As2O3, induced the
disappearance of the nuclear microspeckled staining and the
PLZF-RARa fusion protein as demonstrated by immunofluo-
rescence and Western blot analysis, respectively (Fig. 5B). On
treatment with RA 1 As2O3, the complete disappearance of the
microspeckled staining pattern could already be demonstrated
after 3 h (not shown). At this time point, Northern blot analysis
showed identical amounts of PLZF-RARa RNA in treated and
untreated Lee cells (Fig. 5B), suggesting that the disappearance
is likely caused by protein degradation. In NB4 cells, in concor-
dance with what was observed in cells from PML-RARa NM
and TM, As2O3 and RA 1 As2O3 induced the complete degra-
dation of the PML-RARa fusion protein, whereas a subphar-
macological dose of RA only partially degraded PML-RARa
(Fig. 5B). Immunofluorescence analysis in NB4 cells revealed
the disappearance of the microspeckled nuclear signal on As2O3
and RA 1 As2O3, and its weakening on RA, corroborating what
was observed by Western blot analysis (not shown). Thus, despite
the unresponsiveness to RA and RA 1 As2O3 observed in the
PLZF-RARa TM and NM models of leukemia, both regimens
could induce the degradation of the PLZF-RARa oncoprotein.

Discussion
The first conclusion that can be drawn from the data presented
here is that RA and As2O3 in combination might be effective in
the treatment of t(15;17) APL, which represents the most
frequent genetic subtype of APL. This is clearly demonstrated by
the fact that in vivo, in both PML-RARa leukemic TM and NM
transplantation models, the two drugs are effective when ad-
ministered together. These data are in agreement with the
notion that RA and As2O3 can both induce the degradation of
the PML-RARa fusion protein (13, 14, 17–20, 28–30), as we
have confirmed in vivo in our mouse models. As2O3 targets
PML-RARa for degradation through the PML moiety (17, 18),
whereas RA targets through both the PML and the RARa
moieties (13, 14, 28–30). Synergy between RA and As2O3 was
also reported in a murine transplantation model of PML-RARa
leukemia (31). Furthermore, in our PML-RARa animal models,
RA acts as an inducer of differentiation, whereas As2O3 acts as
a proapoptotic agent. In combination, the two drugs do not
antagonize their respective activities, thus providing a rationale
for combining these drugs in APL treatment. Thus, although
caution should be taken in extrapolating from murine models, an
important clinical implication of our findings is that RA 1 As2O3
may be effective for the treatment of t(15;17) APL, even at
presentation. NM seemed to respond to treatment less efficiently
than the leukemic TM, which may be caused by differences in
immune response and drug metabolism between NM and TM.
However, despite these differences, similar conclusions can be
drawn from trials in both TM and NM models.

RA and As2O3 activities converge toward the functional and
physical inactivation of PML-RARa, which correlates with the
efficacy of this treatment. An etiopathogenetic implication of these
findings is that the PML-RARa oncogenic function is critical for
the maintenance of the malignant phenotype. It is, of course,
possible that other biological effects of RA and As2O3 may also
contribute to the efficacy of the combined treatment. Furthermore,
because the animal models studied here do not harbor the recip-
rocal product of the t(15;17), RARa-PML, we cannot exclude that
this fusion protein may also play a critical role in the maintenance
of the leukemic phenotype in human APL, as suggested by the fact
that one APL case has been reported in which only the reciprocal
RARa-PML product was expressed (32).

In contrast, RA, As2O3, or their combination does not induce
disease remission in leukemic PLZF-RARa TM. These regi-
mens are also ineffective in the PLZF-RARa NM model. Not
only do PLZF-RARa leukemias respond poorly to RA, As2O3,
or RA 1 As2O3, but the leukemic blasts harboring the PLZF-

