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ABSTRACT Acute promyelocytic leukemia (APL) is as-
sociated with reciprocal chromosomal translocations involv-
ing the retinoic acid receptor « (RAR«a) locus on chromosome
17. In the majority of cases, RAR« translocates and fuses with
the promyelocytic leukemia (PML) gene located on chromo-
some 15. The resulting fusion genes encode the two structur-
ally unique PML/RARa and RAR«/PML fusion proteins as
well as aberrant PML gene products, the respective pathoge-
netic roles of which have not been elucidated. We have
generated transgenic mice in which the PML/RARa« fusion
protein is specifically expressed in the myeloid-promyelocytic
lineage. During their first year of life, all the PML/RAR«
transgenic mice have an abnormal hematopoiesis that can best
be described as a myeloproliferative disorder. Between 12 and
14 months of age, 10% of them develop a form of acute
leukemia with a differentiation block at the promyelocytic
stage that closely mimics human APL even in its response to
retinoic acid. Our results are conclusive in vivo evidence that
PML/RARa« plays a crucial role in the pathogenesis of APL.

Acute promyelocytic leukemia (APL), the M3 subtype of the
French—-American—British classification of acute myeloid leu-
kemias (1), is characterized by three distinct and unique
features: (i) the accumulation in the bone marrow (BM) of
tumor cells with promyelocytic features; (if) the invariable
association with specific translocations that always involve
chromosome 17 (reviewed in ref. 2); and (iii) the exquisite
sensitivity of APL blasts to the differentiating action of
retinoic acid (RA) (reviewed in refs. 3 and 4). From this point
of view, APL has become the paradigm for therapeutic
approaches using differentiating agents. In the vast majority of
patients, APL is associated with a reciprocal translocation
between chromosomes 15 and 17 (5-8). At the molecular level,
the breakpoint on chromosome 17 lies within the RA receptor
a (RAR«) locus. The breakpoints on chromosome 15 cluster
within the PML locus [for promyelocytic leukemia (9-12)]. In
rare cases, the translocation involves chromosome 11 instead
of chromosome 15, and a newly identified gene named pro-
myelocytic leukemia zinc finger (PLZF) instead of PML (13).
In only four cases does the translocation involve chromosome
5 and the nucleophosmin gene (NPM) or chromosome 11 and
the NUMA gene (refs. 14 and 15 and unpublished results). The
common feature of the four translocations is the involvement
of chromosome 17 and of the RAR« locus (2). The 15;17
translocation results in the production of two fusion genes that
encode a PML/R ARG« fusion protein (9-11), an RARa/PML
fusion protein (16), and an aberrant PML protein that lacks the
PML C-terminal end and its phosphorylation site (12). Be-
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cause the PML/RAR« hybrid retains most of the functional
domains of its parental proteins and can heterodimerize with
PML and retinoid-X-receptor (RXR), the chimeric proteins
might act as doubly dominant negative oncogenic products,
interfering with both PML and RAR/RXR pathways (17, 18).
This expectation has been corroborated by the finding that,
while PML is normally concentrated within discrete speckled
nuclear structures called PML nuclear bodies (NBs) [also
called Kremer Bodies, ND10, or PODs (for PML oncogenic
domains)], this normal localization pattern is abolished in
promyelocytes from APL patients and in the promyelocytic
cell line NB4, due to the presence of PML/RARa. In these
cases, aberrant structures, within which PML, RAR«, RXRa,
and the PML/RARa« fusion protein colocalize, become ap-
parent (19-21). PML is specifically up-regulated at the tran-
scriptional level by interferons, and its overexpression is
accompanied by growth suppression (22, 23). All these obser-
vations taken together would suggest that the deregulation of
the PML pathway plays a crucial role in promyelocytic leuke-
mogenesis and that the disruption of this activity by PML/
RARa could result in the expansion of the APL blasts. On the
other hand, the possible role of RARa in the control of
myeloid terminal differentiation (24-26) suggests that the
concomitant interference of PML/RARa with RAR«a/RXRa
function could lead to the block of maturation at the promy-
elocytic stage observed in APL. Indeed, the PML/RAR«
protein is capable of blocking the terminal differentiation of
myeloid precursor cells such as U937, HL60, or K562 induced
by certain stimuli, including vitamin D; and transforming
growth factor type B. However, the information available on
the function of the APL-specific chimeric products relies thus
far only on data derived from leukemic cell lines, which are
obviously not the ideal system for the study of oncogenic
transformation (27-29). In fact, there is no direct proof that the
PML/RARa and RARa/PML fusion proteins, and the ab-
errant PML protein, can cause APL, and their individual
relative contributions to producing the leukemic phenotype
have not been elucidated. Here we provide evidence that the
myeloid-promyelocytic restricted expression of the PML/
RARGu« fusion protein in the transgenic mouse results in acute
leukemia characterized by the specific differentiation block at
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the promyelocytic stage that defines human promyelocytic
leukemia.

