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ABSTRACT To investigate the potential biological role(s)
of the PLZF gene, discovered as a fusion with the RARA locus
in a patient with acute promyelocytic leukemia harboring a
t(11;17) chromosomal translocation, we have isolated its
murine homologue (mPLZF) and studied its patterns of
developmental expression. The levels of mPLZF mRNAs in-
creased perinatally in the liver, heart, and kidney, but with the
exception of the heart, they were either absent or very low in
the adult tissues. In situ analysis of mPLZF expression in
mouse embryos between 7.0 and 10.5 days of development
revealed that mPLZF mRNAs and proteins were coexpressed
in spatially restricted and temporally dynamic patterns in the
central nervous system. In the hindbrain region, a segmental
pattern of expression correlated with the development of the
rhombomeres. From 9.0 days of development, starting first in
rhombomeres 3 and 5, there was an ordered down-regulation
of expression in the center of each rhombomere, so that 1 day
later elevated levels of mPLZF mRNAs and proteins were
restricted to cells surrounding the rhombomeric boundaries.
The chicken homologue of the PLZF gene, which we have also
cloned, demonstrated a similar segmental pattern of expres-
sion in the hindbrain. To date, PLZF represents the only
example of a transcription factor with elevated expression at
rhombomeric boundaries. The high degree of evolutionary
conservation between the patterns of PLZF expression during
mammalian and avian central nervous system development
suggests that it has an important functional role in the
regionalization of the vertebrate hindbrain, potentially regu-
lating boundary cell interactions.

Acute promyelocytic leukemia is generally associated with
t(15;17) chromosomal translocation, which fuses the RARA
locus with a gene called PML (1, 2). The importance of a
retinoid signaling pathway(s) in the molecular pathogenesis of
acute promyelocytic leukemia was underlined by the recent
discovery of a patient with acute promyelocytic leukemia and
a variant t(11;17) reciprocal chromosomal translocation that
also involves the RARA gene (3). Molecular characterization
of the t(11;17) led to the discovery of the human promyelocytic
leukemia zinc finger gene (hPLZF) (3), a member of a gene
family encoding transcription factors with characteristic C,-H,
zinc-finger (Zn-finger) DNA-binding motifs (4). Two different
PLZF mRNA isoforms (A and B), which differ in one exon
encoding proline-rich sequences, have been identified. In
contrast to PML, initial studies have indicated that hPLZF is
expressed in a tissue-specific manner and suggested a specific
role for the hPLZF protein(s) in hemopoiesis (3); however, the
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function of PLZF during normal mammalian development
remained unexplored.

Among the members belonging to the C,-H, Zn-finger gene
family whose roles have been better understood is the mam-
malian Krox-20 gene, which functions in regulating hindbrain
segmentation (5-7) and Schwann cell differentiation (8).
Given the large number of C;-H; Zn-finger genes that have
been identified to date (4), it is surprising that Krox-20 remains
the only example that is segmentally expressed in rhom-
bomeres of the hindbrain (9, 10). In this respect, character-
ization of developmental patterns of expression for newly
discovered members of this gene family should help to identify
other genes whose products may function in segmentation in
higher organisms.

To gain insight into the possible role(s) of PLZF, we have
now cloned its murine and avian homologuesit and studied
their patterns of expression during embryogenesis. In both the
mouse and chicken, PLZF displays a similar highly dynamic
pattern of expression in the central nervous system (CNS).
Within the hindbrain, an evolutionarily conserved pattern of
expression correlates with the formation of rhombomeres and
interrhombomeric boundaries, suggesting a fundamental role
in hindbrain segmentation.

MATERIALS AND METHODS

cDNA Cloning and Whole-Mount in Situ Hybridization and
Immunohistochemistry. A random primed adult mouse heart
AZaplI (a gift from P. Chambon, Institut de Génétique et de
Biologie Moléculaire et Cellulaire, Illkirch, France) and adult
chicken heart Agt10 (Clontech) cDNA libraries were screened
using 32P-labeled fragments of hPLZF ¢cDNA, nt 1-1305 (3),
and previously described conditions (11). The longest mouse
and chicken cDNAs were sequenced and used as probes for in
situ hybridization. Whole-mount in situ hybridization was done
as described (12).

