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Abstract

Haploinsufficiency for the p53 family member p73 causes behavioral and neuroanatomical correlates of neurodegeneration in aging mice,
including the appearance of aberrant phospho-tau-positive aggregates. Here, we show that these aggregates and tau hyperphosphorylation,
as well as a generalized dysregulation of the tau kinases GSK3�, c-Abl, and Cdk5, occur in the brains of aged p73�´� mice. To investigate
whether p73 haploinsufficiency therefore represents a general risk factor for tau hyperphosphorylation during neurodegeneration, we crossed
the p73�´� mice with 2 mouse models of neurodegeneration, TgCRND8�´Ø mice that express human mutant amyloid precursor protein,
and Pin1�´� mice. We show that haploinsufficiency for p73 leads to the early appearance of phospho-tau-positive aggregates, tau
hyperphosphorylation, and activation of GSK3�, c-Abl, and Cdk5 in the brains of both of these mouse models. Moreover, p73�´�;
TgCRND8�´Ø mice display a shortened lifespan relative to TgCRND8�´Ø mice that are wild type for p73. Thus, p73 is required to
protect the murine brain from tau hyperphosphorylation during aging and degeneration.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

The p53 family members are transcription factors with
important cellular functions such as apoptosis, survival, cell
cycle, cell arrest, differentiation, and senescence. The fam-
ily consists of 3 members, p53, p63, and p73, which encode
multiple isoforms including or lacking the major transcrip-
tional transactivation domain (reviewed in McKeon and
Melino, 2007). In the developing nervous system, p53 reg-
ulates naturally occurring cell death and stem cell mainte-
nance, and protection from genotoxic stress (reviewed in
Jacobs et al., 2006). We recently explored the function of

this family in nervous system aging, degeneration, and post-
natal stem cell function and found that p73 in particular
plays salient roles. In stem cells, the transactivating (TA)
form of p73 is required for neural stem cell renewal (Ag-
ostini et al., 2010; Fujitani et al., 2010; Talos et al., 2010;
Tomasini et al., 2008) while the truncated (�N) form lack-
ing the major transactivating domain is necessary for the
survival and maintenance of many peripheral nervous sys-
tem (PNS) and central nervous system (CNS) neurons (Lee
et al., 2004; Pozniak et al., 2000, 2002; Tissir et al., 2009;
Walsh et al., 2004; Wilhelm et al., 2010; Yang et al., 2000).
Intriguingly, haploinsufficiency for p73 in aged but not
young mice resulted in neuronal loss, increased microglial
activation, aberrant cell cycle re-entry, lipofuscin accumu-
lation, and motor and hippocampal-associated behavioral
impairments (Wetzel et al., 2008). Surprisingly, in aged p73
mice, we also observed increases in phospho-tau-positive
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aggregates (Wetzel et al., 2008), a common feature in sev-
eral neurodegenerative diseases and aging (Ballatore et al.,
2007). Moreover, when p73�´� mice were crossed with
TgCRND8�´Ø mice, a model of Alzheimer’s disease that
results in plaques but not neuronal loss (Chishti et al., 2001),
the brains of these animals showed neuronal death and tau
phosphorylation coincident with plaque formation (Wetzel
et al., 2008). Together these findings implicated p73 as a
major determinant of neuronal survival, aging, and degen-
eration.