MATERIALS AND METHODS

Construction of the Transgene. To generate the human ca-
thepsin-G (hCG) minigene expression vector, we screened a
human genomic placenta library with a hCG full-length cDNA
probe generated by reverse transcriptase (RT)-PCR and ob-
tained four overlapping phages which spanned the hCG locus. A
3.3-kb BamHI-EcoR1 fragment that contains the hCG 5’ flank-
ing region and its promoter and a 6-kb Sall-BamHI fragment that
contains the coding and the 3’ flanking regions were subcloned
into Bluescript plasmids (Stratagene) and named pT2BE3 and
pT4BS6, respectively. Two pairs of PCR primers (AF-HR and
Sall BF-LR; AF, CTTGCTTTGCTGGAGTATTCTG; HR,
TTTCCTGAAAGGCTGCCCAG; Sall BF, GTCGACAGC-
CACTCCTGCTTCTGCTG; LR, GTCCAATTCAAGAC-
CACGTGGGACT; see ref. 30) were used to amplify a 0.3-kb
fragment ending one base before the ATG and a 0.4-kb fragment
starting one base after the ATG of hCG gene with an artificial
Sall site at its 5" end. The two PCR products were cloned into
Bluescript, sequenced to exclude PCR amplification errors, and
named pBST and pB15, respectively. The 3.3-kb 5’ BamHI-
EcoRI fragment from pT2BE3 was fused to the pBST fragment
to reconstruct the 5 of the gene just before the ATG and named
HB33. A BamHI-Sall fragment from HB33 was cloned at a Sall
site into the plasmid pBSNN, into which a Tk-Neo cassette had
been cloned for the purpose of selection. In parallel, a 3-kb
Pmil-BamHI fragment containing the coding and 3’ flanking
regions of the hCG excised from pT4BS6 was fused at the 3’ of
pB15 at a Pmil site to reconstruct the 3’ of the gene just after the
ATG. A Clal-BamHI fragment from this vector was cloned into
pBSNN at the Clal site, thus reconstructing a cathepsin-G
minigene in which the ATG was replaced by two unique cloning
sites, Clal and Sall (hCG-GAG vector). This plasmid vector is 11
kb long and can be linearized before transfection with use of a
unique BamHI site. Subsequently, a blunt-ended 3.15-kb NotI-
EcoRI fragment spanning the PML/RAR« fusion cDNA (9),
and the Lac-Z cDNA were cloned into the blunt-ended artificial
Sall site of the hCG-GAG vector (h[CG-PML/RARa). The
resulting mRNAs are processed and stabilized by the splicing
events occurring between the various hCG exons, and are polya-
denylylated. Finally, BamHI-Notl fragments from these con-
structs were purified for egg injection according to standard
procedures (31).

