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Deregulated function of members of the POK (POZ and Kriippel) family of transcriptional repressors, such
as promyelocytic leukemia zinc finger (PLZF) and B-cell lymphoma 6 (BCL-6), plays a critical role in the
pathogenesis of acute promyelocytic leukemia (APL) and non-Hodgkin’s lymphoma, respectively. PLZP, also
known as TZFP, FAZF, or ROG, is a novel POK protein that displays strong homology with PLZF and has been
implicated in the pathogenesis of the cancer-predisposing syndrome, Fanconi’s anemia, and of APL, in view of
its ability to heterodimerize with the FANC-C and PLZF proteins, respectively. Here we report the generation
and characterization of mice in which we have specifically inactivated the PLZP gene through in-frame
insertion of a lacZ reporter and without perturbing the expression of the neighboring MLL2 gene. We show that
PLZP-deficient mice display defects in cell cycle control and cytokine production in the T-cell compartment.
Importantly, PLZP inactivation perturbs the homeostasis of the hematopoietic stem and/or progenitor cell. On
the basis of our data, a deregulation of PLZP function in Fanconi’s anemia and APL may affect the biology of
the hematopoietic stem cell, in turn contributing to the pathogenesis of these disorders.

The BTB/POZ (for bric a brac-tram track-broad complex/
poxvirus zinc finger) domain is an evolutionarily conserved
protein-protein interaction motif found at the NH, terminus of
a group of transcriptional repressors containing DNA-binding
Kriippel-like zinc fingers at their COOH termini (POZ and
Kriippel or POK family proteins). This BTB/POZ domain me-
diates homo- and heterodimerization or oligomerization and is
able to recruit corepressor multimolecular complexes, N-Cor/
Sin3a/SMRT and histone deacetylases (HDACs), to target
gene regulatory elements (1, 2). Deregulation of this mecha-
nism has been implicated in the oncogenic activity of two
BTB/POZ proteins involved in cancer, B-cell lymphoma 6
(BCL-6) in non-Hodgkin’s lymphomas (17, 28) and promyelo-
cytic leukemia zinc finger (PLZF) in acute promyelocytic leu-
kemia (APL) (16, 18). PLZF fuses to retinoic acid receptor o
(RAR) gene in the translocation t(11;17)(q23;q21), in rare
cases of APL (10). As a result, two aberrant fusion proteins,
PLZF-RAR«a and RARa-PLZF, are generated. In the PLZF-
RARa molecule, the BTB/POZ domain of PLZF, by recruiting
corepressor-HDAC complexes to RARa response elements,
confers a constitutive repressive activity on RARa target
genes, which become unresponsive to retinoic acid. Con-
versely, RARa-PLZF retains the ability to bind PLZF target
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sites on DNA through the PLZF domains and therefore po-
tentially might deregulate PLZF-dependent gene expression
(11, 26, 37).

Studies performed in our laboratory have shown that mice
with a null mutation in the PLZF locus have limb and axial
skeleton defects and display a homeotic transformation phe-
notype accompanied by altered expression of the HOX gene
complex and of genes encoding bone morphogenetic proteins
(3). We have demonstrated that PLZF regulates HOX genes
through chromatin remodeling and bridging of distant regula-
tory sites within HOX regulatory elements (4). Inactivation of
PLZF in PLZF-RAR« transgenic models through the gener-
ation of compound PLZF '~ /PLZF-RAR« mutants unraveled
the critical importance of PLZF functional disruption for the
differentiation block at promyelocytic stage of myeloid differ-
entiation normally observed in human APL (22). Strikingly,
the consequences of PLZF inactivation are phenocopied by
RAR«a-PLZF expression, as demonstrated in compound
PLZF-RARa/RARa-PLZF transgenic mice, strongly support-
ing the dominant-negative function of RARa-PLZF over
PLZF.

Searching for PLZF homologues, we identified a novel BTB/
POZ protein that we named PLZP (for PLZF-like zinc finger
protein) (35), which has also been described by other groups as
FAZF (for Fanconi anemia zinc finger) (23), TZFP (for testis
zinc finger protein) (27), and RoG (for repressor of GATA)
(30). The PLZP protein has three C,-H, Kriippel-type zinc
finger domains, which display high homology with the three
most C-terminal zinc finger domains of PLZF. PLZP has been
shown to heterodimerize with FANC-C and PLZF proteins,
and it has been therefore proposed to play a role in the patho-
genesis of the autosomal-recessive bone marrow (BM) failure

10456



VoL. 24, 2004

or cancer-predisposing syndrome Fanconi’s anemia and APL,
respectively (23). However, the pathophysiological significance
of these interactions is still obscure. The reported interaction
between PLZP and PLZF suggests that they potentially regu-
late common target genes. Moreover, PLZP may bind similar
DNA responsive elements as PLZF, due to the high degree of
homology between the Zn finger domains. PLZP has also been
shown to interact with other hematopoietic factors such as the
GATA proteins. Mouse PLZP can repress GATA-3-depen-
dent transactivation on cytokine promoters by displacing
GATA-3 from its specific consensus sequences (30). Another
report demonstrated interaction of human PLZP with
GATA-2 through the zinc finger domain of PLZP, but the
functional significance of this interaction is unknown (39).
More recently, PLZP has been shown to be essential for the
CD8™"-T-lymphocyte-specific repression of the IL-4 locus
through recruitment of HDAC molecules (34). Mouse PLZP is
also suggested to regulate transcription of the testis-specific
Aurora kinase 1 gene (38). This could be of interest in view of
recent reports that implicate PLZF in the maintenance of
spermatogonial stem cells (14).

These various reports therefore suggest potential heteroge-
neous functions for PLZP. However, its in vivo physiological
roles remain to be established. Furthermore, it still needs to be
determined whether PLZF and PLZP exert distinct or redun-
dant biological functions. To address these questions, we gen-
erated and characterized PLZP knockout mice which bear a
null mutation in the PLZP locus.