Several questions were raised by these findings that we
have addressed here. First, were the phospho-tau-positive
aggregates observed in aged p73�´� mice and in
p73�´�;TgCRND8�´Ø mice by immunohistochemistry
an indication of a general increase in tau phosphorylation in
the CNS? Second, how does haploinsufficiency for p73
cause these abnormal phospho-tau aggregates? Our previ-
ous work showed that in aged p73�´� and p73�´� mice
crossed with the TgCRND8 mice, Jun N-terminal protein
kinase (JNK) activity was enhanced (Wetzel et al., 2008).
While JNK is one tau kinase, GSK3� and Cdk5 are thought
to be the major kinases associated with the pathogenesis of
Alzheimer’s disease, playing roles in amyloid precursor
protein (APP) processing, synaptic dysfunctions, behavioral
impairments, neuronal death, and tau phosphorylation (Bal-
latore et al., 2007; Hooper et al., 2008; Lee et al., 2001; Su
and Tsai, 2011). In this regard, c-Abl is another kinase that
is known to regulate Cdk5 and that has been recently asso-
ciated with tau phosphorylation (Cancino et al., 2008, 2011;
Derkinderen et al., 2005; Lee et al., 2008; Lin et al., 2007;
Zukerberg et al., 2000). We therefore asked whether these 3
kinases were dysregulated in p73�´� mice. Third, is p73
haploinsufficiency a general predisposition factor for neu-
rodegenerative cues? To answer this question, we used a
second mouse model of neurodegeneration, Pin1�´� mice
(Liou et al., 2003). Pin1 is a peptidyl-prolyl cis/trans
isomerase that shows reduced expression levels in human
Alzheimer’s disease (AD) brains (Sultana et al., 2006).
Because Pin1�´� mice exhibit abnormal APP processing
(Pastorino et al., 2006), motor and behavioral deficits, tau
hyperphosphorylation, tau filament formation, and neuronal
degeneration when they are over 9 months of age (Liou et
al., 2003; Lu and Zhou, 2007; Pastorino et al., 2006), it has
been proposed as an Alzheimer’s disease model. We there-
fore asked whether p73 haploinsufficiency results in the
early appearance of hyperphosphorylated tau in Pin1�´�
mice, as it does in the TgCRND8 AD mouse model.

Here, we show that haploinsufficiency for p73 leads to
aberrant tau hyperphosphorylation and tau kinase activation
in the aged murine brain, and causes early phospho-tau
accumulation and tau kinase dysregulation in the TgCRND8
and Pin1�´� neurodegenerative models. Thus, p73 is an
important neuroprotective gene in the aged or degenerating
mouse brain.

2. Materials and methods

2.1. Animals

This study was approved by the Hospital for Sick Chil-
dren Animal Care Committee, in accordance with Canadian
Council on Animal Care guidelines. p73�´� transgenic
mice (Yang et al., 2000) were maintained on a C129SvJae
background as described (Pozniak et al., 2000, 2002; Wetzel
et al., 2008). Alternatively, the p73�´� mice were crossed
into the C57/Bl6 background for more than 10 generations,
and maintained in that background. TgCRND8 hemizygous
mice (Chishti et al., 2001) containing the Swedish (K670N/
M671L) and Indiana (V717F) APP mutations were main-
tained in the C129 background as crosses with the p73�´�
mice. Pin1�´� mice (Liou et al., 2003) were originally in
a C57/Bl6 background, were then crossed to the p73�´�
mice in the C129SvJae background and were subsequently
maintained and analyzed in this mixed background. For the
lifespan studies, only littermates were included.

2.2. Neuroanatomy

For histology, mice were sacrificed by sodium pentobar-
bital and transcardially perfused with phosphate-buffered
saline (PBS) followed by 4% paraformaldehyde. Brains
were cryoprotected and sectioned at 18 �m. In some exper-
iments, animals were perfused, and one brain hemisphere
was cryoprotected and sectioned while the other half was
prepared as paraffin sections by the Toronto Centre for
Phenogenomics Pathology Facility. Prior to immunocyto-
chemistry, these paraffin sections were deparaffinized with
xylene, and hydrated with ethanol. Some sections were also
treated for antigen retrieval using 10 mM citrate buffer;
similar results were obtained with and without retrieval. For
both cryosectioned and deparaffinized sections, immunocy-
tochemistry was performed as described (Cancino et al.,
2008). Briefly, sections were washed with Tris-buffered
saline (TBS) buffer, permeabilized with TBS, 0.3% Triton
X-100 solution, and then incubated in TBS, 5% bovine
serum albumin (BSA), 0.3% Triton X-100 for 1 hour as a
blocking solution. Slides were incubated with primary an-
tibodies in blocking solution at 4°C overnight. After TBS
washes, the sections were incubated with secondary anti-
bodies in blocking solution for 1 hour at room temperature.
Finally, after TBS washes, sections were mounted in Per-
mount solution (Thermo, Waltham, MA, USA). Digital im-
age acquisition was performed with AxioVision (version
4.8.2) software (Zeiss, Oberkochen, Germany) on a Zeiss
Axioplan 2 microscope with a Hamamatsu (Bridgewater,
NJ, USA) orca-R2 CCD video camera.

