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The single-stranded DNA- and RNA-binding protein, Pura, has been implicated in many biological pro-
cesses, including control of transcription of multiple genes, initiation of DNA replication, and RNA transport
and translation. Deletions of the PURA gene are frequent in acute myeloid leukemia. Mice with targeted
disruption of the PURA gene in both alleles appear normal at birth, but at 2 weeks of age, they develop
neurological problems manifest by severe tremor and spontaneous seizures and they die by 4 weeks. There are
severely lower numbers of neurons in regions of the hippocampus and cerebellum of PURA™'~ mice versus
those of age-matched +/+ littermates, and lamination of these regions is aberrant at time of death. Immu-
nohistochemical analysis of MCM?7, a protein marker for DNA replication, reveals a lack of proliferation of
precursor cells in these regions in the PURA ™'~ mice. Levels of proliferation were also absent or low in several
other tissues of the PURA ™'~ mice, including those of myeloid lineage, whereas those of PURA*'~ mice were
intermediate. Evaluation of brain sections indicates a reduction in myelin and glial fibrillary acidic protein
labeling in oligodendrocytes and astrocytes, respectively, indicating pathological development of these cells. At
postnatal day 5, a critical time for cerebellar development, Pura and CdkS were both at peak levels in bodies
and dendrites of Purkinje cells of PURA*'* mice, but both were absent in dendrites of PURA™'~ mice. Pura
and Cdk5 can be coimmunoprecipitated from brain lysates of PURA*'* mice. Inmunohistochemical studies
reveal a dramatic reduction in the level of both phosphorylated and nonphosphorylated neurofilaments in
dendrites of the Purkinje cell layer and of synapse formation in the hippocampus. Overall results are
consistent with a role for Pura in developmentally timed DNA replication in specific cell types and also point

to a newly emerging role in compartmentalized RNA transport and translation in neuronal dendrites.

Pura is a nearly ubiquitous protein originally purified from
mouse brain based on its ability to bind to the DNA fragment
containing a GGCGGA sequence derived from the myelin
basic protein (MBP) proximal regulatory region (21, 22). At
that time, human Pura had been identified as a sequence-
specific single-stranded DNA-binding protein with a potential
role in DNA replication and it had been sequenced (2, 3). The
sequence of mouse PURA ¢cDNA (33) is nearly identical to that
of humans (3), and the DNA binding region of the gene is
strongly conserved throughout evolution. While Pura ho-
mologs are present in certain bacteria and plants, no counter-
parts have been detected in viruses or yeast. At present, there
are four known Pur family members in humans and mice,
including Purf and two isoforms of Pury (2, 27, 31, 32). Ex-
pression of Pura in mouse brain and its DNA binding activity
are developmentally regulated and peak at 15 to 18 days after
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birth (46), a time at which many interneuronal connections,
particularly in the cerebellum, are being established. In the
brain, Pura has been reported to modulate transcription of the
rat somatostatin (41) gene, the hamster neuron-specific FE65
gene (51), and the mouse BC1 gene (29), and it can interact
with the promoter region of the rat nicotinic acetylcholine
receptor 34 subunit (12). More recently, Pura has been re-
vealed to be an RNA binding protein with potential effects on
translation (28). Analysis of the predicted 322-amino-acid hu-
man Pura protein has revealed a modular structure with alter-
nating 23- and 26-amino-acid repeats (3) which are important
for Pura binding to DNA while other regions of the protein
contribute by binding to several cellular regulatory proteins,
including SP1 (47), YB-1 (42), E2F-1 (10), and pRb (25).
Colocalizations of Pura with cyclin A/Cdk2 and cyclin B1/Cdk1
have been reported (1), and unpublished work suggests that
these are mediated by binding to the Cdk component (S. Barr,
H. Liu, and E. M. Johnson, unpublished data). While many
actions of Pura occur in the nucleus, the protein is frequently
located in the cytoplasm, depending at least in part upon the
cell cycle phase. Pura localization to the nucleus depends on a
complex set of motifs within the protein (1). The associations
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of Pura with pRb and colocalization with Cdk protein kinases
suggest a role for Pura in control of the cell cycle and differ-
entiation. The ability of Pura to inhibit replication of onco-
genically transformed cells (1, 11) and the finding of deletions
of the PURA gene in acute myelogenous leukemia (31) offer
further support for such a role. Results from protein microin-
jection, followed by video time lapse monitoring, have pro-
vided direct evidence of Pura’s role in cell cycle progression
(44). More than 80% of cells injected with Pura were inhibited
from passing through mitosis with cells blocked either in the
G, or G, phase, depending on the time of injection. A mutant
Pura protein lacking the Rb-binding and glutamine-rich do-
mains had no effect upon cell cycle progression.

The ability of Pura to associate with the regulatory DNA
sequence of MBP and several other cellular and viral genes led
to the initial assumption that Pura may function as a transcrip-
tion factor, modulating expression of genes during brain de-
velopment and viral infection of brain cells (17). Pura can
interact with the regulatory proteins of several viruses, includ-
ing the human neurotropic JC virus (JCV) early protein, T
antigen (16), and the human immunodeficiency virus type 1
(HIV-1) transactivator, Tat (18, 30), both of which are re-
quired for viral replication in infected cells of the central ner-
vous system (CNS). Work on viruses has suggested a common
mechanism in Pura interactions with proteins and nucleic ac-
ids. It was found that at low levels Pura stimulates initiation of
JCV DNA replication, whereas at high levels Pura is inhibitory
(9). Earlier studies have revealed that while Pura stimulates
JCV cearly gene transcription, it suppresses the regulatory ac-
tivity of T antigen when the two proteins are bound (15). The
association of Pura with Tat, which is dependent on RNA
molecules, increases its transcriptional activity upon the Tat-
responsive HIV-1 promoters (16). In its effects on transcription
of the HIV-1 genome (8) and the cellular BC1 gene (29), Pura
both stimulates transcription and associates with the resulting
RNA transcription product. The reported abilities of Pura to
act in processes as diverse as DNA replication and RNA me-
tabolism may now be evaluated in a mouse genetic model.

/~ animals in comparison to its level in wild-type, PURA*'*, littermates. Equal amounts of protein were loaded

in each lane. (D) Homozygous PURA ™'~ mouse pictured next to a wild-type PURA ™" littermate at 18 days of age. (E) Comparison of the total body weight of PURA mice between days 9 and
21 after birth. The growth of the PURA ™'~ mice is severely retarded while the PURA ™'~ mice show an intermediate phenotype. (F) Immunohistochemical analysis was performed on cortical

mmunoblot analysis of whole-cell mouse brain extract reveals a complete absence of the band representing Pura
brain sections from paraffin-embedded formalin-fixed tissue of day p19 PURA™'* and PURA™'~ mice with anti-Pura antibody. The +/+ mouse brains display abundant cytoplasmic

MATERIALS AND METHODS

Mice with PURA gene deletion. Mice with targeted disruption of the PURA
locus were generated by insertion of sequences coding for the selectable marker
neomycin by homologous recombination in 129-derived embryonic stem (ES)
cells. The targeting vector, pPNTK-Pura, containing exons 1 and 2 of PURA with
an insertion of a neomycin cassette resulting in the deletion of 418 nucleotides of
the open reading frame immediately after the translation start site was utilized to
introduce the disrupted allele into ES cells. After selection with neomycin,
genomic DNA from ES cell clones was analyzed by genomic DNA blot hybrid-
ization. Cell lines containing a disrupted PURA allele were utilized for microin-
jection in blastocysts resulting in chimeric animals (Chrysalis/DNX). Chimeric
animals were bred with PURA™*'* mice to generate animals that were PURA™~.