MATERIALS AND METHODS

Targeting the mouse PLZP locus. We screened a 129/Sv strain mouse genomic
library (Stratagene, La Jolla, Calif.) by using a [>?P]JdCTP-labeled probe span-
ning the mouse PLZP exon 2 (generated by amplification of mouse testis cDNA
with the primers EST2F (5'-GAGATGGCAGGAGCAACTAGG-3") and
EST2R (5'-ACTATGGGAGAAGGGAGCACC-3") to isolate two genomic
phagic clones containing the PLZP gene. These were subsequently subcloned in
pBluescript KS plasmid (Stratagene) and characterized by restriction mapping
and sequence analysis. To generate the PLZP-neo targeting vector, a 2.2-kb
Ndel-Ndel fragment and a 3.1-kb KpnI-HindIII fragment from the genomic
clones were subcloned in the pGK-Neo-pGK-TK (pPNT) vector as the 5" and 3’
arms, respectively. To generate the PLZP-lacZ targeting vector, the Ndel-Ndel
2.2-kb fragment and a 2.9-kb NdeI-Kpnl fragment were used as 5’ and 3’ arms,
respectively, and subcloned in the pPNT vector, modified with the addition of the
PACN cassette (8). The targeting vectors were linearized and electroporated into
CJ7 129/Sv male embryonic stem (ES) cells, and colonies resistant to both G418
(350 pg/ml) and ganciclovir (2 puM) were expanded and screened by Southern
transfer with a 3’ external probe by using EcoRI and Xbal digestions. Correctly
recombined ES cell clones from PLZP-neo and from PLZP-lacZ transfections
were further characterized by Southern transfer with a 5’ external and a NEO
probe by using EcoRI digestion. Four independent ES clones from each trans-
fection were used to generate chimeric mice, which transmitted the mutations to
the germ line. F; heterozygotes (PLZP""“Z) were further analyzed by multiplex
PCR on tail DNA to confirm the removal of the ACN cassette in the germ line.
The PCR primers used for the analysis were CRE F (5'-TGATGGACATGTT
CAGGGATC-3'), CRE R (5'-CAGCCACCAGCTTGCATGA-3'), 5P F (5'-T
AACCTTACTGTGGGAAGACACC-3"), and 5P R (5'-CCAATCTGATCCTA
AGCTGCTGCTCT-3"). A PCR strategy for genotyping PLZP lacZ utilized the
primer pair PLZP F (5'-CTCCCTTCCCCTTCACAGGC-3') and PLZP R (5'-
ACAAAGGTCAGAATCTGAGC-3"), as well as lacZ R (5'-CGATTAAGTTG
GGTAACGCC-3").

Northern transfer and lacZ staining. For Northern blot analysis, total RNA
was extracted from mouse testis tissues by using a TRIzol (Invitrogen/Life Tech-
nologies, Carlsbad, Calif.) solution according to the manufacturer’s instructions.
First, 10 to 20 pg of RNA was transferred onto a nitrocellulose filter and
hybridized with a [*?P]dCTP-labeled probe corresponding to a BamHI-Xhol
fragment of the mouse PLZP ¢cDNA. For B-galactosidase (lacZ) staining, tissues
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were fixed in 4% paraformaldehyde for 2 h and then washed first in phosphate-
buffered saline (PBS), followed by treatment with a washing buffer solution (2
mM MgCl, 5 mM EDTA, 0.01% sodium deoxycholate, 0.02% NP-40) and
stained in X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) solution at
37°C overnight as described previously (29). The stained tissues were embedded
in paraffin, sectioned, and counterstained with eosin. When single cell suspen-
sions were used, fixation was performed in 2% formaldehyde—0.5% glutaralde-
hyde in PBS for 15 min at room temperature. The fixed cells were washed in PBS
and stained in fresh X-Gal staining solution at 37°C overnight. The stained cells
were washed, and cytospins were prepared and counterstained with eosin before
analysis. To evaluate B-galactosidase activity by flow cytometry in stimulated
lymphocytes (see below), cells were washed, resuspended at 10° cells/ml in
prewarmed (37°C) staining buffer (PBS supplemented with 4% fetal calf serum
and 10 mM HEPES [pH 7.2]), and incubated with 1 mM fluorescein di-B-p-
galactopyranoside (FDG; Molecular Probes) at 37°C for 1 min. FDG loading in
the cells was blocked by addition of ice-cold staining buffer containing 300 uM
cloroquine. Cells were then analyzed on a FACScan.

Analysis of hematopoietic function. After administration of anesthesia, pe-
ripheral blood was withdrawn from the retro-orbital venous plexi of mice at 8 to
12 weeks, 6 months, and 12 months of age and collected into heparinized tubes.
Complete hemograms were obtained by using an automated cell counter
(Coulter Counter model ZF). Differential white blood cell counts were per-
formed on slide smears. For morphological analysis of BM, cells were obtained
from femur and tibia bones by flushing the marrow with Dulbecco modified
Eagle medium by using a 27-gauge needle syringe, filtration through a cell
strainer (40 M), cytospin on glass slides, and staining with Wright-Giemsa. For
hematopoietic colony assays, total BM cells (2 X 10*) were plated in triplicate in
1 ml of 0.8% methylcellulose in Iscove modified Dulbecco medium containing
fetal bovine serum, bovine serum albumin, human recombinant insulin, human
transferrin, 2-mercaptoethanol, L-glutamine, recombinant murine interleukin-3
(IL-3), recombinant human IL-6, recombinant murine CF, and recombinant
human erythropoietin (MethoCult; Stemcell, Seattle, Wash.). Colonies were
scored for numbers of erythroid burst-forming unit, granulocyte-macrophage
CFU, and granulocyte-erythrocyte-macrophage-megakaryocyte CFU (CFU-
GEMM) after 6 and 12 days. For assessment of mitotic activity in the hemopoi-
etic stem cell compartment, we used a four parameter fluorescence-activated cell
sorting (FACS) analysis modified from a previous study (13). Briefly, BM cells
were incubated in Hoechst staining buffer with Hoechst 34322 at 37°C for 30 min
and then with Pyronin Y for a further 30 min. The cells were subsequently
incubated with a cocktail of biotin-labeled antibodies against lineage markers
(CD3, CD4, CD8, B220, Terl119, Grl, CD11b, and NK.1), followed by APC-
conjugated streptavidin- and fluorescein isothiocyanate-conjugated anti-Scal an-
tibody. After a wash in PBS, the samples were analyzed by using a MoFlo flow
cytometer at the Memorial Sloan-Kettering Cancer Center flow cytometry facil-
ity.