2.3. Western blot analysis and densitometry

Extracts from adult hippocampi were prepared in ice
cold radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid [EDTA], 1 mM ethylene glycol tet-
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raacetic acid (EGTA), 1% NP-40, 1 mM NaF, and 1 mM
NaVO3). Protein was quantified by the BCA Kit (Thermo),
and 20 �g of protein lysate was run on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and Western blot analyses were performed as described
(Cancino et al., 2011). The following antibodies were used:
anti-c-Abl (K12, 1:1000), anti-Cdk5 (C-8, 1:500), anti-
phospho-Cdk5 (Tyr15, 1:250), anti-GSK3� (H-76, 1:100)
polyclonal antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); anti-phospho-c-Abl (Tyr412, 1:1000;
Sigma, St. Louis, MO, USA); anti-phospho-GSK3� (Ser9,
1:500, Cell Signaling Technology, Danvers, MA, USA);
anti-phosphorylated tau antibodies: AT8 (recognizing Ser-
199- and Ser-202-phosphorylated tau, 1:500; Thermo),
AT100 (recognizing Ser-212- and Thr-214-phosphorylated
tau, 1:500; Thermo), AT180 (recognizing Thr-231- and
Ser-235-phosphorylated tau, 1:500; Thermo), anti-pS422
(recognizing Ser-422-phosphorylated tau, 1:1000; Invitro-
gen, Carlsbad, CA, USA), PHF1 (recognizing Ser-396- and
Ser-404-phosphorylated tau, 1:1000), and Tau5 antibody
that recognizes total tau protein (total tau, 1:1000; Invitro-
gen). Secondary horseradish peroxidase (HRP)-conjugated
antibody (1:5000) was obtained from Thermo. ImageJ
(NIH, Bethesda, MA, USA) software (version 1.45) was
used for scanning and quantitative analysis of Western
blots.

2.4. Sarkosyl insolubility assay

Purification of sarkosyl-soluble and -insoluble tau was
performed as previously described (de Calignon et al., 2012;
Goedert et al., 1992; Wetzel et al., 2008) with modifications.
Briefly, whole brains of 2-month-old p73�´�, p73�/�,
p73�´�;TgCRND8�´Ø, and p73�´�;TgCRND8�/Ø
mice were homogenized in 10 volumes of buffer H (10 mM
Tris-HCl (pH 7.5), 0.8 M NaCl, 1 mM EGTA, and 1 mM
dithiothreitol) and spun at 55,000g for 1 hour at 4 °C.
Another 2 mL of buffer H was added to the pellet and
samples were incubated in buffer H-1% Triton X-100 at
37 °C for 30 minutes. After the incubation, the samples
were spun at 55,000g for 1 hour at 4 °C, the pellet was
homogenized and incubated in 1% sarkosyl at 37 °C for 30
minutes and spun at 55,000g for 1 hour at 4 °C. The
supernatant was collected as the sarkosyl-soluble fraction.
Sarkosyl-insoluble pellets were extracted in buffer H. Pro-
tein concentration was determined by bicinchoninic acid
(BCA) assay (Thermo) and 5 �g of sample was loaded onto
4%–20% Tris/Glicine SDS-PAGE gels, transferred to nitro-
cellulose membranes, and probed with PHF1, pS422, and
�-tubulin antibodies.