Genomic DNA blotting. Ten micrograms of genomic DNA was digested with
Xbal, resolved by 1% agarose gel electrophoresis, and transferred to a nylon
membrane (Hybond-N; Amersham). The blots were hybridized with 10° cpm of
an [a->?P]dCTP-labeled 300-bp DNA fragment representing the 3’ end of the
PURA gene in Ultrahyb (Ambion)/ml overnight at 55°C, washed with 0.2X SSC
(IX SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl
sulfate (SDS) (two times for 6 min), and exposed to X-ray film at —70°C for 16 h.

Immunoblotting. Immunoblotting was performed on whole-cell extract iso-
lated from total brains of PURA™'~, PURA™~, and PURA™*'" age-matched
littermates homogenized in TNN buffer containing 50 mM Tris (pH 7.5), 150
mM NaCl, and 0.5% NP-40. The protein concentration was determined by the
Bradford assay. Fifty micrograms of each extract was denatured by boiling at
95°C in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer, and

FIG. 1. Creation of mice with targeted gene disruption of PURA, genotypic analysis, and absence of Pura protein in PURA ™'~ mice. (A) Strategy for inactivation of the PURA gene in ES

cells. Sequences of the mouse PURA gene in ES cells were replaced with those encoding the eukaryotic selectable marker neomycin as described in Materials and Methods. The resulting alleles
were 7.5 kb in size for the PURA™*'* mice and 5.5 kb for mice with the gene deletion. (B) Genomic DNA blotting demonstrates the genotype of mice which are homozygous (PURA /"),

heterozygous (PURA '), or wild-type (PURA*'") for the PURA gene. (C) I

protein in the PURA ™'~ animal and reduced levels of Pura protein in PURA™
less cellular, the molecular layer (ML) appears broader, and the external granular layer is disorganized compared to those of the PURA™'* mouse. EPL, external pyramidal layer; IGL, internal

granular layer; IPL, internal pyramidal layer; PL, polymorphic layer. (H) The majority of hippocampal neurons in the horn of Ammon show cytoplasmic labeling for Pura in PURA™* mice.
(I) A similar section within the hippocampus of PURA ™/~ mice shows an absence of immunoreactivity when labeled for Pura. (J) Cytoplasmic expression of Pura is seen in some cerebellar
granular cells and all Purkinje cells (P) in PURA™'* mice. (K) PURA ™'~ mice show an absence of labeling for Pura in the cerebellum. The granular and Purkinje cell layers are less populated
than those of the PURA™/* littermate. Panels F through K have a hematoxylin counterstain. Bars, 100 wm (F and G), 10 wm (H and I), and 20 pm (J and K). WT, wild type; KO, knockout.

immunoreactivity, particularly in the external granular layer (EGL). (G) Similar sections of brain tissue from PURA ~/~ mice exhibit no evidence of labeling; however, the cortical layers appear
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TABLE 1. Reduced levels of total and neurofilament-positive neurons in PURA ™/~ mice®
Cerebral cortex Hippocampus Cerebellum
Day and PURA
mouse type Total no. of No. of NF-positive NF labeling Total no. of No. of NF-positive NF labeling Total no. of No. of NF-positive NF labeling
neurons” neurons® index (%) neurons? neurons® index (%) neurons’ neurons® index (%)
17
+/+ 3,103 2,779 90 995 904 91 332 298 90
—/— 1,655 206 12 781 164 21 189 29 15
19
+/+ 3,522 3,324 94 1,216 1,081 89 384 336 88
—/= 2,074 293 14 892 133 15 223 53 24

¢ Calculation of numbers of neurons and neurofilament (NF) labeling index are as described in Materials and Methods.

® Reductions of 47% on day 17 and 41% on day 19.
¢ Reductions of 93% on day 17 and 91% on day 19.
4 Reductions of 22% on day 17 and 27% on day 19.
¢ Reductions of 82% on day 17 and 88% on day 19.
/Reductions of 43% on day 17 and 42% on day 19.
& Reductions of 90% on day 17 and 84% on day 19.

proteins were separated by SDS-10% PAGE and transferred to nylon-supported
nitrocellulose (Hybond-P; Amersham) overnight at 4°C. Membranes were
blocked in 1X Tris-buffered saline (TBS)-0.1% Tween 20 containing 10% nonfat
dry milk for 1 h and incubated for 2 h or overnight in 1X TBS-0.1% Tween 20
containing 0.5% dry milk and specific primary antibodies (see below). After
washing, membranes were incubated with secondary anti-mouse antibodies con-
jugated to alkaline phosphatase (1:10,000 dilution; Pierce) in 1X phosphate-
buffered saline (PBS)-0.1% Tween 20 for 1 h. The membranes were then
washed, equilibrated in 100 mM Tris (pH 9.5), incubated in CDP-Star (NEN-
Perkin Elmer), and exposed to X-ray film.

Immunoprecipitation and immunoblotting. Immunoprecipitation was per-
formed by incubating 250 pg of whole-cell extract with 500 ng of antibody
overnight at 4°C. Fifty microliters of Pansorbin (Calbiochem) was added, the
samples were incubated at 4°C for 1 h, and the pellets were washed with TNN
buffer. The pellets were denatured at 95°C in SDS-PAGE sample buffer and
utilized for immunoblotting as described above. After immunoblotting, some
membranes were stripped by incubation in buffer containing 100 mM 2-mercap-
toethanol, 2% SDS, and 62.5 mM Tris-HCI (pH 6.7) for 20 min at 37°C. Fol-
lowing this incubation, blots were incubated with CDP-Star solution and exposed
to film to ensure removal of antibodies. Then blots were equilibrated in 1Xx
TBS-0.1% Tween 20, and immunoblotting proceeded as described above.