Analysis of T-lymphocyte function. Single cell suspensions from spleen and
lymph nodes were depleted of red blood cells in lysis buffer (0.15 M ammonium
chloride [NH,CI], 10 mM potassium bicarbonate [KHCOj3], 0.1 mM EDTA).
Total CD3", CD4", and CD8" subpopulations were purified by negative selec-
tion by using MACS isolation kits according to the manufacturer’s protocol
(Miltenyi Biotech, Inc., Auburn, Calif.). For in vitro differentiation assays, puri-
fied CD4" lymphocytes (1.5 X 10°/ml) were stimulated with 2 p.g of plate-bound
anti-CD3¢ antibody and 2 pg of plate-bound anti-CD28 antibody/ml in the
presence of IL-12 and anti-IL-4 or of IL-4, anti-IL-12, and anti-IFN-y for Th-1
and Th-2 skewing conditions, respectively. Then, 100 U of IL-2/ml was added to
the cultures after 48 h. After 7 days, cells were harvested, washed extensively, and
restimulated with 75 ng of phorbol myristate acetate (PMA; Sigma-Aldrich)/ml
and 1 pM calcimycin (Sigma-Aldrich) for 6 h, the last 3 h in the presence of
monensin (BD Pharmingen). Cells were then fixed in 4% paraformaldehyde,
permeabilized in PBS supplemented with saponin and 1% fetal bovine serum,
and incubated with phycoerythrin (PE)-conjugated anti-cytokine or isotype con-
trol antibodies. For the proliferation assays, purified T lymphocytes from lymph
nodes and spleens were stimulated in 96-flat well plates (103/well) with different
concentrations of plate-bound anti-CD3e antibody in the presence or absence of
anti-CD28 antibody (1 pg/ml) and/or different concentrations of IL-2. At differ-
ent time points, [*H]thymidine (10 pCi/well) was added to the cultures for the
last 12 h. The *H incorporation was evaluated by scintillation counting by using
a top count B-counter (Microbeta Plus; Wallac).

CFSE labeling. CFSE (5,6-carboxyfluorescein diacetate, succinimidyl ester)
was purchased from Molecular Probes (Eugene, Oreg.). The cells were washed
with ice-cold PBS and resuspended at 5 X 10° cells/ml in ice-cold PBS. CFSE was
kept as a 0.5 mM stock in dimethyl sulfoxide and stored at —20°C in a desiccator
box. Cells were labeled by diluting the 0.5 mM CFSE stock 1,000-fold into the
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cell suspension (final concentration, 0.5 pM) and incubating them for 10 min at
37°C. After labeling, fetal calf serum was added to 5% final concentration, and
the cells were immediately centrifuged and washed with ice-cold PBS.

FACS analysis. Directly conjugated anti-CD4, CD8, CD3, B220, Grl, Macl,
Ter119, CD71, and gamma interferon (IFN-y) monoclonal antibodies (MAbs)
were purchased from Pharmingen (San Diego, Calif.). To block nonspecific
binding, single cell suspensions were preincubated with CD16/CD32 (Pharmin-
gen) and then stained with specific antibody for 30 min at 4°C. Stained cells were
washed and analyzed on a FACScan flow cytometer (Becton Dickinson). For the
FACS sorting of BM cells, total BM cells were prepared as described above and
stained with a cocktail of biotin-conjugated anti-lineage marker antibodies
(Pharmingen). Fluorescein isothiocyanate-conjugated anti-Scal antibody was
added in the second incubation step together with PE-conjugated streptavidin.
Stained cells were washed in PBS and sorted by using either a MoFlo or FACS
Vantage flow cytometer at the Memorial Sloan-Kettering Cancer Center flow
cytometry facility. Sorted Lin~ Scal™ and Lin™ Scal™ cells were subjected to
lacZ staining and cytospun onto glass slides.

RNase protection assay. Total RNA was extracted from purified CD4" lym-
phocytes grown under the conditions described above or from CD8* lympho-
cytes stimulated for 48 h through T-cell-receptor (TCR) engagement with plate-
bound anti-CD3¢ antibody. RNase protection assay analysis was performed on 5
to 10 pg of total RNA by using the Riboquant kit (BD Pharmingen) according
to the manufacturer’s instructions. The mCK-1 template set was used in all of the
experiments. Bands in RNase protection assays that corresponded to cytokine
transcripts were quantified through use of a PhosphorImager and the Image-
Quant program (Molecular Dynamics). Cytokine mRNA bands were normalized
to the corresponding L32 mRNA standard bands in each lane.

Histology and immunohistochemistry. Testes from adult mice were fixed in
formalin and paraffin embedded. Then, 8-um sections were cut, dewaxed, and
stained with hematoxylin-eosin solution for morphological analysis. Immunohis-
tochemistry was performed on dewaxed sections by using the automated staining
processor system Discovery (Ventana Medical Systems) according to the man-
ufacturer’s instructions. The primary antibodies used were to cyclin D1 (poly-
clonal), PCNA (clone PC10; Santa Cruz Biotechnology, Inc.), monoclonal anti-
p27¥iPl (BD Transduction Laboratories), and anti-activated caspase 3 (Cell
Signaling Technology). Sections were developed by using diaminobenzidine and
counterstained with hematoxylin.