2.5. Statistical analysis

Statistics were performed using 2-tailed Student t-test for
the Western blot analysis of the aging p73�´� versus
p73�´� brains. For quantitative analysis of the Western
blots with the TgCRND8 hemizygous mice and Pin1�´�

mice that were homozygous or heterozygous for p73, one-
way analysis of variance (ANOVA) with Newman-Keuls
post hoc test was performed. For the Kaplan-Meyer survival
curves, the log-rank (Mantel-Cox) test was performed using
Prism 5 (GraphPad, La Jolla, CA, USA). In all cases, error
bars indicate standard error of the mean.

3. Results

3.1. Haploinsufficiency for p73 leads to aberrant tau
hyperphosphorylation and tau kinase activation in the
aged brain

We previously reported that in the brains of aged p73
haploinsufficient mice on a C129 genetic background, tau is
hyperphosphorylated as assessed by immunocytochemistry
(Wetzel et al., 2008). We initially confirmed these findings
by immunostaining coronal sections through the brains of
18-month-old p73�´� versus p73�´� mice using the
tau phospho-specific antibodies AT8, AT100, and AT180,
all of which recognize different phosphorylated epitopes.
As we previously showed, aberrant phospho-tau-immuno-
reactive aggregates were present in the forebrain and hip-
pocampus of these mice, as detected with all 3 antibodies
(Fig. 1A). This analysis also revealed an increase in the
levels of phospho-tau-immunoreactivity in neuronal cell
bodies in the hippocampus, again as assessed with all 3
antibodies (Fig. 1B). Having confirmed our previous results,
we asked whether this was specific to the C129 background;
p73�´� mice were backcrossed into a C57/Bl6 back-
ground, and brains of 18-month-old mice analyzed. Immu-
nostaining demonstrated that aberrant phospho-tau-immu-
noreactive aggregates were also seen in the C57/Bl6
background (Fig. 1C), arguing that this phospho-tau-posi-
tive aggregate formation was a robust p73-dependent aging
phenotype.

To ask whether this immunostaining reflected a general
increase in neural tau phosphorylation, we performed West-
ern blot analysis with the same 3 phospho-tau antibodies as
well as PHF1 and pS442 antibodies to phosphorylated tau
on hippocampal lysates prepared from 18-month-old
p73�/� and p73�/� mice in the C129 background. As a
control, we probed the same lysates with an antibody
against total tau protein, the Tau5 antibody. This analysis
demonstrated an increase in tau phosphorylation as detected
by all 3 antibodies (Fig. 1D). Quantification by scanning
densitometry of phosphorylated tau relative to total tau
demonstrated a robust and significant increase in tau phos-
phorylation in hippocampi of aged p73�´� mice as com-
pared with their wild type counterparts (Fig. 1E).

These data indicate that in aged mice, p73 haploinsuffi-
ciency causes tau to be aberrantly phosphorylated at multi-
ple sites. In this regard, we previously identified JNK as one
tau kinase that is dysregulated and hyperactivated in the
brains of aged p73�´� mice (Wetzel et al., 2008). To ask
if tau kinase dysregulation is a common feature of p73
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Fig. 1. p73 haploinsufficiency causes tau hyperphosphorylation in the aging mouse brain. (A) Micrographs of phospho-tau-positive aggregates in the
hippocampus of 18-month-old p73�/� mice in a C129 background, as detected by immunostaining of paraformaldehyde-fixed cryostat sections with three
different phospho-tau antibodies, AT8, AT100, and AT180. The boxed areas in the left panels are shown at higher magnification in the right panels. Scale
bars � 50 and 10 �m in the left and right panels, respectively. (B) Micrographs showing phospho-tau immunoreactivity in the cell bodies of CA1
hippocampal neurons in sections of 18-month-old p73�/� hippocampi immunostained with AT8, AT100, and AT180 antibodies. Scale bar � 50 �m. (C)
Immunostaining as in (A) of sections through the hippocampus of 18-month-old p73�/� versus p73�/� mice in a C57/Bl6 background. The boxed areas
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heterozygosity, we focused on GSK3�, Cdk5, and c-Abl,
tau kinases that are associated with the formation of paired
helical filaments in Alzheimer’s disease and tauopathies
(Ballatore et al., 2007). We performed Western blot analy-
ses with hippocampal lysates of 18-month-old p73�´�
versus p73�´� mice using the phosphorylation and acti-
vation-specific antibodies, anti-phospho-GSK3� (ser9;
phosphorylation at this site is downregulated when GSK3�
is activated), phospho-Cdk5 (Tyr15), and phospho-c-Abl
(Tyr412). This analysis demonstrated that these 3 tau ki-
nases were all activated in the p73�´� versus p73�/�
hippocampi. Specifically, the level of GSK3� ser9 phos-
phorylation was decreased, while the levels of tyrosine
phosphorylation of c-Abl and Cdk5 were both increased in
p73�´� lysates (Fig. 2A). Analysis of the same lysates
with antibodies specific for total kinase protein levels, com-
bined with quantification by scanning densitometry con-
firmed these changes (Fig. 2B). Thus, p73 haploinsuffi-
ciency leads to tau hyperphosphorylation and tau kinase
dysregulation in the brains of aging mice.