Immunohistochemistry. Tissues harvested from PURA ™/~ mice and their age-
matched littermates were fixed in formalin, embedded in paraffin, and sectioned
at 4 pM for immunohistologic analysis. Tissue sections were immunolabeled by
using the avidin-biotin-peroxidase complex system according to the manufactur-
er’s instructions (Vectastain Elite, ABC peroxidase kit; Vector Laboratories).
Deparaffinization of sections in xylene followed by rehydration through graded
ethanol was followed by nonenzymatic antigen retrieval at 95°C in 0.01 M citrate
(pH 6.0) for 30 min, after which the sections were allowed to cool until they
reached room temperature. Next, sections were incubated in methanol-3%
H,0, for 20 min to quench endogenous peroxidase. For detection of Pura, MBP,
glial fibrillary acidic protein (GFAP), neurofilaments, calbindin, and class III
B-tubulin, the mouse-on-mouse kit (MOM; Vector Laboratories) was used im-
mediately before blocking in 5% normal serum for 2 h in order to reduce
background when detecting mouse primary antibodies in mouse tissue. After
blocking, sections were incubated with primary antibodies overnight at room
temperature in a humidified chamber. The secondary antibody and avidin-biotin
steps were then performed according to the manufacturer’s instructions. For
detection of MCM7, CdkS, and Psd95, after deparaffinization, slides were heated
to 100°C in 0.1 M sodium citrate buffer (pH 6.0) and rinsed with 0.14 M NaCl and
2.7 M KCl in 6 mM sodium phosphate buffer (pH 7.4) (PBS). Sections were then
incubated at room temperature for 16 h with primary antibody in PBS containing
5% nonfat dry milk, 2% bovine serum albumin, and 5% serum from the species
from which the secondary antibodies were derived. Sections were then rinsed
with PBS and incubated for 2 min with 5% milk in PBS. Detection was per-
formed by using the biotinylated anti-immunoglobulins and streptavidin-conju-
gated peroxidase of the Super Sensitive detection kit (BioGenex) according to
the instructions of the manufacturer. Sections were then treated with 0.5%
Triton X-100 in PBS for 10 min. All sections were developed with diaminoben-
zidine, counterstained with hematoxylin, and mounted with Permount.

Antibodies. Antibodies utilized for immunoprecipitation and immunoblotting
include monoclonal mouse anti-Pura antibody developed in the Johnson labo-
ratory (clone 10B12), mouse anti-Grb2 (BD Biosciences), and mouse anti-Cdk5
(J-3; Santa Cruz). Antibodies utilized for immunohistochemistry include mouse
anti-Pura antibody (clone 10B12), mouse anti-Cdk5 (H-291; Santa Cruz), mouse
anti-MCM7 (141.2; Santa Cruz), mouse anti-MBP (no. 1118099; Roche), mouse
anti-GFAP (6F2; Dako), mouse anti-total neurofilament H (SMI33; Sternberger
Monoclonal Antibodies), mouse anti-phospho-neurofilament (SMI312 panax-
onal cocktail; Sternberger Monoclonal Antibodies), mouse anticalbindin (KR6;
NovoCastra), mouse anti-class IIT B-tubulin (SDL.3D10; Sigma), and goat anti-
Psd95 (M-18; Santa Cruz).

RESULTS

Mice with targeted disruption of the PURA gene do not
survive to maturity. To gain insight into the functions of Pura,
targeted disruption of the mouse Pura gene was performed
through homologous recombination in ES cells in which a
portion of the mouse Pura gene was replaced with sequences
coding for the selectable marker neomycin (Fig. 1A). The
altered ES cells were then microinjected into fertilized mouse
embryos and implanted into pseudopregnant female mice. The
resulting chimeric animals were utilized to create heterozygous
and homozygous animals lacking one (PURA™'~) or both
(PURA /") alleles of the Pura gene. The genotypes of the
animals were confirmed by genomic DNA blotting (Fig. 1B),
and expression of Pura protein in age-matched littermates was
determined by immunoblot analysis with whole-cell protein
extracts prepared from the brain (Fig. 1C). As expected, the
PURA™'~ mice showed no evidence of production of Pura
protein, as the band corresponding to Pura is absent. Of in-
terest, the heterozygous animals (PURA™/™) produce less Pura
protein than their control PURA ™" littermates. Since changes
in Pura levels of about twofold can affect cell proliferation (1),
this reduced level in the PURA™'~ mice suggests haploinsuffi-
ciency of the Pura protein in certain tissues.

Phenotypically, the PURA ™'~ mice are distinguishable from
their PURA™'" and PURA™'™ littermates when they become
mobile and leave the nest. Subtle changes in the mice such as
tremor upon motion, infrequent mobility, slack posture, flaccid
tail, and a waddling gait are first observed at approximately
postnatal day 14 (pl4). From the second week of life,
PURA™'~ mice are easily distinguished from their PURA™'™*
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FIG. 2. Decrease in number of cells undergoing DNA replication in a variety of tissues from PURA /™ mice. Paraffin-embedded tissues from
littermate PURA "'+ and PURA '~ mice, taken at day 19 after birth, were sectioned, treated with anti-MCM?7 antibody, and visualized as described
in Materials and Methods. MCM?7 is visualized as red-brown. The control colon section at the bottom confirms that cells undergoing DNA
replication, at the bases of crypts, possess nuclei positively labeling for MCM7 while cells not replicating DNA, at the tops of crypts, do not. Bars,
50 pm. A hematoxylin counterstain was used in all panels. wt, wild type.

TABLE 2. Quantitative changes in blood and lymphoid systems in PURA genetically altered mice

% Replicating cells® in:

No. of blood -
PURA mouse type reticulocytes” Spleen mass (mg) Thymic cortex Sple;?l,l]‘awhlte SPlzelﬁi)red
(lymphoid) (lymphoid) (myeloid)
+/+ 208 = 27 292 £ 1.6 543 £25 11.56 = 0.71 344+ 1.74
+/— 184 = 3.5 927 £ 1.0 13.55 £ 3.68 27.3 = 8.06
—/= 86 * 14 585 £0.7 83 £ 09 8.53 = 1.78 3.17 = 0.66

“ Mean number of cells per 10 high-power microscopic fields * standard deviation.
b Percentage of cells staining positive for nuclear MCM7.
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FIG. 3. Absence of cells undergoing DNA replication in the cerebellum and hippocampus of PURA '~ mice from 5 to 10 days after birth.
Paraffin-embedded sections of brains from littermate PURA™'* and PURA ™'~ mice, taken at day p10, were treated with antibody to MCM7, a
marker for DNA replication, and visualized as described in Materials and Methods. (A) Sections from the most dorsal lobe of the cerebellum (top)
and the horn of Ammon of the hippocampus (bottom). Bar, 50 wm. (B) Brains were obtained from littermate mice at 5, 10, and 19 days after birth.
Microscopic fields from four sections from each time point labeled as described above, at X200 magnification, were subjected to counting of total
cell number and number of cells with nuclei labeling positive for MCM?7. Presented are the averages and standard deviations (vertical bars) of the
percentages of cells positively labeled for MCM7 in the cerebellum (C) and hippocampus (H) for each time point for either wild-type mice (+/+)
or mice with genetically inactivated PURA (—/—).
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age-matched littermates, as the animals do not gain weight
normally. Figure 1D depicts a PURA™'~ mouse and its
PURA™'* littermate at day p18, and Fig. 1E shows weight
curves of PURA™Y'*, PURA™'~, and PURA™'™ litters from day
p9 to p21. The mice appear to be feeding properly, as milk can
be found in the stomach of nursing animals and the older
animals are observed to be eating rodent chow alongside their
littermates. The severity of these features progressively in-
creases from day 14 until death, which occurs between 18 and
28 days of age. None of the PURA ™/~ mice survived beyond 1
month. The PURA™'~ animals display a delay in development
similar to that of their PURA ™'~ siblings, with significantly
reduced severity, although, by adulthood, the appearance of
the PURA™"'~ animals is nearly indistinguishable from that of
the PURA™'™ littermates. One exception is that the PURA™'~
animals are seen to undergo occasional spontaneous seizures,
usually following routine handling of the animals during cage
changes.