DNA and RNA Analysis. Genomic DNA extracted from mouse
tails was digested with EcoRI and HindIII and hybridized with
probe CT, a 250-bp HindIlI-Xbal hCG genomic fragment, and
probe HS1, a 1-kb hCG genomic fragment (see Fig. 14). A murine
PML EcoRI-Apal genomic fragment (PML probe A) (unpub-
lished work) was used to normalize and determine the number of
copies of the transgene with the help of a PhosphorImager
densitometer (Bio-Rad). For Northern blot analysis, total RNA
was prepared from mouse BM and spleen using the guanidinium
thiocyanate method as previously described (32). Denatured RNA
(20 pg) was hybridized with the human RARa probe IT (5)
following standard procedures (33). RT-PCR was also used to
analyze the expression of the transgene (34) using the primers
M4-R7 for the first round of amplification and M2-Rj for the
nested round, or RAR(d)-Cat(b) for first and F1-B1 for nested
(see Fig. 14). Primers: M4, CTGGAGGCTGTGGACGCGCG-
GTA; R7, TCTTCTGGATGCTGCGGCGGAA; M2, AGTG-
TACGCCTTCTCCATCAAAG; RJ, CTTGCAGCCCTCA-
CAGGCGCT; RAR(d), CAGCTCCAACAGAAGCAGC;
Cat(b), CAATGAGCTGCTGTCAGCA; F1, TCTCTGCCTT-
TCTACCGACCG; Bl, CTGGATCTGAAGATACGCC.

Immunofluorescence. BM and spleen cells were fixed with
4% paraformaldehyde for 10 min and permeabilized with
methanol at —20°C for 7 min. The cells were subsequently
incubated with a primary a-PML antibody [kindly provided by
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P. Freemont, Imperial Cancer Research Fund (ICRF), Lon-
don].

Hematology, Histopathology, and Immunohistochemistry.
White blood cell (WBC), hemoglobin, and platelet counts in
peripheral blood (PB) were determined using an automated
counter (Technicon-H2). Differential counts of PB and BM were
performed microscopically on Wright-Giemsa stained smears. A
minimum of 100 cells for PB or 300-500 cells for BM were
examined and reported as a percentage of each kind of cell in the
nucleated cells. Sections (4 wm) from various hematopoietic
organs, including BM, spleen, liver, thymus, and lymph nodes,
were stained with hematoxylin and eosin and examined. Myelo-
peroxidase (MPO; Dako), B220 (CD45R), and CD3 antibodies
(PharMingen) were used for the immunohistochemistry staining
on BM and spleen sections as described (35).

Flow Cytometry. PB, BM, and spleen cells (10° cells) were
incubated with Mac-1 (CD11b) antibody and Gr-1 (myeloid
differentiation antigen) or c-Kit (CD117) antibodies after
being blocked with an unlabeled FcyR (CD16/32) antibody.
All antibodies were obtained from PharMingen. At least 2 X
10* events were analyzed from each sample on a FACScan flow
cytometer (Becton Dickinson).

Clonogenic Assays. BM and spleen cells were seeded in 0.9%
methylcellulose medium containing 30% FBS, 1% BSA, 10~*
M 2-mercaptoethanol, 2 mM L-glutamine, 2% pokeweed
mitogen-stimulated spleen cell conditioned media, and 3
units/ml erythropoietin (StemCell Technologies, Vancouver).
CFU-E were scored on day 2, and BFU-E, CFU-GM, and
CFU-GEMM were scored on day 10.

RA Differentiation Assays. Mononuclear cells were isolated
from BM and spleen suspensions by Ficoll-hypaque density
gradient centrifugation. Cultures were established at a cell
concentration of 10° per ml in -MEM supplemented with
10% fetal calf serum, 2 mM L-glutamine, and antibiotics in a
24-well-plate with or without RA at a final concentration of
107 M. R A-sensitive NB4 cells were used as a positive control
for differentiation. At days 0, 3, 5, and 7, cells were harvested
from culture for quantitative evaluation of differentiation
induction by applying the nitro blue tetrazolium (NBT) test
(see below), and morphological differential count. The NBT-
positive percentage was obtained by microscopic scoring of 100
cells.