Fig. 5. In vivo and in vitro effects of RA or RA 1 As2O3 treatments on the
PML-RARaandPLZF-RARaoncoproteins. (AUpper) Indirect immunofluorescence
with an anti-RARa polyclonal antibody on BM cells from leukemic PML-RARa and
PLZF-RARa TM-treated for 7 days with As2O3 1 RA at the same doses used for the
trials. In the PLZF-RARa TM, the WBC counts at leukemia presentation were
80,000 cells per ml (4,000 blasts per ml) and a week later 320,000 cells per ml (9,600
blasts per ml) demonstrating the resistance to treatment of this leukemia. The
PML-RARa TM, on the contrary, responded well to As2O3 1 RA treatment. WBC
counts at leukemia presentation 38,500 cells per ml (1,925 blasts per ml) and a
week later 16,200 cells per ml with no blasts detected in the PB. The green dots
reveal the microspeckled distribution of the fusion proteins. Staining with 49,6-
diamidino-2-phenylindole was performed to reveal nuclei. (31,000.) (A Lower)
Cellular extracts from BM cells from the leukemic PLZF-RARa TM shown in A were
subjected to Western blot analysis with an anti-RARa antibody (see Materials and
Methods). Arrowheads indicate the PLZF-RARa, RARa, and b-actin proteins. (B
Upper) Immunofluorescence analysis with an anti-RARa antibody on Lee cells
treated for 24 h with RA (1027 M), As2O3 (1026 M), or As2O3 1 RA at the same
doses, or untreated (vehicle). (31000.) (B Lower Left) Western blot analysis of
protein extracts from NB4 and Lee cells treated as in B Upper. Arrowheads
indicate the PML-RARa, PLZF-RARa, and RARa and b-actin proteins. (B Lower
Right) Northern blot analysis of total RNA extracted from Lee cells treated with
RA (1027 M) plus As2O3 (1026 M) for 3 h or untreated (vehicle). Arrowheads
indicate the PLZF, PLZF-RARa, and b-actin RNA.
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RARa display a marked protection from the differentiating and
proapoptotic effects of these treatments. Thus, the different
NH2-terminal moiety of the two X-RARa oncogenes directly
mediates differential response to both RA and As2O3. The
unresponsiveness to As2O3 might be explained by the inability of
the drug to induce the degradation of the PLZF-RARa onco-
protein. Surprisingly, however, RA with or without As2O3 is
effective, both in vivo and in vitro, in inducing the degradation of
PLZF-RARa. Effective degradation of PLZF-RARa by RA has
also been reported in vitro in cells from one t(11;17) human APL
patient (33). These findings unravel a striking difference be-
tween leukemias associated with PML-RARa or PLZF-RARa.
Whereas PML-RARa leukemia appears to depend on the
presence of the oncoprotein, in PLZF-RARa leukemia,
the malignant phenotype does not appear to depend entirely on
the continuous presence of the oncoprotein, although it cannot
be excluded that undetectable amounts of the PLZF-RARa
oncoprotein may suffice to exert its leukemogenic effects.

The absence of the PLZF-RARa oncoprotein in treated
leukemic cells originates a paradox: how can PLZF-RARa
dictate unresponsiveness to treatment, and in its absence, these
effects still be maintained? Three explanations can be enter-
tained. (i) In PML-RARa leukemia, RA may be effective by
inducing transactivation and cellular differentiation by means of
the oncoprotein before its degradation. This mechanism is not
effective in the case of the PLZF-RARa because this molecule
acts as a potent transcriptional repressor even in the presence of
RA (9–12). (ii) In a multistep model of leukemogenesis, it is
formally possible that the additional genetic events which co-
operate with the two X-RARa fusion proteins are distinct.
These events might render PLZF-RARa, but not PML-RARa,
redundant for maintenance of the malignant phenotype. (iii)
PLZF-RARa might affect transcription through epigenetic
mechanisms. Aberrant transcriptional regulation would be,

therefore, maintained throughout cell replication even in the
absence of the PLZF-RARa oncoprotein. This is supported by
the fact that PLZF-RARa through the PLZF moiety can directly
interact with nuclear corepressors and NCoRySMRT-Sin3A-
histone deacetylase, thus leading to chromatin remodeling (9–
12). In this regard, it is also important to notice that methylation
has been associated with epigenetic transcriptional inactivation
and cancer pathogenesis (34). A link between gene methylation
and histone deacetylation has now been established by a protein
known as MeCP2, which binds the mSin-3yNCoRySMRT-
Sin3A-histone deacetylase complex to methylated cytosines (35).
Thus, aberrant reorganization of chromatin andyor gene meth-
ylation might be propagated through cell division in the promy-
elocytic blasts. Irrespective of the mechanisms, these findings
predict that therapeutic strategies aiming solely at targeting the
expression or the stability the PLZF-RARa oncoprotein, such as
approaches with hammerhead ribozyme (36), might be ineffec-
tive in t(11;17) APL, and that the inactivationydegradation of
the fusion protein should be accompanied by a proper costimu-
lus. The complete remission obtained in a t(11;17) APL patient
with RA administered in combination with granulocyte colony-
stimulating factor (37) might represent a promising precedent.

In summary, our data provide strong support to the tenet that
cancer treatment has to be tailored on the basis of the specific
molecular mechanisms underlying the pathogenesis of each
cancer subtype. To this end, mouse models are invaluable tools
to unravel these mechanisms as well as to test in vivo the efficacy
of novel therapeutic strategies.
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