Histopathological analysis was performed on the major or-
gans of the body, including the brain, spinal cord, heart, kid-
ney, liver, lung, spleen, gonads, thymus, pancreas, and gut in
littermates of various ages. Examination of formalin-fixed par-
affin-embedded cortical brain sections from wild-type
(PURA™*'") and homozygous (PURA /") littermates showed
distinct changes in the brain architecture of PURA ™'~ mice. As
shown in Fig. 1, at 19 days after birth, strong cytoplasmic
immunoreactivity upon incubation with anti-Pura antibody
was seen in neurons of all six layers of the cortex, particularly
the external granular layer in the PURA"* mouse (Fig. 1F).
However, no labeling of neurons is evident in the PURA™/~
mouse (Fig. 1G). In addition, the cortex of the PURA™/~
mouse has fewer cells; reduced numbers of neurons overall can
be seen and the molecular layer appears much broader while
the external pyramidal layer appears not to be organized into
a typically more compacted layer (Fig. 1G). Neurons in the
hippocampus of PURA ™™ mice show robust cytoplasmic im-
munoreactivity to Pura in the majority of the cells within the
horn of Ammon while labeling for Pura was noticeably absent
in the PURA™'~ mice (compare Fig. 1H and I). Likewise, in
the cytoplasm of PURA™'* mice, neurons in the cerebellar
granular layer can be visualized positive for Pura, and the
majority of the Purkinje cells show evidence of cytoplasmic
immunoreactivity, whereas the PURA ™/~ mice are negative
(compare Fig. 1J and K). Interestingly, reduced numbers of
neurons can be discerned in both the cerebellar granular layer
and the Purkinje cell layer of the PURA '~ mice (Fig. 1K and
Table 1).

PURA™'~ mice show a decrease in cells undergoing DNA
replication in multiple organs compared with PURA™'* litter-
mates. Detailed postmortem analysis of mouse tissues revealed
that the organs of PURA ™/~ mice, with the exception of the
brain, were smaller in size and weight than those of PURA™'*
mice. For example, the spleens appeared much smaller than
those of the PURA™'* mice (Fig. 2), and their average weights,
presented in Table 2, were greatly reduced from 29.2 mg in
PURA ™™ mice to 5.95 mg in the PURA '~ mice. We employed
MCM7 as a protein marker for cell proliferation. MCM7 is
reasonably well characterized. This protein is a component of
a complex essential for initiation of DNA replication in eu-
karyotic cells (4, 39, 49), and its presence in nuclei is highly
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specific for the onset of DNA synthesis (13, 39, 43). MCM7 has
previously been used as a marker for cell proliferation and as
a diagnostic marker for malignant cells (14). Nuclear localiza-
tion of MCM?7 is highly specific for proliferating cells in S
phase (14). Further evaluation of the spleen and other lym-
phoid tissues such as the thymus revealed fewer numbers of
cells positive for MCM?7 than in organs from PURA™'* mice
(Fig. 2), indicating a reduction in the number of proliferating
cells. In addition to lymphoid organs, we examined nonlym-
phoid organs with highly proliferative epithelial cells for label-
ing with MCM7. As a positive control, it can be seen that
MCM?7 specifically labels nuclei of cells at the bases of colon
crypts, which are the locations of proliferating cells in the
normal colon (Fig. 2, lower panel). The bronchiolar epithelium
and regions of the thymus and spleen of PURA ™/~ mice all
exhibited reduced nuclear labeling with anti-MCM7 antibody
when compared with normal tissues (Fig. 2). Furthermore,
these changes were quantitated in the spleen, thymus, and
peripheral blood, as summarized in Table 2. The total percent-
age of MCMY7 positive cells within the thymic cortex showed a
reduction of nearly 85% while the white and red pulp of the
spleen showed reductions of 26 and 93%, respectively. The
dramatic decrease in the red pulp is of note since this is where
myeloid cells develop. It should be noted that the regions of
the thymus and spleen where dramatic reductions in MCM?7
positive cells are seen, namely the thymic cortex and the
splenic red pulp, represent regions of these organs where cel-
lular replication normally should be most active. Similar results
to those obtained by labeling for MCM?7 in various tissues were
obtained by immunolabeling with anti-Ki67 antibody, another
frequently used marker of proliferation (data not shown).

Decreased cellular proliferation in the cerebellum and hip-
pocampus of PURA™'~ mouse brains during development. Ex-
amination of the granular layer of the cerebellum and the
hippocampus of PURA ™'~ mice showed dramatic reductions in
the percentage of MCM7-positive nuclei at day p10, as shown
in Fig. 3A. During development, MCM?7 labeling in PURA™/*
mice is high at day p5 and gradually reduces by p19; however,
in PURA™'" littermates, levels of nuclear MCM?7 labeling are
extremely low at all time points studied (Fig. 3B). In addition,
the data as presented in Table 2 and Fig. 3B provide further
evidence of haploinsufficiency, as spleen, thymus, and brain
tissue labeling with anti-MCM7 antibody shows percentages
intermediate between those observed in PURA™™ and
PURA ™'~ mice. Overall results with anti-MCM?7 raise the pos-
sibility that Pura may be affecting MCM7 expression. There-
fore, levels of MCM7 protein were assayed by immunoblotting
similar amounts of protein from brain extracts of PURA™*
and PURA™'~ mice taken at different times after birth (data
not shown). No differences were seen in MCM?7 expression
levels. Therefore, any effect of Pura on DNA replication is not
due to an effect on MCM7 expression.