RESULTS

Production of PML/RARea Transgenic Mice. In our attempt
to generate PML/RARa transgenic mice, we noticed that
transgene expression driven by housekeeping promoters such
as B-actin resulted in fetal lethality. We presume this is due to
high expression of a mutant RARea interfering with the
RAR/RXR pathway. To avoid the potential toxicity of the
fusion proteins for the developing embryo, we decided to
generate transgenic mice in which the APL-specific fusion
genes (cDNAs) are under the control of the regulatory ele-
ments of the myeloid/promyelocytic specific cathepsin-G gene
(36). To this end, we generated a cathepsin-G minigene
expression vector by cloning and modifying a 6.7-kb BamHI-
BamHI genomic fragment of the hCG gene that is larger than
a fragment which has previously been shown to retain promy-
elocytic specificity in transgenic mice (Fig. 14 and ref. 36). We
subcloned the PML/RARa cDNA as well as a Lac-Z cDNA
into this vector using the unique Sal/l restriction enzyme
cloning site (Fig. 14 and data not shown). The hCG-Lac-Z
construct was injected into mouse eggs, and embryos were
killed at 12.5, 14.5, and 16.5 days post coitus and stained for
B-galactosidase activity to test the activity of the hCG expres-
sion vector. Positive staining was observed in the liver (12.5
and 14.5 days post coitus) and in the BM (16.5 days post coitus)
(data not shown). In addition, we observed variable staining in
other organs, indicating that the expression of the minigene is
susceptible to position-dependent effects (data not shown).
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The progeny obtained from injection of the hCG-PML/
RAR« was analyzed by Southern blotting on DNA obtained
from mouse tails and digested with EcoRI, using a human-
specific cathepsin-G probe (CT) which does not cross-react
with the endogenous mouse cathepsin-G gene (Fig. 14). Using
this screening method, we identified four independent trans-
genic founders carrying the hCG-PML/RARa transgene.
Southern blot analysis of offspring from the various founders
with two distinct probes (HS1 and CT) and using two different
restriction enzyme digestions (EcoRI and HindIII) showed
integration of between 2 and 32 intact copies of the transgene
in a head-to-tail and/or tail-to-tail arrangement (Fig. 1 4 and
B and Materials and Methods).

Analysis of PML/RAR« Expression Driven by the hCG Mini-
gene. The expression of the PML/R AR« fusion gene was initially
studied by RT-PCR analysis on RNA extracted from BM and
spleen of the progeny of the four founders following the nested
RT-PCR approach that is presently used in our lab to detect
minimal residual disease in APL patients (see Materials and
Methods, Fig. 1 A and C, and ref. 34). Progeny from founders 6173,
6179, and 6380 were found to be positive. Lines 6179 and 6380 were
further expanded and characterized. To make sure that the
hCG/PML/RARa fusion cDNA was not contaminated by
genomic transgene sequences, we took several precautions. (/) We
performed the RT-PCR in parallel on RNA samples with and
without RT (Fig. 1C). (if) We also used two pairs of oligonucle-
otides [Rd and Cat(b), and F1 and B1] that span cathepsin-G
intron 1, thus allowing us to distinguish the unprocessed gene from
the processed cDNA (Fig. 14 and Materials and Methods). The
expression of the transgene was subsequently confirmed by North-
ern blotting and immunofluorescence analysis on BM samples
obtained from mice that had developed overt leukemia. Northern
blot analysis confirmed the expression of the expected hCG/
PML/RAR« fusion transcript of approximately 4 kb in both
transgenic lines (Fig. 1D).

Immunofluorescence analysis carried out with a PML
antibody that cross-reacts with both human and murine PML
protein as well as with the PML/RAR« fusion protein
revealed a striking microspeckled PML distribution in the
BM cells from PML/R AR« transgenic mice when compared
with the classical PML accumulation in the NBs observed in
the cells from wild-type control mice (Fig. 1E). Therefore,
these data confirm the expression of the transgene and at the
same time demonstrate that, as with human APL, the
presence of PML/RARa results in delocalization of PML
from the NBs.

Aberrant Hematopoiesis and Leukemia in PML/RAR«
Transgenic Mice. The hematopoiesis of progeny from the two
expressing lines was systematically analyzed in the following
manner over a 14-month follow-up period. (i) In one group, the
mice were bled on a monthly basis, together with appropriate
littermate controls of the same sex and age (25 transgenic mice
and 25 control mice per line). Differential counts, as well as
morphological analysis of PB cells, were performed on each
sample to monitor the incidence of leukemia. (if) In the second
group, 4 transgenic mice and 4 controls were killed every 2
months, at 2, 4, 6, etc., months of age, for gross and microscopic
examination of all organs and in particular PB, BM, spleen,
lymph nodes, and thymus. These organs and their cell popu-
lations were analyzed morphologically on touch preparation,
smears, and cytospin preparations stained with Wright-
Giemsa.