Quantitative RT-PCR. RNA was isolated from whole adult testis by using
TRIzol (Invitrogen) according to the manufacturer’s instructions. Complemen-
tary DNA was synthesized from 1 pg of total RNA with the Superscript III
First-Strand Synthesis kit (Invitrogen) with random hexamer primers. Quantita-
tive PCR for Aurora C and the housekeeping gene HPRT were performed with
a LightCycler instrument and DNA Master SYBR Green I kit (Roche). Primers
were as follows: Aurora C forward, 5'-CCAGCACCTCAACCAGGAA-3'; Au-
rora C reverse, 5'-CCAGCAGTTCATAGCAGAGC; HPRT forward, 5'-CCTG
CTGGATTACATTAAAGCACTG; and HPRT reverse, 5'-GTCAAGGGCAT
ATCCAACAACAAAC. Serial dilutions of the amplicon were used in the
reaction to generate a standard curve, and the specific nature of the PCR was
verified through melting curve analysis and by running the product on a 1.5%
agarose-TAE gel. Control reactions which had not been incubated with reverse
transcriptase (RT) were also included to demonstrate the PCR was specific for
the Aurora C transcript. Primer annealing temperatures were 60°C for Aurora C
and 58°C for HPRT; all other cycling conditions were as suggested by the
LightCycler instrument manufacturers (Roche). The relative amount of Aurora
C transcript was then corrected against the relative amount of control HPRT
transcript.

RESULTS

Targeted disruption of the PLZP gene. To study the in vivo
function of the PLZP gene we disrupted it in murine 129/Sv ES
cells by homologous recombination. Mouse PLZP is a protein
of 465 amino acids that shares high homology with its human
counterpart, especially in the BTB/POZ and zinc finger do-
mains (Fig. 1A). We isolated the mouse PLZP gene locus from
a 129/Sv mouse genomic phage library and characterized it by
restriction mapping, direct sequencing, and in silico analysis.
We identified another gene located just 1.1 kb downstream of
the PLZP gene. This neighboring gene is a homologue of the
MLL]I (for mixed lineage leukemia 1) gene involved in acute
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myeloid and lymphoid leukemia and has recently been de-
scribed and named MLL2 (19). Between the two genes we
found a CpG island-rich region, which might act as a site for
transcriptional regulation (36) (Fig. 1B). Given the organiza-
tion of this locus, we reasoned that removal of the PLZP gene
DNA coding sequences and the presence of a neomycin se-
lectable marker cassette would likely also affect transcription
of MLL2 (33). We therefore decided to construct two different
targeting vectors to inactivate the PLZP gene.

We constructed one targeting vector bearing a neomycin
resistance gene to replace the entire coding region of the
PLZP gene plus a 3'-flanking sequence of 750 bp within the
CpG island-rich region (neo vector) (Fig. 2A). We also gener-
ated a second targeting vector in which we inserted the Esch-
erichia coli B-galactosidase (lacZ) reporter gene in frame distal
to the PLZP gene translation start site, together with a neo-
mycin cassette and Cre recombinase gene contained within two
LoxP sites (lacZ vector). Expression of Cre recombinase in this
construct was under the control of the mouse testis-specific
angiotensin-converting enzyme isoform (t-Ace) gene promoter
(8) to allow excision of the neomycin cassette plus Cre during
passage through the germ line (Fig. 2B). Two (neo vector) and
four (lacZ vector) independent, homologous recombinant ES
cell clones were used to generate chimeric mice, which trans-
mitted the disrupted allele to the germ line. Identification of
the correct recombination events in ES cells and the null mu-
tation of PLZP in the mice were made with two different
probes (Fig. 2C and D). Removal of the Neo/t-ACE-Cre cas-
sette was verified by PCR on genomic DNA comparing wild-
type, neo vector, and lacZ vector targeted ES cell clones and F,
heterozygote mice (Fig. 2E). A PCR-based strategy was also
developed to genotype the PLZP lacZ mutant mice (Fig. 2F).
To confirm the null mutation, expression of PLZP mRNA was
evaluated by using Northern blot analysis on testis of mice
from both the neo (not shown) and lacZ lines (Fig. 2G).

PLZP knockout mice from the neo and lacZ lines were born
healthy and developed normally. No gross pathological abnor-
malities were found. From the offspring of 12 PLZP heterozy-
gote breeding pairs (6 neo and 6 lacZ), we observed a distri-
bution of the three genotypes (PLZP*'*, PLZP*'~, and
PLZP~'7) according to expected Mendelian ratios (data not
shown). To avoid possible interference of the neomycin cas-
sette with the expression of the MLL2 gene, we nevertheless
focused our attention on the lacZ line, henceforth referred to
as PLZP*"™', PLZP""“““, and PLZP"““*"*** mice.

In vivo lacZ expression in PLZP"""** mice. To investigate
the in vivo pattern of PLZP expression, we performed B-ga-
lactosidase staining on different tissues from PLZP""*“Z mice,
together with PLZP""*" controls. The lacZ-staining pattern in
PLZP""<Z mice showed the highest level of expression in the
testis, both in tissue sections and in cytological samples by
FACS analysis of cell suspensions (Fig. 3A and B and data not
shown). The pattern of lacZ staining in testis sections demon-
strated that PLZP expression is restricted to the intermediate
layers of the germinal epithelium.

As PLZP is expressed in spleens, lymph nodes, and lym-
phoid cell lines (unpublished data), we checked lacZ expres-
sion in lymphocytes from PLZP""““* mice. We did not find a
significant number of lacZ-positive cells under steady-state
conditions in samples prepared from spleens, lymph nodes,
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FIG. 1. Characterization of mouse PLZP genomic region. (A) Comparison of the structures and sequences of mouse and human PLZP
proteins. (B) Schematic representation of the mouse PLZP gene locus. The mouse PLZP gene is made of six exons spanning ca. 9 kb. Immediately
downstream of PLZP (ca. 1.2 kb), the mouse ortholog of the MLL?2 gene is depicted.