Mouse embryos were fixed in 4% (wt/vol) paraformalde-
hyde in phosphate-buffered saline for 30 min and subjected to
whole-mount immunohistochemistry with the anti-PLZF poly-
clonal antiserum at 1:100 dilution essentially as described (13),
except that TX-100 was used at 0.2%. The hindbrains of the
stained embryos were flat-mounted as described (14). The
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polyclonal anti-PLZF antiserum was raised against purified
glutathione-S-transferase—hPLZF fusion protein and specifi-
cally detected human and mouse PLZF (mPLZF) proteins in
immunoblotting, immunoprecipitation, and immunofluores-
cence experiments (data not shown).

Reverse Transcription (RT)-PCR Analysis. Total RNAs
were prepared as described (3). A control cRNA, lacking 180
bp of the wild-type mPLZF(B) sequences, was derived from
the mPLZF(B)A plasmid (see Fig. 1B). When different
amounts of this template were subjected to RT-PCR in a
background of 2.5 ug of mPLZF-negative total RNA, in-
creased amounts of products were obtained (see Fig. 24, lanes
1-4), indicating the semiquantitative nature of the method. All
cDNAs were synthesized as before (3), using 2.5 ug of a given
RNA and 1 pg of the mPLZF(B)A control cRNA. PCR ampli-
fications were as described (3), except that one round of 25
cycles was done by using an annealing step at 54°C for 1 min
and denaturation and extension for 25 sec at 95°C and 3 min
at 72°C, respectively.

RESULTS

Cloning and Analysis of mPLZF cDNA. The cDNA encod-
ing mPLZF(B) protein was cloned by screening a mouse heart
cDNA library. Four positive clones were isolated, and the
longest clone (2.5 kb) was chosen for further analysis. Like its
human counterpart (3), the mPLZF(B) cDNA possesses a
2019-bp-long open reading frame encoding a protein of 673
amino acids and M; 74,245 (Fig. 14). Alignment of the
deduced mouse and human PLZF(B) sequences revealed 96%
amino acid identity, suggesting a high degree of functional
conservation. The C-terminal region contains nine Zn-fingers,
which constitute its DNA-binding domain (Fig. 1B). The
N-terminal region contains a 100-amino acid domain that is
highly conserved in a number of C,-H, Zn-finger proteins.
Recently, Bardwell and Treisman (15) have shown that in a
protein called ZID this domain, termed POZ, can facilitate
protein—protein interactions. However, the PLZF protein does
not appear to interact in vitro with ZID (V.J. Bardwell,
personal communication). An important functional role for
the PLZF POZ domain is suggested by its remarkable evolu-
tionary sequence conservation. Indeed, the POZ domain
corresponds to the most highly conserved region between the
described avian and mammalian PLZF sequences (see Fig. 14
and below). The conservation of the methionine codon (137)
lying in both mammalian and avian mRNAs within conserved
Kozak (16) sequences suggests that different N-terminal
PLZF(A) and/or PLZF(B) proteins could be expressed with
the shorter proteins lacking the POZ domain and potentially
having distinct functional properties.

Perinatal Induction of mPLZF Expression. Initial Northern
blot analysis indicated that the mPLZF gene was expressed at
low levels. Therefore, we have used a semiquantitative RT-
PCR procedure to facilitate the analysis in adult and fetal
tissues. Although mPLZF expression was seen in a large
number of tissues including the heart, lung, kidney, brain, liver,
and spleen (Fig. 2 and data not shown), its perinatal up-
regulation was only observed in the kidney, liver, and heart
(Fig. 2A). Interestingly, in all samples examined, only mRNAs
encoding the B isoform of the mPLZF protein were detected.