Glial cells in PURA™'~ brains show reduced labeling for
MBP and GFAP in white matter of the brain. It is known that
Pura can affect MBP gene transcription and can upregulate
late gene transcription of JCV, a virus involved in demyelina-
tion. We therefore examined oligodendrocytes, the myelin-
producing cells in the CNS, and their neighboring astrocytes.
Myelin tracts were analyzed by luxol fast blue staining and
immunohistochemistry with the oligodendrocyte-specific pro-
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FIG. 4. Immunohistologic analysis of oligodendrocytes and astrocytes demonstrates a decrease in intensity of myelin and MBP immunolabeling as well as a reduction in GFAP expression
in white matter tracts in the absence of Pura. Paraffin-embedded sections of brain cerebral cortex from day p19 PURA™'* and PURA™'~ mice were stained for myelin and immunolabeled for
the oligodendrocyte-specific cellular marker MBP. Myelin staining patterns in the cerebral cortex and subcortical white matter of mice lacking Pura appeared less intense when compared with

for the astrocytic marker GFAP revealed less-intense labeling of cellular processes of PURA ™'~ mice in the cortex (G and H), white matter adjacent to the hippocampus (I and J), and white

those of PURA ™™ littermates (A and B), and immunohistochemistry to detect MBP revealed similar patterns in the cortex and subcortical white matter tracts (C and D). Similar evaluation
matter adjacent to the granular layer of the cerebellum (K and L). Bars, 100 pm (A to F, K, and L) and 10 pm (G to J).

tein MBP. As shown in Fig. 4A and B, myelin tracts (appearing
dark blue) were more pronounced in PURA™*'* mice than in
their PURA™/~ littermates. Similarly, immunohistochemical
labeling for MBP shows reduced white matter tracts in the
subcortical white matter and in the cortex of PURA™/~ mice
compared with controls (Fig. 4C through F). However, elec-
tron microscopy was performed on sections of the spinal cord
and optic nerve which revealed the presence of myelin sheaths,
and immunoblotting for MBP in cellular lysates prepared from
whole brains did not reveal changes in MBP expression (data
not shown). It is possible that MBP expression may be altered
in certain regions of the brain during development, but these
differences may not be sufficient to be detectable in extracts
prepared from whole brains.

In parallel, labeling of the astrocyte-specific structural pro-
tein GFAP was performed in paraffin-embedded sections. Pat-
terns similar to those observed with MBP labeling were ob-
served, in which the labeling intensity and number of positive
cells appeared slightly reduced in the PURA ™'~ mice in com-
parison to sections from matched PURA ™" littermates of the
subcortical white matter (Fig. 4G and H), hippocampus (Fig.
41 and J), and underlying white matter of the cerebellum (Fig.
4K and L).

Immunohistochemical analysis reveals reduction in the
number of neurons and reduction in neurofilament labeling in
the cerebellum, cortex, and hippocampus of PURA™'~ mice.
Next, we focused on neurons in specific regions of the brain by
labeling with anti-neurofilament antibodies. Pura has been
shown to associate with cyclin/Cdk complexes, and it is known
that Cdk5 can phosphorylate neurofilaments. For this reason,
we also labeled the brain sections with antibodies which rec-
ognize phosphorylated neurofilament proteins. Areas of the
cerebral cortex, from age-matched PURA ™'~ and PURA™'*
littermates at day p19 were incubated with antibodies recog-
nizing neurofilaments independent of phosphorylation
(SMI33) (Fig. 5A, F, E, and J) or a cocktail specifically recog-
nizing phosphorylated neurofilaments (SMI312) (Fig. 5B, G,
D, and I). In the cortex of PURA ™" mice, intense cytoplasmic
immunoreactivity can be observed in neurons of all cortical
layers with both antibodies while the number of neurons la-
beling positive in the PURA™'~ mice was reduced for total
neurofilaments as well as phosphorylated neurofilaments
(compare Fig. 5A, B, F, and G with D, E, I, and J). Overall,
levels of total neurons were reduced by approximately 41% in
the cortex, and the level of phosphorylated neurofilaments
dropped from 94 to 14% (compare Fig. 3A and B to D and E;
also Fig. 3H and Table 1). Thus, while there are fewer total
neurofilaments, further work will be necessary to determine if
there is less phosphorylation of the neurofilaments present.

Within the cerebellum of PURA ™" mice, labeling for total
and phosphorylated neurofilaments was abundant throughout
the foliae (Fig. 6A, D, and G). The molecular layer, Purkinje
cell layer, and granular layer demonstrate strong nuclear im-
munoreactivity of phosphorylated neurofilaments of neurons
(regions of the cerebellum are shown in Fig. 6B, where the
molecular layer, Purkinje cells, and granular layer are depict-
ed). In the granular and molecular layers, these neurofilaments
are present in the majority of the cells, and strong cytoplasmic
reactivity is detected in 9% of Purkinje cell bodies and within
their processes (Fig. 6A and G). The molecular layer is known
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to specifically contain the dendrites of the Purkinje cells, and
dendritic labeling for neurofilaments is prominent in the
PURA™'™ mouse. However, in the PURA ™/~ mice, consider-
ably fewer neurons are observed in all layers of the cerebellum,
and immunoreactivity for phosphorylated neurofilaments is re-
duced from 88% of Purkinje cells to approximately 24% (Fig.
6C and F; also Fig. 6E and Table 1). Dendritic labeling is
markedly reduced. Also, Purkinje cells of the PURA '~ mice
were smaller in size than those of PURA ™" mice and showed
relatively little reactivity to total neurofilament antibody in the
nucleus, cytoplasm, or within processes (compare Fig. 6G and
J). For ease of identification, Purkinje cells were immunola-
beled to detect the Purkinje marker protein, calbindin, and the
neuronal marker, class III B-tubulin, which reveals their
smaller size as well as their smaller numbers in the PURA ™/~
mice (compare Fig. 6H and I with K and L, respectively).

Immunolabeling for phosphorylated neurofilaments within
the hippocampus of PURA™'* and PURA™/~ littermates re-
veals nearly 88% of the neurons within the horn of Ammon of
PURA™™ mice to be labeled with antibody (Fig. 7A and D),
whereas in the PURA '~ mice, only 42% of neurons are seen
in the horn, with only 24% of the neurons positive for phos-
phorylated neurofilaments (Fig. 7C and F; also Fig. 7E and
Table 1). In particular, limited reactivity can be observed at
CA3 in the PURA™'~ mice (Fig. 3F). Thus, the cortex, hip-
pocampus, and cerebellar Purkinje cells all demonstrate a re-
duction in total numbers of neurons as well as a reduction in
the percentage of such cells which express neurofilaments. It
should be noted that we also carefully examined brain sections
for evidence of neuronal loss through programmed cell death.
However, evaluation by light microscopy and terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling revealed no signs of apoptotic bodies or fragmented
DNA (data not shown), indicating that a lack of proliferation,
rather than enhanced apoptosis, is responsible for the reduc-
tion of neurons observed in this mouse model.