MLL2 gene

and thymuses (data not shown). However, in both CD4" and
CD8" T lymphocytes, PLZP transcription was upregulated as
early as 12 h after TCR engagement with anti-CD3 antibodies
and peaked by 24 h, as evaluated by FDG staining and FACS
analysis (Fig. 3C, middle panels). The addition of anti-CD28
antibody to the cultures enhanced the FDG signal, especially at
24 h, suggesting that the CD28-dependent costimulatory path-
way might be involved in the control of PLZP gene transcrip-
tion (Fig. 3C, bottom panels). Moreover, other mitogenic stim-
uli, such as concanavalin A and calcium ionophore
(calcimycin) coupled to PMA gave the same upregulation of
PLZP expression in T cells (data not shown and Fig. 3D, left

panel). The addition of cyclosporine, a potent inhibitor of
T-lymphocyte activation, attenuated but did not abolish lacZ
expression, suggesting that PLZP transcription might partially
be under control of cyclosporine-sensitive pathways (Fig. 3D,
right panel). In this regard, we analyzed the 5'-flanking region
of the PLZP gene and identified multiple potential target sites
of transcription factors involved in early transcriptional events
after activation of T lymphocytes. These transcription factors
include NF-kB and interestingly, NFAT, which is a target of
cyclosporine (data not shown). Stimulation of B lymphocytes
with various mitogens did not show upregulation of lacZ flu-
orescence (data not shown).
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to the PLZP-neo mice. (D) Southern blot demonstrating germ line transmission of the PLZP-lacZ mice. (E) Multiplex PCR on genomic DNA extracted from wild-type ES cells (lane 1), two
recombined ES cell clones with the neo-cre-lacZ vector (lanes 2 and 3), four F; mice generated from these ES cell clones bearing the floxed PLZP allele (lanes 4 to 7), and a water control
(lane 8). The 960-bp band corresponds to the 5’ external probe A amplified as an internal control, whereas the 225-bp band corresponds to a fragment of the Cre gene in the neo-cre-lacZ vector,
which has been excised in the F, mice. (F) Genotyping of lacZ vector mice by multiplex PCR of extracted tail DNA. The 500-bp product represents the wild-type locus, while the 300-bp

represents lacZ insertion into the PLZP locus. (G) Northern blot for the PLZP gene on total RNA extracted from testes of —/—, +/—, and +/+ lacZ vector mice, showing absence of transcripts

demonstrating homologous recombination in the ES cells (the same strategy is used for ES cells transfected with the neo cassette or the neo-cre-lacZ cassette vectors) and germ line transmission
in —/— mice. Restriction enzyme sites abbreviations: E, EcoRI; K, Kpnl; H, HindIII; N, Ndel; X, Xbal.

FIG. 2. Mouse PLZP gene targeting strategy. (A and B) Targeting vectors and scheme of homologous recombination in the knockout that replaces PLZP sequences with a neo cassette (A) or
the neo-cre-lacZ cassette insertional knockout (B). (C) Southern blot analysis on EcoRI-digested genomic DNA with 5’ and 3’ external probes (probe A and probe B in the scheme)
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We next assessed the pattern of PLZP expression in mouse
hematopoietic precursors. We therefore FACS-sorted
lineage™ (Lin~) Scal® and Lin™ Scal®™ BM cells from
PLZP""<Z mice and stained them for lacZ expression. In the
Lin™ Scal™ sorted cell population, which contains mostly com-
mitted progenitors, we could detect only rare lacZ" stained
cells (not shown). However, in the Scal™ Lin~ sorted stem cell
population, we observed an enrichment of lacZ-stained cells
(Fig. 3E). Taken together, these findings demonstrate that
murine PLZP is most highly expressed in the germinal epithe-
lium of the testis, in activated T lymphocytes and in the hema-
topoietic stem cell (HSC)-enriched Scal™ Lin~ fraction of BM
cells.

Normal testis development and structure in PLZP-null
mice. The human homologue of mouse PLZP was originally
cloned from testis, where it was found to be highly expressed
(27), hence it was originally given the name testis zinc-finger
protein (TZFP). Indeed, through monitoring expression of the
B-galactosidase reporter gene in our mice, which is controlled
by the PLZP promoter, we can demonstrate a high level of
expression in the seminiferous tubules of the testis as shown
above (Fig. 3A). PLZP“““"Z mice were fertile, arguing
against a significant defect in spermatogenesis and/or spermio-
genesis. To perform a more detailed analysis, sections of testis
from PLZP““?"<Z and wild-type littermate controls were im-
munostained for a variety of markers of proliferation, apopto-
sis and for the distinct cell populations within the tubules (Fig.
4A). Morphology of the PLZP"““*"4°Z testis appeared grossly
normal, plus sperm were being generated normally within the
tubules suggestive of an intact differentiation pathway of the
spermatogonia into spermatids. The spermatogonia within the
tubules were intact, as judged by a specific marker for this
population, PCNA (40). In addition, both spermatogonia pro-
liferation and apoptosis appeared unaffected in the
PLZP““#a<Z testis, as determined by cyclin D1 expression and
activated Caspase-3 staining, respectively (6, 21). The numbers
of supporting Sertoli cells in PLZP"““*"““Z testis could also be
confirmed to be similar to those found in the wild type by
immunostaining for p27*®, a marker for this cell type (5). A
specific function for PLZP in testis has previously been sug-
gested; a testis-specific member of the Aurora Ser/Thr kinase
family, Aurora C (AIE1l), is reported to be transcriptionally
repressed by PLZP (38). The Aurora family kinases are
thought to be critical regulators of the cell cycle (7, 9), and
Aurora C is known to be expressed in meiotically active sper-
matocytes within the testis (24), overlapping with the expres-
sion pattern of PLZP (Fig. 3A). We therefore sought to de-
termine whether loss of PLZP led to a derepression of Aurora
C expression. However, analysis of Aurora C transcript levels in
PLZP“#"Z testis by quantitative RT-PCR showed no signif-
icant upregulation of this gene (Fig. 4B). Thus, it is either
possible that Aurora C is not a bona fide target for PLZP in
vivo or that additional transcriptional repressors can substitute
for PLZP in regulation of Aurora C expression.