To investigate the perinatal increase of mPLZF expression,
we examined the temporal levels of its mMRNAs in the livers and
kidneys of mice homozygous for the ¢’ or c¢#Cos albino
deletion (17). These mice fail to express normal levels of
several essential liver enzymes, become hypoglycemic, and die
shortly after birth. It has been shown that this phenotype is due
to the absence of an enzyme (fumarylacetoacetate hydrolase)
that functions in the last step of tyrosine metabolism (18). This
metabolic defect is associated with profound effects on the
levels of expression of many, but not all, structural and
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Fig. 1. (A) Deduced amino acid sequence of the mPLZF(B)
protein and its conservation. The murine sequence is numbered on the
left. The residues that differ from the mouse PLZF(B) sequences are
indicated below (human) and above (chicken) their murine counter-
parts. Dashes indicate an absence of the corresponding amino acids.
Brackets indicate the extent of the amino acid sequence derived from
cPLZF(B) cDNA clone. Sequences that are encoded in the putative
alternatively spliced exon are boxed. The POZ domain and Zn-finger
sequences are underlined with heavy single and double lines, respec-
tively. Conserved sequences of the potential proline-dependent phos-
phorylation sites are underlined with thin lines. The conserved methi-
onine at position 137 is boxed. (B) Schematic diagrams of the
mPLZF(B) and (B)A cDNAs, as well as strategy for RT-PCR analysis.
Various structural regions are as indicated, and primers used for the
RT-PCR (1 and 3) and hybridization (2) are shown below each
diagram. Arrowheads between Zn-fingers 2 and 3 indicate position of
a conserved exon/exon junction. Expected size of the amplification
products is as indicated. Vertical arrows above the mPLZF(B) diagram
indicate approximate positions of the two Msc I restriction enzyme
sites used to create the mPLZF(B)A cDNA.

regulatory liver genes (17). Among the genes affected are
those that encode the key transcription factors HNF-1, -4, and
CEB/P-a, which regulate liver-specific gene expression (19). It
is interesting that, as for the above factors, mPLZF expression
is markedly decreased at birth, as compared with that in the
wild-type animals (Fig. 2B). These results suggest that in the
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FiG. 2. (A4) RT-PCR analysis of mPLZF expression in retinoic acid (RA)-treated and -untreated P19 cells, as well as fetal and newborn (NB)
lung, kidney, brain, liver, and heart. Developmental stages and tissues are noted above each lane. Results obtained with RNAs derived from
3-week-old liver and adult (AD) heart are shown in lanes 21 and 26 for comparison. The lower blots show the results of control amplification of
mR AR« sequences from the corresponding samples. Lanes 1-4 show the results of amplification of decreased amounts of the mPLZF(B)A control
cRNA, as indicated. The lengths of amplified cDNAs are indicated in bp on the right. (B) Comparison of mPLZF expression levels in kidneys (lanes
1-4) and livers (lanes 5-8) of 18 days postcoitum (dpc) and newborn wild-type animals (W) or animals with homozygous albino (A) deletion. Lane
9 corresponds to negative control where RNA was omitted from the reaction. All other markings are as described for 4.

liver mPLZF may be a component of the same regulatory
circuit as CEB/P-a and HNF-1 and -4. Furthermore, because
the albino deletions affect only gene expression in hepatocytes
and proximal convoluted tubules of the kidney (20), the lack
of induction of the mPLZF gene expression at birth in the
mutant mice must reflect the changes in its expression that are
occurring in the hepatocyte and not in the hemopoietic
component of the liver. Nevertheless, levels of the mPLZF
gene expression at 18 days postcoitum (dpc) appeared equal in
both albino and the wild-type animals, suggesting that the
earlier increase in its expression in the liver may indeed reflect
the shift of hemopoiesis to this organ (21).

Expression of mPLZF in the CNS During Embryogenesis.
When exposed to retinoic acid, P19 cells undergo neuronal
differentiation (22). Induction of mPLZF expression during
this time (Fig. 24, lane 5) and its relationship to the hindbrain
segmentation gene Krox-20, suggested the possibility that its
product may play a role in CNS development. These findings
prompted us to determine the patterns of mPLZF expression
in the embryo during neurogenesis, with a particular focus on
hindbrain segmentation.