3.2. p73 haploinsufficiency causes early phospho-tau
accumulation, tau kinase dysregulation, and decreased
lifespan in the TgCRND8 murine model of Alzheimer’s
disease

To ask if p73 haploinsufficiency causes tau kinase dys-
regulation during neurodegeneration as well as aging, we
turned to the TgCRND8 mouse model, where human APP
containing the Swedish and Indian mutations is overex-
pressed in neurons, leading to development of plaques but
not phospho-tau-positive aggregates or neuronal loss in the
first few postnatal months (Bellucci et al., 2007; Chishti et
al., 2001). We previously crossed these mice with the
p73�/� mice and showed that p73 heterozygosity led to
neuronal loss and the appearance of phospho-tau-positive
aggregates at 1.5–2 months of age, when plaques appeared
in these mice (Wetzel et al., 2008). We initially repeated
these results by immunostaining cryostat sections from 1.5-
month-old TgCRND8�/Ø mice that were either wild type
or heterozygous for p73 with the phospho-tau-specific an-
tibodies AT8, AT100, and AT180. As previously reported
(Wetzel et al., 2008), the TgCRND8�´Ø mice that were
heterozygous but not wild type for p73 displayed aberrant
phospho-tau-positive aggregates in the hippocampus and
cortex at this age (Fig. 3A; Supplementary Fig. 1 for anti-
Tau5 control). These phospho-tau-positive murine aggre-
gates were readily detected in fixed cryostat sections, but

were largely undetectable in paraffin sections from the same
animals (Supplementary Fig. 2).

Because the phospho-tau-positive aggregates could only be
visualized in fixed cryostat sections, we asked whether this
immunostaining accurately reflected an increase in the levels
of phosphorylated tau by Western blot analysis of lysates from
hippocampi of 1.5-month-old TgCRND8�/Ø mice in either
the p73�/� or p73�/� backgrounds. As controls, we used
p73�/� mice of the same age. This analysis demonstrated a
robust increase in phosphorylated tau as detected with the
AT8, AT100, PHF1, and pS422 antibodies, and a smaller
increase with the AT180 antibody (Fig. 3B). Quantification by
scanning densitometry revealed that these increases were sig-
nificant relative to levels of total tau or �-tubulin proteins in the
same samples (Fig. 3C). The increase in phosphorylated tau in
2-month-old p73�´�;TgCRND8�/Ø mice as compared
with p73�/�;TgCRND8�/Ø mice was also evident in sarko-
syl-insoluble fractions prepared from whole brains and probed
in Western blot analyses with anti-PHF1 or pS422 (Supple-
mentary Fig. 3).