PLZP deficiency does not result in gross hematopoietic ab-
normalities or in defects of the DNA damage response of
hematopoietic progenitors. The pattern of PLZP expression in
hematopoietic organs as well as in early hematopoiesis sug-
gested a potential function in these compartments. We there-
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FIG. 4. Analysis of testis from adult PLZP““?"4Z and PLZP""™'
mice. (A) Representative images of testis stained with hematoxylin and
eosin (H&E) to show morphology and stained with a variety of anti-
bodies by immunohistochemistry (from upper to lower panels: PCNA,
cyclin D1, activated caspase 3, and p275"P). Scale bar, 5 wm. (B) Quan-
titative RT-PCR analysis of Aurora C expression in testis extracts from
PLZP""™" and PLZP“?"Z adult mice. Testis extracts from three
PLZP“cZ"a¢Z mice, together with three littermate PLZP""" controls,
were analyzed, and the mean values of relative expression are shown =
the standard errors.

scBEEELE

fore undertook a thorough analysis of the hematopoietic sys-
tem in PLZP mutant mice.

The BM, peripheral blood, and lymphoid organs of PLZP""",
PLZP"<Z and PLZP““?"4°Z mice were analyzed by FACS
immunophenotyping for lymphoid, erythroid and myeloid cell

FIG. 3. Invivo expression pattern of PLZP-lacZ. (A) LacZ staining of testis tissue sections showing lacZ-positive (blue) cells in the intermediate layers of the germinal epithelium. (B) FACS
analysis of FDG staining (see Materials and Methods) of testis germinal cells isolated from wild-type, PLZP*"““Z_ and control Rosa 26 mice. (C) Flow cytometry analysis of PLZP"*"*“Z total
(CD3" sorted) T lymphocytes after TCR stimulation with anti-CD3 and anti-CD3 plus anti-CD28 antibodies at 12 and 24 h. Cells were stained for CD4-PE (FL-2) and for FDG (FL-1) to detect

analyzed by flow cytometry. (E) LacZ staining of BM sorted cells from wild-type and PLZP"*"“““ mice. Lin~ and Scal* cells were sorted by FACS, stained for B-galactosidase activity, and then

B-galactosidase activity. (D) PLZP"""*<Z total (CD3* sorted) T lymphocytes stimulated with PMA plus ionomycin (P+1) or PMA plus ionomycin and cyclosporine were stained with FDG and
analyzed.
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FIG. 5. T-lymphocyte dysfunction in PLZP"““?"*Z mice. (A and B) Increased proliferation of PLZP-deficient total T lymphocytes (CD3™*
sorted) upon TCR (anti-CD3g) (A) and IL-2 (B) stimulation. (C and D) Increased proliferation of sorted CD8* (C) and CD4* (D) PLZP' %<
T lymphocytes upon TCR (anti-CD3¢) engagement. The data are mean values of the counts per minute * the standard errors (n = six or three
mice for each genotype). Black bars, wild-type lymphocytes; white bars, PLZP'““?"¢Z lymphocytes.

surface markers, as well as by pathological examination. Pe-
ripheral blood automated and differential cell counts were
comparable in both young (4- to 8-week-old) and older (12- to
15-month-old) mice of the three genotypes (data not shown).
The distribution of B cells, T cells, and myeloid cell subsets in
the peripheral blood, BM, and primary and secondary lym-
phoid organs were unaltered in PLZP““#"4Z animals com-
pared to the respective sex-matched control littermates. We
therefore concluded that PLZP inactivation in the mouse does
not result in gross alteration in development of the hemato-
poietic system.

Since PLZP has been shown to physically interact with
FANC-C, we wanted to test whether the response of
PLZP“<?"a¢Z hematopoietic progenitors to DNA damage,

which is significantly impaired in FANC-C knockout mice and
in patients with mutations in the FANC-C gene, could be
affected. To test this hypothesis, we irradiated or treated with
mitomycin C BM cells from PLZP““%"4Z and PLZP""** mice
and subsequently evaluated the colony-forming potential of
hematopoietic progenitors by colony-forming cell assay. How-
ever, we could not demonstrate any significant difference in
the sensitivities of PLZP““*"%% and PLZP"""" cells to these
stimuli (data not shown). We therefore concluded that the
hematopoietic progenitor cell response to gamma irradiation
and mitomycin C-induced DNA damage is not altered in
PLZP““"Z mice.

Increased proliferative response of PLZP knockout T lym-
phocytes. Given that the expression of PLZP is increased after
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FIG. 6. Increased cell divisions in T lymphocytes from PLZP““?"4Z Total (CD3" sorted) T lymphocytes from PLZP*"*" and PLZP“%"Z
mice were labeled with CFSE and stimulated for 72 h with plate-bound anti-CD3e (2 pg/ml) plus IL-2 (100 ng/ml). Cells were subsequently stained
with anti-CD4, -CDS8, and -CD25-PE MAbs and analyzed for the number of cell divisions by flow cytometry. One of three independent experiments

is represented (n = three mice for each genotype).