In early neural plate-stage embryos (7.25 dpc), mPLZF can
be detected in the neuroepithelia of the developing head folds
(Fig. 3A), suggesting that expression of this gene may be an
early marker of neuronal fate. Subsequently, at 7.5-8.0 dpc,
high levels of mPLZF mRNAs are detected in the anterior
edges of the head folds, the rostral extremity of the neural tube
formation, and in the region of caudal neuropore (Fig. 3B).
From 8.5 dpc we begin to see regional variations in CNS
expression levels. There is strong staining in restricted do-
mains of the hindbrain, midbrain, and parts of the forebrain,
including the developing optic pit (Fig. 3 C and D), and lower
levels of expression are seen over remaining regions of the
forebrain, midbrain, and hindbrain throughout later stages
(Fig. 3 C-F). Additionally, expression could be detected in the
branchial arches, limb buds, otic vesicle, frontonasal mesen-
chyme, and mesonephros, but not in the heart, somites, or the
notochord (Fig. 3 E and F and data not shown).

The specific spatiotemporal pattern of expression of the
mPLZF mRNAs was closely paralleled by expression of
mPLZF proteins (Fig. 3 G and H). The mPLZF protein is
detected in the CNS, optic and otic vesicles, branchial arches,
limb buds, and frontonasal mesenchyme. The granular ap-
pearance of the antibody staining, particularly prominent in
the caudal neuropore region (Fig. 3 H), is most likely due to the
nuclear localization of the mPLZF proteins. As with mRNA,
mPLZF proteins were essentially not expressed in the heart
and the somites at these stages.

At 9.0 dpc, for both RNA and protein, strong staining could
be observed in the first arch (Fig. 3E), and subsequently by
10.5 dpc, such staining could be detected in both the second

and third branchial arches (Fig. 3 F-H). This pattern reflects
the temporal order in the production of rhombencephalic
neural crest and its migration into the branchial arches (Fig.
4A). With time, expression in cranial neural crest is down-
regulated and appears only in a subset of cells. There is
expression in the surface ectoderm, branchial clefts, and
underlying superficial mesenchyme, as seen by the higher
staining density around the edge of each arch (Fig. 3 E-H).

Expression During Hindbrain Segmentation. From 8.5 to
10.5 dpc the hindbrain becomes morphologically subdivided
into lineage-restricted units termed rhombomeres (23), whose
formation is tightly linked with segmental expression of several
developmental regulatory genes such as Krox-20, Sek-1, and
Hox genes (24). It is precisely during this period that mPLZF

Fi6.3. Whole-mount ir situ hybridization and immunohistochem-
istry of mouse embryos with an antisense mPLZF(B) cRNA and
anti-PLZF antibodies. (4) Presomitic stage embryo (7.25 dpc) showing
mPLZF expression in the developing head folds. (B) Lateral view of
8.0-dpc embryo, five to seven somites. (C and D) Different views of
cephalic neuroepithelium of ~8.5-dpc-old embryo demonstrating
down-regulation of mPLZF expression in discrete regions of the
prospective forebrain and hindbrain. Arrow in C points toward the
optic pit. (E) Lateral view of a 9.0-dpc embryo showing mPLZF
mRNA expression in the CNS, branchial arches, and frontonasal
mesenchyme. (F) Lateral view of a 10.5-dpc embryo. mRNA expres-
sion in the limb buds, mesonephros, and the otic vesicle is also
apparent at this later stage. Note specific regional down-regulation of
mPLZF mRNA levels in the forebrain and hindbrain. (G) Lateral view
of 9.5-dpc embryo revealing pattern of antibody staining in the CNS,
frontonasal mesenchyme, branchial arches, and forelimb bud. (H)
Magnification of the posterior neuropore region of a similar embryo
as in G. ng, Neural groove; ov, otic vesicle; r, thombomere; ps, preotic
sulcus.
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Fic. 4. Conserved segmental patterns of mPLZF expression dur-
ing hindbrain development. (4) A 9.0- to 9.5-day-old embryo showing
down-regulation of mPLZF expression in the regions encompassing
rhombomere 3 (r3) and r5. Expression in r4 neural crest (arrow) is also
visible. (B) Flat-mount of the stained hindbrain region containing r3
and 15 of an embryo at a similar developmental stage as in 4. Note
down-regulation of mPLZF expression in central parts of 13 and 15. (C)
Expression at 10.0 dpc demonstrating increased mPLZF expression at
rhombomeric boundaries. (D) An 8.0-dpc-old embryo showing ex-
pression of mPLZF protein(s) in the developing CNS. (E) Flat-mount
of 9.75-dpc embryo showing mPLZF protein expression in the hind-
brain. Note lack of staining in the floor plate. (F) Dorsal view of
10.0-dpc-old embryo showing striped expression of the mPLZF pro-
tein around rhombomeric boundaries. Arrow points to r3/r4 bound-
ary. (G) Whole-mount in situ hybridization of HH stage 10 chicken
embryo showing high levels of cPLZF expression in cephalic neuro-
epithelium. (H) At Hamburger and Hamilton (HH) stage 11, down-
regulation of expression in r2, r3, and, to a lesser degree, in 5 becomes
apparent. Arrow points to PLZF mRNA-positive neural crest stream-
ing. from r4. (I) Stages HH14 revealing more complete down-
regulation of cPLZF expression in 15. (J) Stage HH15 showing that
cPLZF expression is being up-regulated at rhombomeric boundaries.
F, forebrain vesicle; M, midbrain vesicle; ov, otic vesicle; nc, neural
crest. Dashes indicate approximate positions of rhombomeric bound-
aries.