We next asked whether tau kinases were dysregulated in
the brains of these crosses, as they were in the aged p73�/�
mice. Lysates from hippocampi of 1.5-month-old
TgCRND8�/Ø mice in either the p73�´� or p73�´�
backgrounds were probed on Western blot analyses with
antibodies for GSK3� phosphorylated on serine 9, c-Abl
phosphorylated on tyrosine 412, and Cdk5 phosphorylated
on tyrosine 15. The same lysates were also probed for total
levels of these 3 kinases, and the levels of protein phos-
phorylation were normalized to total kinase levels by scan-
ning densitometry (Fig. 4A and B). This analysis demon-
strated that regulation of these 3 tau kinases differed with
regard to genotype. For GSK3�, a change in ser9 phosphor-
ylation was observed in TgCRND8�/Ø hippocampi, irre-
spective of the p73 genotype. In contrast, for both c-Abl and
Cdk5, relative levels of activation were similar between the
control and p73�/�;TgCRND8�´Ø mice, but were signifi-
cantly increased in hippocampi of p73�/�;TgCRND8�´Ø
mice. To define the cell type responsible for these increases,
we immunostained coronal cryostat sections of the hippocam-
pus. This analysis showed increased phospho-c-Abl and phos-
pho-Cdk5 immunoreactivity in hippocampal neurons of
p73�/�;TgCRND8�/Ø hippocampi relative to p73�´�;
TgCRND8�´Ø mice (Fig. 4C).

While we were performing these studies, we noted that
the p73�´�;TgCRND8�´Ø mice apparently lived
shorter lives than did the p73�´�;TgCRND8�´Ø mice.

in the middle panels are shown at higher magnification in the right panels. Note that the phospho-tau-positive aggregates are only present in the brains of
aged p73 heterozygous mice. Scale bars � 50 and 25 �m in the middle and right panels, respectively. (D) Western blot analysis of equal amounts of protein
from hippocampal lysates of 18-month-old p73�/� and p73�/� mice in the C129 background, probed with AT8, AT100, AT180, PHF1, or pS422
antibodies to detect phosphorylated tau, or with an antibody against total tau (Tau5) or �-tubulin. Each lane derives from an independent animal. (E)
Quantification by scanning densitometry of the relative level of tau phosphorylation/total tau in Western blot analysis similar to that seen in (D) (n � 3 for
each sample; **p � 0.01, ***p � 0.001).
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We therefore performed Kaplan-Meyer survival curves
comparing littermates of these 2 genotypes (Fig. 4D). This
analysis demonstrated that the p73�´�;TgCRND8�/Ø
mice lived, at most, 11 months, with a median lifespan of
7.5 months. In contrast, the p73�/�;TgCRND8�/Ø mice
lived to only 6 months of age, with a median lifespan of 4
months. Because both p73�´� and p73�´� mice lived
past the 14 month time frame of the experiment (Fig. 4D,
data not shown), then these findings indicate that p73 hap-
loinsufficiency predisposes the TgCRND8 mice to a de-
creased lifespan as well as to premature development of
phospho-tau-positive aggregates in their brains.

3.3. Haploinsufficiency for p73 causes early phospho-tau
accumulation and tau kinase dysregulation in a second
neurodegenerative model, the Pin1�/� mice

These data indicate that p73 haploinsufficiency acceler-
ates tau kinase dysregulation and thus formation of phos-
pho-tau-positive aggregates in a neurodegenerative mouse
model where mutant human APP is expressed. We therefore
asked whether p73 haploinsufficiency would confer a sim-
ilar accelerated phenotype on a second model of neurode-
generation, the Pin1�/� mice. Pin1 is a peptidyl-prolyl
cis/trans isomerase whose loss of function has been associ-
ated with aberrant APP processing, amyloid-� production
and, importantly for this study, with pathological tau phos-
phorylation (Liou et al., 2003; Lu and Zhou, 2007; Pas-
torino et al., 2006). Thus, Pin1�/� mice present with pro-
gressive age-dependent degeneration so that by 9 months of
age, they display motor and behavioral deficits, tau hyper-
phosphorylation, tau filament formation, and neuronal de-
generation. We first confirmed that, in 9-month-old
Pin1�/� mice, phospho-tau-positive aggregates were pres-
ent, as reported (Liou et al., 2003). To do this, we immu-
nostained coronal cryostat sections through the forebrain of
these mice with the AT8, AT100, and AT180 phospho-tau-
specific antibodies, comparing them with control Pin1�/�
mice and to 9 month old p73�/� mice, where phospho-
tau-positive aggregates are not yet detectable (Wetzel et al.,
2008). This analysis demonstrated the presence of phospho-
tau-positive aggregates as detected by all 3 antibodies in the
cortex and hippocampus of the 9-month-old Pin1�/� mice,
but not the 9-month-old p73�/� mice (Fig. 5A), consistent
with previous reports (Liou et al., 2003). Interestingly, these
aggregates were very similar in appearance to those seen in
the 18-month-old p73�/� and the 1.5-month-old p73�/�;
TgCRND8�/Ø brains.