activation of both CD4" and CD8" T lymphocytes (see
above), we hypothesized that PLZP could play a role in the
regulation of T-cell proliferation. We therefore assessed the
proliferation of PLZP““#"<Z and PLZP"""" control T lympho-
cytes upon TCR engagement. The proliferative response of
PLZP“#!a<Z CD3" T lymphocytes to increasing concentra-
tions of aCD3 antibody was enhanced compared to controls
(Fig. 5A). Moreover, at a lower (suboptimal) concentration of
aCD3 antibody (0.05 wg/ml), PLZP“*"*% T lymphocytes dis-
played a stronger proliferative response to increasing IL-2
stimulation compared to the wild type (Fig. 5B). This increased
proliferation was observed at early time points (24 h) and was
also maintained at later time points (72-96 h) (data not shown).
When analyzed individually, both the CD4"- and the CD8*-
T-lymphocyte subtypes demonstrated an increased response to
TCR triggering, and this was particularly evident with the
CD8" cells (Fig. 5C and D). To further characterize the in-
creased proliferative response displayed by PLZP4“<#!a<Z T
lymphocytes, we evaluated the number of cell divisions of stim-
ulated PLZP““?"4Z and PLZP**" T lymphocytes by CFSE
labeling and FACS analysis. We found that a higher number of
PLZP"“<#"4<Z T cells, both CD4" and CD8", displayed, on
average, one more cell division after 72 to 96 h from stimula-
tion (Fig. 6). These data demonstrate that PLZP is involved in

the control of proliferation of both CD4" and CD8" T lym-
phocytes and strongly suggests that PLZP plays a role during
the early response of T cells to TCR stimulation.

Deregulated cytokine production in T cells from PLZP-null
mice. We next investigated the mechanisms by which PLZP
inactivation would lead to increased T-cell proliferation. Since
mouse PLZP has been shown to repress the transcription of
growth-inhibitory cytokines such as IFN-v in transient-trans-
fection reporter assays. In similar assays, PLZP was also shown
to repress IL-4 transcription (30). We therefore determined
whether cytokine transcription was affected by the absence of
PLZP. We stimulated purified CD4" and CD8" T lympho-
cytes from PLZP“?"4Z and PLZP""™" littermate controls un-
der neutral, T-helper 1 and T-helper 2 skewing conditions and
assessed the levels of cytokines by intracellular staining and
FACS analysis or by RNase protection assays. In this series of
experiments, we observed that CD8" PLZP"““#*"*“ T lympho-
cytes, stimulated under neutral conditions, produced more
IFN-y (Fig. 7A), whereas CD4" T lymphocytes, stimulated
under T-helper 2 skewing conditions, expressed higher levels
of IL-4, IL-5, and IL-13 transcripts compared to controls (Fig.
7B).

Increased metabolic activity and altered homeostasis of
hemopoietic stem cells/progenitor pool in PLZP-null mice. We
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FIG. 7. Enhanced cytokine production by PLZP*“?"“Z T lymphocytes. (A) Intracellular staining of PLZP*"* (top panel) and PLZP<%"aZ
(bottom panel) CD8" T lymphocytes for IFN-y after activation with CD3 plus CD28 and IL-2. (B) RNase protection assays for different Th2-type
cytokine mRNAs from CD4" T lymphocytes grown in Th-2 skewing conditions. One of three independent experiments is represented (n = three

mice for each genotype).

next quantified the functional population of hematopoietic
progenitors by using CFC assays in PLZP*™ and
PLZP"#"aZ mice under steady-state conditions. However, we
did not observe any significant difference in BFU-E, CFU-GM,
and CFU-GEMM colony numbers between PLZP““#"*Z and
PLZP"" BM cells grown in the presence of a complete cyto-
kine cocktail (data not shown).

PLZP is expressed in HSC/early progenitors, and a potential
role for PLZP, along with PLZF, in regulating proliferation in
this compartment has been proposed (14). We therefore as-
sessed this possible role of PLZP by analyzing the proliferative
status of HSCs and the ratio between quiescent and metabol-
ically active cell pools in PLZP““#"<Z and PLZP"*"*" mice. We
performed cell cycle fractionation experiments with four-pa-
rameter flow cytometry analysis on total BM cells assessing the
cell cycle status (i.e., quiescent versus cycling cells) of the
progenitor pool by staining with Pyronin Y, together with
Hoechst 33342, to measure RNA and DNA content, respec-
tively (13). In fact, it has been previously demonstrated that
elevated intracellular RNA levels associate with cell cycle en-
try, whereas cell cycle phase is given by DNA content. We

found that the HSC/early progenitor pool (as defined as Scal™
Lin~ Hoechst 33342'°") present in the PLZP"“““"*“* BM con-
tains a significantly higher percentage of pyronin Y (PY)"-
stained cells, which are exiting from the quiescent pool and
entering cell division, compared to PLZP""** (Fig. 8A). The
ratio between quiescent progenitors in G, and cells that have
entered cell cycle in G, was lower for the PLZP"““*"*Z pro-
genitors than for the PLZP*" controls (Fig. 8B). PLZP is
therefore regulating the proliferative rate and the balance be-
tween metabolically active and inactive cells of the HSC or
progenitor pool at the steady state.

DISCUSSION

PLZP is a novel BTB/POZ protein that displays a high
degree of homology with the PLZF protein. Human PLZP
physically interacts with FANC-C and PLZF and has therefore
been proposed to have possible involvement in the pathogen-
esis of Fanconi’s anemia and APL. In the present study we
describe an analysis of mice in which the PLZP gene has been
targeted by homologous recombination. This analysis allowed
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FIG. 8. HSC pools in G, and G, phases of the cell cycle in PLZP-deficient mice. (A) Analysis of total BM cells stained for Scal and lineage
antibodies, pyronin (RNA), and Hoechst (DNA) reveals an increased proportion of progenitors (Scal™ Lin~) in G, of the cell cycle (PY+) in
PLZP"““#"<Z mice compared to controls. (B) Average of the ratio of percentage of cells in G, versus G, is plotted. The data represent the mean

value = the standard errors (n = 4; P < 0.05).

us to demonstrate that PLZF and PLZP exert distinct, albeit
overlapping, functions.

The similarity between PLZF and PLZP is already apparent
at the genomic level. As for PLZF (42), the genomic region
containing the PLZP gene is highly conserved in mammals as
demonstrated by the striking homology between the human
and mouse DNA sequences. The PLZP gene is located very
close to the trithorax homolog MLL2/MLL4, and this region
(on chromosome 19q13.1) appears to be phylogenetically very
close to the genomic region, which contains the PLZF and the
MLLI genes (on chromosome 11q23) (36, 42). Intriguingly,
both regions are involved in rearrangements in cancer (http:
//cgap.nci.nih.gov).