Pura and Cdk5 coimmunoprecipitate from whole-cell ex-
tracts from normal mouse brain. Pura levels were observed
during development by immunoblot analysis of brain whole-
cell extract from PURA™'* and PURA™'~ age-matched litter-
mates at days p2, pS, p7, pl0, p15, p20, and p26. As shown in
Fig. 8A, Pura levels peak at approximately day p15 and remain
at high levels in the PURA™'* mice. As predicted, in mice with
a targeted disruption of PURA, no protein can be detected. In
PURA™'~ animals, decreased levels of Pura protein are de-
tectable and also peak at day p15, though much lower levels
are seen than in the PURA™'" mice. As mentioned above,
Pura has been shown to associate with cyclin/Cdk complexes,
and phosphorylation of neurofilaments is mediated by Cdk5
and its associated 35-kDa brain-specific protein (37, 45). We
therefore compared the levels of Cdk5 in whole-cell protein
extracts from PURA ~/~ and PURA™'* mouse brains. A peak
at day p15 was observed in all extracts, although total amounts
of CdkS5 decreased by day p26 in all mice (Fig. 8B). However,
some differences were detected at earlier time points. In the
PURA™™* mice, Cdk5 levels begin to rise at day p5, while Cdk5
levels are lower at days p5 and p7 in the PURA ™/~ mice than
those observed in the PURA™'* mice. Interestingly, levels of
CdkS5 protein were higher at days p2 to p7 in the PURA ™/~
mice than those observed in the PURA™'* and PURA™'~ mice.

Pura, CELLULAR PROLIFERATION, AND BRAIN DEVELOPMENT 6867

The membranes used for Pura and CdkS immunoblotting were
also stripped and reprobed with antibody to the nonspecific
protein Grb2 as a control for equal protein loading, an exam-
ple of which is shown in Fig. 8C.

Since similar developmental patterns were seen for Pura
and CdkS proteins and some alterations in Cdk5 levels were
observed in the PURA™'~ and PURA '~ mouse brain extracts,
in the next experiment we performed immunoprecipitation of
whole-brain extracts from mice at day p26 with antibody to
CdkS5 followed by immunoblotting with antibody to Pura. As
shown in Fig. 8D, a band corresponding to Pura was detected
in immunocomplexes obtained by immunoprecipitation with
anti-Cdk5 antibody from PURA™* mouse brain extracts but
not in samples immunoprecipitated with serum from nonim-
munized mice (nms). As expected, no band corresponding to
Pura was obtained upon analysis of the CdkS complex in the
extracts from the PURA™'~ mice. These blots were stripped
and reprobed with anti-CdkS antibody. These results illustrate
the association of Pura with Cdk5 in mouse brain extract.

Cerebellar deficits and cellular localization of Pura protein,
Cdk5, and neurofilaments at days p5 and pl0 in PURA™/~
mice. Immunohistochemistry labeling of cerebellar and hip-
pocampal sections from day pS normal mouse brains (Fig. 9A
and B, respectively) show Pura localized in the cell bodies of
Purkinje cells and granular cells of the cerebellum as well as
the cytoplasm of hippocampal neurons at day pS. Note the
appearance of labeling in the Purkinje cell dendrites in Fig. 9A.
However, at day p10, Pura labeling is absent in the cerebellar
Purkinje cells and is now present in the nuclei of cerebellar
granular cells and hippocampal neurons (Fig. 9C and D, re-
spectively). Sections of PURA ™/~ mice revealed an absence of
labeling in all cells (data not shown).

Immunohistochemistry was performed on parallel sections
of cerebellum from PURA™" and PURA ™/~ mice with anti-
bodies specific for Cdk5 and total neurofilaments (SMI33) at
day p5 or p10. Robust immunolabeling for Cdk5 was observed
in the Purkinje cells at day p5 while this labeling disappears by
day p10 in the wild-type mice (Fig. 10A and C). The Cdk5
labeling in PURA™'* mice extends into the Purkinje cell den-
drites (Fig. 10G). Note that in PURA™'™ mice, the external
granular layer is present at day p5, the Purkinje cell layer is
formed, and the internal granular layer has begun to organize
(Fig. 10A). By day p10, the external granular layer has disap-
peared in PURA™" mice, the molecular layer has appeared,
the Purkinje cell layer is still present, and the granular layer is
well organized (Fig. 10C). Sections from PURA ™'~ mice at
days p5 and pl0 were incubated in parallel (Fig. 10B and D).
A lack of cerebellar organization and lack of intense labeling in
the cells with anti-CdkS were observed at days p5 and p10. The
external granular layer and internal granular layer are still
present in the day p10 PURA '~ mouse cerebellum. Sections
labeled for total neurofilaments at day p10 from PURA™'* and
PURA™'~ mice show the presence of strong cytoplasmic pos-
itivity of cell bodies and dendrites in the PURA™"'" mice while
this labeling is absent in the PURA ™/~ mouse sections. Thus, it
appears that the absence of Pura correlates with a lack of Cdk5
and neurofilament labeling and improper cerebellar organiza-
tion during development.

Defective synapse formation in the hippocampus of the
PURA™'~ mouse. To examine functional consequences of the
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FIG. 6. Reduction in number of neurons and neurofilament-labeled neurons in the cerebellum of PURA ™'~ mice. Wild-type mice display
abundant immunolabeling of phosphorylated neurofilaments within the molecular, Purkinje, and granular layers (A and D), whereas in PURA ™/~
mice, this expression is severely reduced in all layers of the cerebellum (C and F). Panel B depicts the location of the molecular layer (ML), internal
granular layer (IGL), and Purkinje cell layers of the cerebellum. As summarized in panel E, the total number of Purkinje cells and the number
of Purkinje cells with positive labeling for phosphorylated neurofilaments were determined throughout a section containing all five foliae of the
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absence of Pura in the brain, sections of hippocampus from the
CA3 region from mice at day p18 were incubated with antibody
specific for the postsynaptic density protein 95 (Psd95). Psd95
has previously been employed as a marker to visualize synapses
in the CA3 region of the hippocampus (38). Synapses are
visualized as dense foci of Psd95 at the outer membranes of
neurons. To facilitate visualization of these foci, no counter-
stain was employed in the experiments shown in Fig. 11. As
seen in Fig. 11, immunolabeling in the PURA™'~ mice (lower
panel) is reduced compared with sections from the PURA™'*
mice (upper panel), indicating a reduction in the formation of
synapses in the absence of Pura. By counting foci in multiple
high-powered fields of similar sections of the hippocampus in
PURA™* and PURA ™'~ mice, it could be estimated that syn-
apse formation in the PURA ™'~ hippocampus is reduced by
approximately 69%.

DISCUSSION

Pura is a sequence-specific DNA- and RNA-binding protein
with local helix-unwinding capacity (for reviews, see references
17 and 24). Pura has been detected in virtually all mammalian
tissues thus far examined. Studies of functions of this protein
over the last few years have revealed three major areas in
which its specific interaction with nucleic acids could be im-
portant. First, Pura was initially identified through its associ-
ation with a sequence element present in initiation zones of
DNA replication, and it has been demonstrated to interact
with several proteins to influence replication, cell cycle pro-
gression, and oncogenic transformation (17, 24). Recently, de-
letions of the PURA gene have been recorded at a high fre-
quency in myelodysplastic syndrome and acute myelogenous
leukemia (31). Second, Pura is a transcription factor reported
by many laboratories to regulate transcription of a variety of
genes through interaction with promoter sequences. In partic-
ular, Pura has been reported to regulate both viral (6, 8, 30)
and cellular (22, 47, 48) genes in human glial cells. Third, Pura
has been reported to bind to RNA transcripts of certain genes
under its control and to subsequently alter transcriptional
elongation (8), intracellular transport (36), or mRNA transla-
tion (17, 36). In particular, Pura reportedly binds to an RNA
element involved in transport to neuronal dendrites (26, 29)
and influences compartmentalized translation in dendrites (24,
36). The present analyses of PURA gene inactivation shed
considerable light on each of these putative Pura functions.