This analysis revealed a profound disturbance of myeloid
hematopoiesis in both transgenic lines that can be divided into
two distinct phases.

(i) The first phase is a long asymptomatic preleukemia phase
in which the transgenic mice develop what in human would be
described as a myeloproliferative disorder. In this phase,
myeloid precursors, including promyelocytes (up to 10%; see
Table 1), progressively accumulate in the BM, and infiltrate
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FiGc. 1. Structure, integration, and expression of the hCG-PML/
RARa transgene. (4) Structure of the hCG minigene expression
vector (Upper) and the hCG-PML/RARa transgene fragment used
for injection (Lower). The exons of hCG gene are designated by solid
boxes. The promoter and the 5’ flanking region (h\CG-PR + 5’ FL)
as well as the 3’ flanking region (3’ FL) of the hCG gene are indicated.
The PML/RARa cDNA was cloned into hCG exon 1. Restriction
endonuclease sites used in construction and Southern blotting are as
follows: N, Notl; B, BamHI; E, EcoRI; C, Clal; S, Sall; P, Pmil; X,
Xbal; H, HindIIl. The location of probes for Southern blotting and
primers for RT-PCR are shown underneath the structure of the
injected fragment. (B) Southern blot of mouse genomic tail DNA from
the four transgenic founders and one control digested with EcoRI and
hybridized with probe CT reveals the expected band of 6.2 kb. PML
probe A (see Materials and Methods) was used as an internal control
probe to normalize DNA loading. Lanes: 6173, 6179, 6378, and 6380,
four founders; 6177, nontransgenic mouse. (C) RT-PCR analysis of
PML/RARGa« fusion mRNA expression in BM cells from progeny from
founders 6179 (P6179) and 6380 (P6380). Representative result of
nested PCR is shown. Negative control, RNA from a nontransgenic
mouse; positive control, RNA from an APL patient with t(15;17); M,
pGEM DNA markers (Promega). (D) Northern blot on total RNA
from leukemic progeny from lines 6179 (LP6179) and 6380 (LP6380)
hybridized with the human RARa probe IT (5). WT, nontransgenic
mouse; hAPL, APL patient with t(15;17) [PML/RAR« of berl type
(ref. 12)]. Expected 4.0-kb transcript for hCG-PML/R AR« transgene
(left solid arrowhead) and 4.4-kb transcript for human PML/RAR«
chimeric mRNA (right solid arrowhead) are indicated. Open arrow-
heads indicate the positions of the two RARa transcripts. The position
of the 28S and the 18S ribosomal RNA transcripts are also indicated.
(E) Immunofluorescence staining of BM cells from control mice (WT)
and leukemic hCG-PML/RARa« transgenic mice. PML is localized
within the NBs in nontransgenic mouse (Upper), whereas it is in the
form of microspeckles in transgenic mouse (Lower). 4',6-Diamidino-
2-phenylindole (DAPI) staining was used to visualize cell nuclei.

the spleen, the lymph nodes, and the thymus (data not shown).
These cells partially retain the ability to terminally differen-
tiate toward mature granulocytes (data not shown). During
this phase, the PB remains essentially normal, except, in some
cases, for an increased granulocyte/lymphocyte ratio (Table
1). By 12 months of age, all the mice analyzed had developed
this myeloproliferative disorder to variable degrees of severity,
but no leukemia was observed before this age.
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(if) After mice reached 1 year of age, approximately 10% of
them developed overt acute leukemia and died or were killed.
Leukemia was diagnosed according to the postmortem analysis
(infiltrates of all organs analyzed by the myeloid blast population)
and to hematological parameters (promyelocytes and blasts per-
centage in the BM and PB). This leukemia is characterized by the
accumulation of promyelocytes in the BM, PB, and spleen, which
is distinctive of APL (Table 1 and Fig. 2), with some promyelo-
cytes showing the presence of pathognomonic cytoplasmic Auer’s
bodies (Fig. 2), and by white cell counts in the PB (WBC) higher
than in classical human APL (Table 1 and ref. 1). As in the
myeloproliferative phase, the leukemic cellular population par-
tially retains the ability to terminally differentiate toward mature
granulocytes (Table 1 and Fig. 2). The remaining 90% of the mice
are still leukemia-free after a 14-month follow-up period.