displays a highly dynamic pattern of expression in the
rhombencephalon and, therefore, we have examined whether
this pattern of expression can be correlated with the process of
segmentation. Fig. 44 shows down-regulation of mPLZF
expression in 13 and r5 of a 9.0- to 9.5-dpc embryo. Detailed
analysis at higher resolution (Fig. 4 B) shows that at this stage
down-regulation occurs only in the central portion of r3 and r5.
Therefore, expression apparently persists in r3 and r5 in cells
lying adjacent to the rhombomeric boundaries. At 10.0 dpc,
down-regulation of mPLZF expression also becomes apparent
in the even-numbered rhombomeres, and strong staining at the
boundaries can be observed in all the rhombomeres (Fig. 4C).
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FiG. 5. Summary of segmental expression of PLZF in the mouse
hindbrain. At 8.5 dpc, expression is uniform in the neural tube, and by
9.5 dpc, expression in the center of r3 and r5 has been down-regulated.
By 10.0 dpc, expression in all rhombomeres has been down-regulated,

. leaving expression only at rhombomere boundaries; this same se-

quence of events is observed in the chicken, except down-regulation
occurs in the center of 12 and r3 at the same time. ov, Otic vesicle; fp,
floor plate; r, rhombomere.

High levels of expression remain in other anterior and poste-
rior regions of the neural tube. In a flat-mount of the hindbrain
at 9.5-10.0 dpc, rhombomeric boundaries are clearly apparent,
and anti-PLZF antibodies reveal higher levels of protein
expression over several cell diameters on either side of the
boundaries (Fig. 4E). As a consequence of the elevated
expression over the rhombomeric boundaries, the entire hind-
brain regions adopt a characteristic striped appearance (Fig. 4
C and F). Throughout all of these stages expression in the floor
plate was not detected. Fig. 5 graphically summarizes the
progressive pattern of mPLZF mRNA and protein expression
during hindbrain development.

Cloning of Chicken PLZF (cPLZF) and Its Expression in the
Developing Hindbrain. The process of hindbrain segmentation
has been conserved throughout vertebrate evolution (10) and
is well characterized in the chicken (13). Therefore, to deter-
mine whether the segmental patterns of PLZF expression were
also conserved, we have cloned the cPLZF cDNA. Sequencing
analysis revealed an open reading frame encoding a protein
with high homology to amino acids 6—423 of the mouse and
human homologues (indicated with brackets in Fig. 1A4). The
overall sequence identity between the mPLZF and cPLZF
sequences is ~80%.