The link between Pura activities and regulation of DNA
replication is now strengthened, and its role in development is
highlighted. In the PURA ™/~ mice there is virtually no DNA
replication in subsets of neuronal precursor cells in the hip-
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pocampus and cerebellum as revealed by lack of nuclear
MCM?7, a protein essential for initiation of DNA replication in
the S phase. Our results indicate a high rate of replication in
these cells in the PURA™'* mice at day p5, and previous re-
ports note a high rate of proliferation of these cells in the
cerebellar cortex between days p3 and pl10 (20, 40). Similar
aberrant absence or reduction of DNA replication is seen in
several tissues of the PURA ™'~ mice. Nonetheless, many cells
do undergo DNA replication, and the mouse does develop past
birth, indicating that Pura is not universally required for rep-
lication. Rather, Pura may be required for the developmental
replication of selective classes of cells at specific times. Previ-
ous studies have described a stimulation of JCV DNA repli-
cation at low Pura levels (9) and an inhibition of replication at
higher Pura levels (5, 9). Ectopic overexpression of Pura in
cells has been reported to inhibit DNA replication (1), cell
cycle progression (1, 44), and oncogenic transformation (1, 11).
The present results are highly consistent with this dual nature
of the Pura effect on replication. Pura is required for replica-
tion in the specific neuronal precursor cells at day p5, a time
when Pura levels in the PURA™'™ mouse are rapidly increas-
ing. When Pura levels are at their peak, however, after day 19,
DNA replication is negligible in the brain. These results sug-
gest that the dual effect of Pura on replication is not due
simply to a binding or unwinding effect at a PUR element but
that interactions of Pura with partner proteins are paramount.
In this regard, reports of interactions of Pura with cell cycle
regulatory proteins such as Rb (25) or cyclin/Cdk complexes (1,
23) warrant further investigation. At this time, it remains to be
determined whether effects of Pura on cellular DNA replica-
tion are through interaction with the replication apparatus, as
they are in the JCV model (5, 7, 9), or whether they are
mediated by effects on transcription or translation.

It has been reported that Pura can influence transcription of
the MBP gene in oligodendroglia (22, 47, 48). In the present
analysis, MBP and GFAP immunolabeling reveals aberrant
expression of these structural proteins in oligodendrocytes and
astrocytes, respectively, in PURA™'~ mice. In this mouse
model, however, data not shown indicate that myelin sheaths
of the spinal cord and optic nerve are present. Therefore, Pura
is likely not absolutely required for MBP gene transcription.
Myelin sheaths in the PURA™'~ mouse may, however, bear
subtle differences from their PURA /™ littermates, and further
work is being conducted to determine whether myelin sheath
formation is altered in these mice.

Deletions in the PURA gene in humans, at chromosome
band 5q31 in acute myelogenous leukemia potentially impli-
cate Pura as a critical factor in myeloid development (31, 34).

cerebellums (represented across approximately 50 microscopic fields) of two different mice labeled with antibody SMI312, at X200 magnification.
Presented are the average total number of neurons counted (red) and the fraction of those cells positively labeled for phosphorylated neurofila-
ments (blue). These cell counts expressed as percentages of neuronal loss and a calculated neurofilament labeling index are presented in Table
1. Immunolabeling with antibody recognizing total neurofilaments shows that Purkinje cell neurons are devoid of expression in the PURA ™/~ mice,
whereas the Purkinje layer is intensely labeled in the PURA™'* mice (G and J). The integrity of the Purkinje cells in the PURA™'~ mice was
examined by immunolabeling for the Purkinje cell marker calbindin or the neuronal cell marker class ITI B-tubulin. PURA '~ brain sections labeled
with anticalbindin antibody demonstrate Purkinje cells with smaller and irregularly shaped cell bodies in reduced numbers compared with their
PURA™'™ littermates (compare panels H and K). Immunohistochemistry for class IIT B-tubulin reveals robust cytoplasmic positivity of all Purkinje
cells in sections of the PURA™/* mouse brain while few Purkinje cells in the PURA ™'~ mice are positively labeled (I and L). All panels contain
a hematoxylin counterstain. Bars, 100 pm (A, C, G, and H to L) and 10 wm (D and F).
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FIG. 8. Pura and Cdk5 coimmunoprecipitation and immunoblot analysis for levels of Pura and CdkS proteins during development in PURA /™,
PURA™~, and PURA™'~ mice. Immunoblotting of whole-cell extracts from mouse brain at 2, 5, 7, 10, 15, 20, and 26 days (d) postnatal shows a
gradual increase in Pura levels during development (A). Reduced levels following a similar pattern of increase are seen in extracts from PURA ™"/~
mice while the Pura protein is undetectable at any time point in PURA /™ mice (A). Levels of Cdk5 protein in the same extracts show a gradual
increase during development which peak at day 20 in PURA*/" mice, whereas extracts from PURA "/~ mice show reduced amounts of Cdk5 protein
at 2, 5, and 7 days compared to PURA™'" littermates (B). While Cdk5 protein levels in PURA ™/~ mice appear greater at 2 days of age and are
slightly reduced compared with PURA™* mice at day 10, levels peak at day 20 as seen in the PURA™'* mice (B). For each gel shown, equal
amounts of lysate were loaded in each lane. Immunoblotting for an unrelated protein, Grb2, is shown as a control for equal loading (C).
Immunoprecipitation (IP) performed on whole-cell extracts from 26-day-old mice using anti-Cdk5 antibody or nms followed by immunoblotting
with anti-Pura antibody demonstrates the association of Cdk5 and Pura proteins in extracts prepared from PURA™™ but not PURA™'~ mouse
brains (D, left). The same blots, stripped and reblotted with anti-Cdk5 (a-cdkS) antibody, show the detection of Cdk5 protein in extracts from

PURA™"* and PURA ™/~ mouse brains but not in nms (D, right).