We next subjected the PB, BM, and spleen cells from
leukemic mice to a flow cytometric analysis with antibodies
against the following cell surface markers: c-Kit (totipotent
stem cells), Gr-1 (mature granulocytes and monocytes), and
Mac-1 (mature monocytes and granulocytes) (see Fig. 3 and
Materials and Methods). This analysis confirmed the myeloid
nature of the leukemia revealed by the dramatic accumulation
of myeloid cells (Mac-1- and Gr-1-positive) in the PB and
spleen of the leukemic mice, as well as the aforementioned
observation that the leukemic cellular population partially
retains the ability to terminally differentiate. It is also inter-
esting to note the marked accumulation of c-Kit-positive
hematopoietic precursors in the spleen of the leukemic mice.

In vitro cultures of BM and spleen cells from leukemic mice
and control littermates were also performed using standard
conditions (see Materials and Methods and Fig. 44). CFU-E
were scored on day 2, and BFU-E, CFU-GM, and CFU-
GEMM were scored on day 10. The clonogenic capacity of
hematopoietic precursors from the transgenic mice was mark-
edly reduced, particularly the number of BFU-E, in agreement
with the almost complete replacement of the normal hema-
topoietic precursors by the neoplastic population in the BM
and spleen of the leukemic transgenic mice (Fig. 44). On the
contrary, the number of clusters (small colonies, containing
8-20 cells), characteristically observed in BM cultures from
acute myeloid leukemia patients (37), is clearly increased in
cultures from the BM, and dramatically increased in the
cultures from the spleen of leukemic mice.

Response to RA of Leukemic Cells from PML/RAR« Trans-
genic Mice. We studied the capacity of the blasts from the
leukemic transgenic mice to differentiate upon exposure to RA
at the same concentration (107% M) used to trigger the differ-
entiation of human APL blasts (38). To this end, mononuclear
cells were isolated from BM and spleen suspensions and cultured
for a week with or without RA (see Materials and Methods). We
evaluated the induction of differentiation with the help of the
NBT test, and scored by morphological differential count for the
percent of terminal maturation toward the granulocytic compart-
ment. In control mice, RA increased the differentiation of the
hematopoietic precursors to some extent, whereas it markedly
increased the terminal differentiation (up to 60%) of the leuke-
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F1G. 2. Morphology and immunohistochemistry of PB, BM, and
spleen (SP) cells from wild-type (W.T.) and leukemic hCG-PML/
RARa« transgenic mice. The smears of PB or imprints of BM and
spleen were stained with Wright-Giemsa stain. Magnified detail of
promyelocyte morphology is shown in the spleen imprint from the
leukemic hCG-PML/RARa mouse. Auer’s bodies are visible in the
cytoplasm of the leukemic promyelocytes as indicated by the arrows.
The serial spleen sections shown in the bottom panel were immuno-
histochemically stained with MPO (myeloid precursors and mature
granulocytes) and B220 (pan-B cells, Inset) antibodies. (X400 for PB;
X 1,000 for BM and spleen; X128 for immunohistochemical staining.)
Note that in the leukemic mice, the number of WBC in PB is much
increased; the normal BM components, including erythrocytes and
megakaryocytes, are replaced by myeloid cells at various maturation
stages; the spleen is heavily infiltrated by MPO-positive cells.

mic cells (Fig. 4B). These results demonstrate that, as with human
APL, the leukemic blasts accumulating in the PML/RAR«
transgenic mice are sensitive to the differentiating action of RA
and that the maturation block at the promyelocytic stage can be
reverted by this agent.