Initial results clearly demonstrate cPLZF expression in the
early neuroepithelium (highly elevated in the cephalic region)
and modulation of its expression in a rhombomere-specific
manner (Fig. 4 G-J). At stage HH10 of chicken development
(25), cPLZF expression appeared high in the cephalic neural
folds and decreased within the prospective hindbrain region,
remaining at lower levels throughout the posterior CNS (Fig.
4G). At stage HH11, high levels of cPLZF expression were
detected in the forebrain, optic pits, midbrain, and the anterior
region of the hindbrain corresponding to prospective r1. The
expression abruptly decreased in 12 and r3, increased moder-
ately in r4, and was lower again in 15 (Fig. 4 H). By stage HH14,
the decrease in r5 was completed (Fig. 4 H and I) and, by
HH15, we begin to see higher levels of cPLZF expression at
rhombomeric boundaries (Fig. 4J). As in the mouse embryo,
there also was expression in the branchial arches and optic pits,
as well as in the r4 neural crest (Fig. 4 H, arrow) and essentially
no expression in the developing heart and somites. These
evolutionarily conserved patterns of expression suggest that
PLZF could play a common functional role in vertebrate
hindbrain segmentation.

DISCUSSION

Spatiotemporal patterns of mPLZF expression suggest that its
products may function during the development of a number of
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organ systems and in different cell types. Here we have
particularly focused on the developing CNS. The dynamic
changes in PLZF expression, leading to high levels at rhom-
bomeric boundaries, occur precisely when expression of other
molecular markers of segmentation, such as Krox-20, Sek-1,
and Hox genes (10, 24), becomes restricted in the hindbrain.
The down-regulation of PLZF expression in 13 and r5 at 9.0
dpc follows up-regulation of Krox-20 and Sek-1 in these
rhombomeres, suggesting that PLZF could be a target of their
activities.

Initially, rather uniform expression of the PLZF gene, which
later subdivides into the more segmented pattern, is reminis-
cent of the spatiotemporal pattern of expression of the Drosoph-
ila pair-rule segmentation gene odd-paired (26). Interestingly,
the highest levels of odd-paired expression also occur at
boundaries separating adjacent metameric units (paraseg-
ments), which possess distinct morphogenic and histogenic
properties during fly development. In the avian embryo,
boundaries between rhombomeres have indeed been shown to
represent a lineage restriction, preventing mixing of cells with
distinct developmental potentials (23). The pattern of elevated
gene expression in cells surrounding rhombomeric boundaries
has not been previously observed for any other vertebrate
transcription factor and suggests that PLZF activity is involved
at a specific stage in establishment and/or maintenance of a
boundary cell phenotype.

Although morphologically and physiologically less clear,
organization of the forebrain into metameric units called
prosomers or neuromers during vertebrate development is also
believed to occur (27, 28). In analogy with the hindbrain, many
genes, often encoding transcription factors, have been shown
to possess expression domains coincident with the proposed
neuromeric boundaries of the forebrain, thus supporting the
neuromeric model for its organization during development. It
is worth noting that at 10.5 dpc, in addition to the hindbrain,
expression of the PLZF gene displays some regionalization in
the more anterior areas of the developing brain. mPLZF
mRNAs appear higher in specific telencephalic regions than in
the diencephalon and mesencephalon (Fig. 3F). Furthermore,
there appears to be a sharp decrease in its levels of expression
in the diencephalon (possibly at the boundary between pro-
someres 1 and 2, which mark the border between the protec-
tum and dorsal thalamus) and at the mid/hindbrain isthmus
(27). Given its expression in the hindbrain, which is linked with
the developing rhombomeres, PLZF may also prove to be an
important gene among those whose expression patterns give
credence to the neuromeric model of forebrain organization.
In conclusion, the evolutionary conservation of its segmented
expression in the hindbrain, particularly at the rhombomeric
boundaries, strongly suggests that PLZF is likely to play an
important role within the cascade of regulatory genes that
control segmentation processes leading to hindbrain region-
alization, and perhaps also the forebrain, during development.
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