Present analysis strongly supports such a role for Pura. Rep-
lication of DNA in myeloid cells in the spleen is dramatically
reduced in the PURA~'~ mice (Table 2). It must be noted,
however, that lack of Pura does not cause a block in differen-
tiation at any developmental step. All classes of fully differen-
tiated myeloid cells could be seen in marrow smears from the
PURA ™'~ mice (data not shown). Thus, again, Pura appears to
be required for proliferation of a particular class of cells, in this
case myeloid cells, at a specific developmental time. It is no-
table that the absence of Pura results in decreased prolifera-
tion of cells in the brain and myeloid tissue. This is nearly the
opposite effect of that observed in mice with genetically inac-
tivated RB. In such mice lacking the retinoblastoma protein
Rb, ectopic mitoses were observed in differentiated brain and
hematopoietic tissue, indicating a lack of cessation of prolifer-
ation. Rb is a reported binding partner of Pura (23, 25). It is
conceivable that interaction of these proteins provides a reg-
ulatory balance for cell proliferation in certain cell types. Pura
may also interact with E2F1, a transcription factor downstream
of Rb that may be involved in the upregulation of apoptosis,
although as mentioned above, we did not observe any signs
that reduced cell numbers are the result of apoptosis.
Whereas PURA is frequently disrupted in acute myeloge-
nous leukemia, RB is only rarely so. Only one allele of PURA
is disrupted in acute myelogenous leukemia. When that is the
case in mice, i.e., in PURA "'~ mice, replication of myeloid cells
in the spleen is strongly affected, although less than in
PURA ™'~ mice (Fig. 2 and Table 2). This supports the notion
that a haploinsufficiency effect at the PURA locus could be
involved in progression to acute myelogenous leukemia. This
may be further addressed by observing whether PURA ™/~ mice

are more susceptible to cancer. Future studies of the heterozy-
gotes will address these questions.

It has been reported that Pura binds BC1 DNA, which
possesses an identity element targeting RNA to neuronal den-
drites in mice (29). It has been further reported that Pura
associates with several proteins involved in dendritic mRNA
transport, including Staufen, which has now been implicated in
RNA transport to dendritic translation sites (35, 36). Several
observations in the present study support a role for Pura in
dendritic protein synthesis. In PURA™*'* mice, Pura is at high
levels in dendrites of Purkinje cells at a time when cerebellar
development is occurring. In the PURA ™'~ mice at this time,
hippocampal neurons that normally have high levels of Pura
are failing to form synapses (Fig. 11). We have shown that
Pura associates with Cdk5 (Fig. 8). Mice deficient in p35, an
activator of CdkS5, exhibit dysplasia and heterotopia of princi-
pal neurons in the hippocampal formation (50), a phenotype
similar to one reported here for Pura-deficient mice. Mice
deficient in CdkS display inversion of cerebral cortical lamina-
tion (19), a phenotype not observed in the PURA /" mice,
although lamination is affected. It is conceivable that altered
timing of neurofilament phosphorylation by Cdk5 in the
PURA ™'~ mice could influence aspects of brain development.
The observation that Pura levels in the brain remain nearly
maximal after cell proliferation has largely ceased, and that
Pura levels are high in dendrites, indicates that the role of the
protein extends beyond replication, transcription, or cell cycle
control. A unifying theme in Pura functions is that it may
selectively recruit regulatory proteins, such as Cdk enzymes, to
specific nucleic acid sequence elements. The attractiveness of
such a theme is enhanced by the present genetic analysis, and
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FIG. 9. Localization of Pura protein in cells of the cerebellum and hippocampus of wild-type PURA™"'* mice at postnatal days 5 and 10. Sections
of paraffin-embedded brain tissue were treated with anti-Pura antibody and visualized as described in Materials and Methods. Sections taken at
day p5 from the cerebellum and hippocampus are shown in panels A and B, respectively. The inset in panel A shows a higher magnification in which
labeling with anti-Pura antibody in Purkinje cells can be visualized in the dendrites (d). Sections taken at day pl0 from the cerebellum and
hippocampus are shown in panels C and D, respectively. Cells in the cerebellar Purkinje cell layer, intensely labeling at day p5 but not at day p10,
are labeled P. The darker brown labeling for Pura in panels C and D results from largely nuclear labeling. All panels are at the same magnification.
Bar, 100 pm (D).
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Ccdk5 NF (SMI-33)

FIG. 10. Defects in CdkS5 localization and neurofilament development in cerebellar Purkinje cells of mice with genetically inactivated PURA.
Paraffin sections of mouse brains taken at the indicated postnatal times were treated with antibodies for either Cdk5 (A to D and G) or with SMI33,
an antibody which recognizes total neurofilaments (E and F), and visualized as described in Materials and Methods. Sections from wild-type
PURA™""" mice taken at days p5 and p10 are shown in panels A and C, respectively. Labeled at day 5 are the external granular layer (egl), internal
granular layer (igl), and Purkinje cell layer (P) as well as the Purkinje cell dendritic layer (D). Note the intense immunolabeling of the Purkinje
cells with anti-CdkS. At day p10 the external granular layer is not present, and the molecular (M) and granular layers have developed but the
Purkinje cells at day p10 are devoid of Cdk5. Sections from PURA ~/~ mice at days p5 and p10 are shown in panels B and D, respectively. Note
the lack of cerebellar organization and lack of intense immunolabeling of cells with anti-Cdk5 at days pS and p10. Labeled are the external and
internal granular layers, which are still observed in the day pl0 PURA '~ mouse cerebellum. Sections labeled for total neurofilaments at day p10
from PURA™""* and PURA ™/~ mice are shown in panels E and F, respectively. Cells corresponding to the Purkinje cell layer are labeled P. Purkinje
cells (P) labeled with anti-Cdk5 are also shown at a higher magnification labeling in the PURA ™" mouse at day p5, showing labeling extending
to the dendrites (D). Bars, 100 pwm.
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FIG. 11. Defective synapse formation in the hippocampus of the
PURA ™~ mouse. Brain sections from littermate PURA™'" (upper
panel) and PURA ™'~ (lower panel) mice at day p18 were treated with
antibody specific for the postsynaptic density protein 95 (Psd95) and
visualized as described in Materials and Methods. No counterstain was
employed. Synapses on neuronal cell bodies can be visualized within
the CA3 region as intensely labeling foci at the outer cell membranes.
Bar, 10 pm.

further work will be conducted with the PURA genetically
altered mice to address this.

If Pura is critical for processes such as timing of DNA
replication, gene transcription, and compartmentalized trans-
lation, and if it is present in so many cell types, one might
hypothesize that PURA '~ animals would not survive as long
as they do. It may be that overlapping or redundant functions
of Pur family members are responsible for their prolonged
survival. The amino acid sequences of the DNA-binding repeat
regions of Pura, Pur@, and Pury are nearly 90% identical, and
these sequences have evolved little since bacteria (24).

MoL. CELL. BIOL.

Whereas Drosophila melanogaster has only one Pur protein,
humans have four known family members, including two splice
forms of Pury (32). Purf has been reported to act in a complex
with Pura in certain effects on transcription (28). Further ev-
idence for an interaction between the two proteins may lie in
the observation that PURA, at chromosome band 5q31, and
PURB, at 7p13 in humans, are simultaneously deleted much
more frequently than expected in acute myelogenous leukemia
(31). In the developing brain, Pura levels increase dramatically
after birth and peak at approximately the time the PURA ™/~
mice die. Timing of Pura expression in various tissues may
explain why effects of its absence in the brain are so predom-
inant at the time of death. It is expected that the simultaneous
inactivation of multiple PUR family genes in the future will
further elucidate their roles in cellular proliferation and CNS
development.
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