DISCUSSION

In APL, RARa variably fuses to PML, PLZF, NPM, and NUMA
(X proteins). In terms of structure, what the various RAR«a
partners contribute to the chimeric products is dramatically dif-
ferent; and at the first glance, it appears that the only common
feature among the fusion proteins is the presence of the B to F

Table 1. Automated and differential counts of PB and BM from transgenic and wild-type mice

PB BM
Hb, Plt, WBC, Pro+blasts, Mye +meta, Pro+blasts,
Mice g/dl 109/liter 109/liter M/L M/L M/E Poly, % % %
Wild type 15109 1,278 =201 11.0+=4.0 0.23 = 0.1 35426 192+08 341x11.1 99=x52 30=x1.0
Preleukemia 17.7 = 2.1 990 + 299 9.1 +3.0 0.82 = 0.7 1138 1.7 715x52 436=*62 249=*=100 7.9=x09
Leukemia 10.0 £ 5.7 280 = 100 1484 = 1144 7.75*=57 68*49 382=*=145 478 =163 352 *=234 12.0 =88 463 +15.0

Preleukemia, transgenic mice showing some abnormal signs in PB, BM, or spleen but not having reached leukemic criteria; Hb, hemoglobin; Plt, platelet;
M/L, ratio of various differentiation stage granulocytes (M) to lymphocytes (L); M/E, ratio of various differentiation stage granulocytes (M) to nucleated
erythrocytes (E); Poly, polymorphonuclear granulocytes; Mye+meta, myelocytes plus metamyelocytes; Pro+blasts, promyelocytes plus blasts. The
number of mice used in this analysis is as follows: 4 leukemia, 4 preleukemia, 5 wild-type for BM, and 10 wild-type for PB.
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domains of RARa (2). However, in spite of their diversity, the
various fusion molecules share one common feature, their ability
to heterodimerize with X proteins, because the regions which can
mediate X protein homodimerization and oligomerization are
retained in the fusion moiety (13-15, 17, 18). Similarly, the RAR«
portion can heterodimerize with RXR (17, 18), and consequently,
the various fusion products have the ability to interfere with both
X and RARa/RXR pathways. Therefore, X/RARa proteins can
dominantly interfere with the aforementioned activity of X pro-
teins as well as with their and RAR«’s possible involvement in
modulating normal hemopoietic processes, with the cooperation
of RARa/X and aberrant X products. The importance of the
RARa/PML fusion product in APL leukemogenesis has been
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FiG. 4. (A) Colony formation assay on BM and spleen cells from
hCG-PML/RARa leukemic mice (solid bars) and sex- and age-
matched wild-type littermates (open bars). Cells (3 X 10%) were plated
per dish in 0.9% methylcellulose medium in triplicate. Colony numbers
shown here are from one representative experiment (mean = SD from
the triplicate). CFU-GM includes CFU-G, -M, and -GM. Clusters are
clones with <20 cells, often observed in assays performed on cells from
acute leukemia and thought to represent colonies of leukemic origin
(37). Note that colony formation from all lineages decreased and the
number of clusters often observed in cultures from acute leukemias
dramatically increased in BM and spleen cultures from leukemic
transgenic mice. (B) In vitro response of BM cells to RA. BM cells
from transgenic (PML/RARa) and wild-type (W.T.) mice were
incubated with or without RA. Percentages of mature granulocytes
and NBT-positive cells on day 5 are shown from two independent
experiments. Note that both the percentage of mature granulocytes
and the percentage of NBT-positive cells from leukemic transgenic
mice are increased by 2-fold in the presence of RA.
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recently highlighted by the identification of APL cases with
nonreciprocal translocations resulting in the expression of the
RARa/PML fusion gene but lacking the PML/RARa fusion
gene (39). We decided to test the above hypothesis in vivo by a
direct genetic approach and on a comparative basis by generating
transgenic mice in which the expression of all these various
molecules is restricted to the hemopoietic/myeloid cellular com-
partment.

The development of a suitable vector to direct the expression
of the transgene to the hemopoietic/myeloid compartment was
dictated on one hand by the fact that our attempt to generate
PML/RARGa transgenic mice using ubiquitous promoters was
unsuccessful because of embryonic lethality, and on the other
hand, by our aim to target the transgene expression specifically to
promyelocytes, to possibly elicit the promyelocytic block ob-
served in APL. We therefore generated a cathepsin-G minigene
expression vector from the human locus into which we cloned
c¢DNAs from all the various APL-associated products as well as
the Lac-Z reporter gene (Fig. 14 and data not shown).