We were able to assess the pattern of PLZP expression by
analyzing the expression of a lacZ reporter gene knocked into
the mouse PLZP locus. We demonstrate that this gene is
expressed in activated CD4" and CD8" T lymphocytes, the
germinal epithelium of the testis and the Scal™® Lin~ subfrac-
tion of HSCs. Our results extend beyond previous descriptions
of the expression pattern of mouse PLZP (30). In the testis, we
find that unlike PLZF that is expressed in spermatogonia (14),
PLZP is mainly expressed in the intermediate maturation lay-

ers in histological sections, in which the prevailing cell popu-
lation is represented by primary and secondary spermatocytes.
PLZP is expressed in the Scal™ Lin~ fraction of HSCs, which
also contain early myeloid progenitors. PLZP and PLZF dis-
play an overlapping pattern of expression in the mouse HSC
compartment. They are both highly expressed in human
CD34™ progenitors and levels are progressively reduced along
the myeloerythroid differentiation pathway (15).

Our in vivo functional analysis reveals striking differences
between the two transcription factors but also important sim-
ilarities. We found, for instance, that unlike PLZF, PLZP is
dispensable for normal mouse development and spermatogen-
esis. This is explained in part by the fact that PLZP is not
expressed in the developing limb and axial skeletal structures
(F. Piazza and P. P. Pandolfi, unpublished observations),
whereas the lack of phenotype in the PLZP-null testis may
suggest a functional redundancy and a more prominent role for
PLZF. However, we found that PLZP regulates the prolifera-
tive activity of T lymphocytes and is involved in control of the
balance between quiescent and cycling pools of HSCs, a func-
tion that is shared with PLZF (J. A. Costoya et al. unpublished
observations).
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Analysis of testes from PLZP““#"4“% and PLZP*""" mice did
not reveal abnormalities of testis function or development in
PLZP“#"a<Z mice. A thorough analysis of several testis-spe-
cific markers of maturation and function also showed no alter-
ations in PLZP“?!<Z mice. Moreover, the levels of a sug-
gested PLZP testis-specific target gene, Aurora kinase, AIE1,
were not affected by the absence of PLZP. The reasons for
high PLZP expression in the testis may be related to other
processes not obvious to our analysis. Alternatively, it is pos-
sible that other factors, such as PLZF, may compensate for
PLZP deficiency in the testis, but this is perhaps unlikely since,
as mentioned earlier, PLZF and PLZP are expressed at dif-
ferent stages of spermatogenesis (14).

We have also established a role for PLZP in the control of
cellular proliferation in the hematopoietic compartment.
PLZP“#"a<Z T lymphocytes, both CD4 and CDS, displayed
increased proliferation upon stimulation. In addition, we dem-
onstrated that the production of cytokines was deregulated in
the absence of PLZP. CD8* PLZP"““*"4Z T_lymphocytes pro-
duce more IFN-y upon TCR stimulation and CD4* T lympho-
cytes stimulated under T-helper 2-type conditions produce
more Th2-type cytokines. However, this mechanism must be
compensated for in vivo, since PLZP“#"4<Z mice do not de-
velop spontaneous immune-mediated or inflammatory mani-
festations during their life span. In keeping with our findings,
PLZP-induced inhibition of T-cell activation and proliferation
was recently described in a T-cell-specific PLZP transgenic
mouse (31). Intriguingly, another BTB/POZ protein, BCL-6,
has been shown to act as a negative regulator of effector T-
lymphocyte function. BCL-6-deficient mice spontaneously de-
velop a systemic inflammatory disease characterized by an in-
creased T-helper 2 response (41). Moreover, BCL-6 is involved
in the regulation of GATA-3 expression and T-helper 2 devel-
opment (25). It is tempting to speculate on a possible func-
tional interaction between PLZP and BCL-6 in the regulation
of this developmental pathway.

Analysis of cell cycle and metabolic activity in HSCs from
PLZP“#"a<Z BM showed increased numbers of cells in G,
phase versus the G, phase under steady-state conditions, as
evaluated by Hoechst and Pyronin Y staining of the Scal™
Lin~ population of BM cells. However, PLZP““#"** HSC and
progenitor cells did not show alterations in their ability to
produce colonies of the differing hemopoietic lineages in vitro.
These results therefore suggest that loss of PLZP affects
mainly the self-renewal or differentiation kinetics of the HSC/
progenitors and is likely more related with the long-term re-
populating capability of the HSCs (12, 13).

The control of proliferation, self-renewal, and differentia-
tion of HSCs is a fundamental process that is actively studied
because of its clinical and therapeutic implications, since it is
well known that the HSCs have a limited proliferative potential
(20, 32). Recent studies have outlined the fundamental role of
cell cycle inhibitors such as p21 and p27 in the regulation of the
HSC compartment homeostasis (12, 13). The absence of these
regulators, despite little or absent impact on hematopoiesis,
has a profound effect on the homeostasis of HSC/early pro-
genitor compartment. The long-term repopulating potential of
HSCs is profoundly impaired in p21~/~ mice, whereas the
short-term repopulating capability is markedly impaired in
p27~'~ mice. Our data indicate that the HSC/progenitor cells

MoL. CELL. BIOL.

in PLZP““?"¢Z mice show increased cell cycling activity but
without a clinically evident phenotype throughout the life span
of the mouse. Important follow-up experiments (such as com-
petitive repopulation or serial BM transplantation assays)
should be performed to further investigate the role of PLZP in
regulating HSC/progenitor cell activity. However, the sensitive
flow cytometric analysis of BM cells we describe here allow us
to conclude that there is a significant perturbation of HSC/
progenitor cell homeostasis in PLZP““#"““Z mijce at the steady
state. It also remains to be determined to which extent PLZF
compensates for PLZP loss in this critical function.
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