Transgenic mice expressing the PML/RARa fusion gene
develop a severe myeloproliferative disorder with a dramatic
accumulation of immature myeloid precursors in the BM and
lymphoid organs. After a long latency period (>12 months),
approximately 10% of the transgenic mice from two indepen-
dent lines develop an acute myeloid leukemia characterized by
features that are distinctive of APL: (i) a dramatic accumu-
lation of promyelocytes in the BM (>30%); (ii) the presence
of Auer’s bodies within the cytoplasm of the promyelocytic
blasts; and (iii) the response of the leukemic blast to the
differentiating activity of RA (Figs. 2 and 4 and Table 1).

However, in this leukemia, the white cell counts in the PB
(WBC) were higher than those in classical APL and reminis-
cent of the human “variant” APL (APL-M3v in the French-
American—British classification; see Table 1 and ref. 1). In
addition, both in the myeloproliferative and the leukemic
phase the infiltrating cellular population partially retains the
ability to terminally differentiate toward mature granulocytes
(Table 1 and Figs. 2 and 3).

The observation that hCG-PML/RARa« mice are not born
with leukemias, and in fact present a long preleukemic incubation
period, suggests two possible interpretations that are not mutually
exclusive. (i) PML/RAR« is necessary, but not sufficient, to
cause full-blown APL in humans also; additional mutations are
needed, which in humans may consist of the expression of
RARa/PML and aberrant PML. (i) The relative level of ex-



Medical Sciences: He et al.

pression of the PML/RARa« transgene with respect to the PML
and RAR« genes, and/or other genes, is not sufficient to confer
to the PML/RARa fusion protein the ability to dominantly
interfere with their functions. From this point of view, it is
important to remember that the 15;17 translocation in humans
reduces the normal PML and RARa genes to heterozygosity,
whereas the hCG-PML/RARa transgenic mice still carry two
normal copies of these genes.

The second interpretation is unlikely because the expression
of the PML/R ARe transgene is not negligible, as evaluated by
Northern blot analysis in the leukemic phase, and high enough
to dislocate PML from the NBs, an event observed in the blasts
of APL patients and thought to be pathognomonic for the
disease (Fig. 1 D and E).

On the other hand, PML/R AR« seems sufficient to cause the
myeloproliferative disorder and the block of maturation because
this is observed in 100% of transgenic mice. The expansion of the
promyelocytic cellular compartment would then favor the occur-
rence of additional transforming events (40).

The interbreeding of PML/RARa, RARa/PML, and ab-
errant PML transgenic mice will allow us to understand if all
these molecules are concomitantly necessary to trigger full-
blown leukemia. In addition, to test if the lack of PML and
RARGa, and therefore the relative levels of expression of genes
and fusion genes, potentiates the leukemogenic activity of the
APL-specific fusion molecules, we have interbred the PML/
RARa transgenic mice with PML and RAR«a knockout mice.

Transgenic mice for the PML/R AR« fusion gene under the
control of the myeloid CD11b promoter did not develop
leukemia over the course of a more than 2-year follow-up
period and total WBC and differential counts of myeloid
subpopulations did not show appreciable differences between
PML/RARa and control mice (41). Appropriate timing of
PML/R AR« expression in early myeloid progenitors certainly
plays a crucial role with respect to its leukemogenic potential
and its ability to interfere with normal hematopoiesis, thus
possibly explaining the difference observed with our mice. In
addition, retrovirally mediated expression of a mutated version
of PML/RAR« in the chicken has been shown to cause
leukemias, but the cells exhibit features and membrane antigen
patterns of very immature cells (42). The reasons why the
chicken leukemic cells are different from the human APL cells
are unknown, although the specific phenotype might be a
result of the two point mutations present in the PML/RAR«
fusion protein that was used in those studies (42). On the
contrary, in our transgenic mice the expression of the PML/
RARGa fusion protein in the myeloid/promyelocytic compart-
ment resulted in profound disturbances in myeloid hemato-
poiesis and in myeloid leukemias characterized by a block of
differentiation at the promyelocytic stage that defines the APL
phenotype. Thus, our data conclusively demonstrate in vivo
that PML/RARa« plays a crucial role in APL pathogenesis.

The comparative analysis of PML/RAR«a, PLZF/RARaq,
NPM/RARa, and NUMA/RARa transgenic mice will tell us
how the various fusion molecules contribute to the leukemic
phenotype, and whether they cause a more severe or benign
phenotype, also with respect to their response to RA treatment.
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