To determine whether p73 heterozygosity accelerated the
appearance of these phospho-tau-positive aggregates in a
Pin1�/� background, we crossed these mice, and at 3
months of age immunostained coronal cryostat sections
with the 3 phospho-tau antibodies. No phospho-tau aggre-
gates were seen in Pin1�/� mice that were wild type for
p73 (Fig. 5B), consistent with the lack of aggregates in
Pin1�/� mice at this age (Liou et al., 2003). In contrast,

Fig. 2. p73 haploinsufficiency causes tau kinase dysregulation in the aging
mouse brain. (A) Western blot analysis of equal amounts of protein from
hippocampal lysates of 18-month-old p73�/� and p73�/� mice in the
C129 background, probed with antibodies for GSK3� phosphorylated at
serine 9, c-Abl phosphorylated at tyrosine 412, or Cdk5 phosphorylated at
tyrosine 15. To obtain an indication of the relative levels of kinase acti-
vation, the same lysates were analyzed on Western blot using antibodies
that recognized total GSK3�, c-Abl, or Cdk5. The same lysates were also
analyzed for levels of �-tubulin as a control for equal loading. Note that for
GSK3�, ser9 phosphorylation is decreased when the kinase is activated,
while for c-Abl and Cdk5, tyrosine phosphorylation is increased when the
kinases are activated. Each lane derives from an independent animal. (B)
Quantification of the relative levels of GSK3�, c-Abl, and Cdk5 phosphor-
ylation as assessed by scanning densitometry of Western blots similar to
those seen in (A) (n � 3 for each sample; *p � 0.05).
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Fig. 3. p73 haploinsufficiency causes early tau hyperphosphorylation in the brains of TgCRND8 mice. (A) Micrographs of phospho-tau-positive aggregates
in the cortex of 1.5-month-old p73�/� mice, p73�/�;TgCRND8�/Ø mice, or p73�/�;TgCRND8�/Ø mice, all in a C129 background, as detected by
immunostaining of paraformaldehyde-fixed cryostat sections with 3 different phospho-tau antibodies, AT8, AT100, and AT180. Note that only mice that are
heterozygous for p73 and hemizygous for the TgCRND8 transgene display the phospho-tau-positive aggregates at this age. Scale bar � 50 �m. (B) Western
blot analysis of equal amounts of protein from hippocampal lysates of 1.5-month-old p73�/� mice, p73�/�;TgCRND8�/Ø mice, or p73�/�;
TgCRND8�/Ø mice, all in the C129 background, probed with AT8, AT100, AT180, PHF1, or pS422 antibodies to detect phosphorylated tau, or with an
antibody against total tau (Tau5) or �-tubulin. Each lane derives from an independent animal. (C) Quantification by scanning densitometry of the relative
level of tau phosphorylation/total tau (n � 3 for each sample; *p � 0.05, **p � 0.01, *** p � 0.001).
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phospho-tau-positive aggregates were observed with all 3
antibodies in the brains of p73�/�;Pin1�/� mice (Fig.
5B), indicating that p73 haploinsufficiency accelerated their
development. To confirm these findings, we performed
Western blot analysis on hippocampal lysates from
3-month-old p73�/�;Pin1�/� versus p73�/�;Pin1�/�
mice with the AT8 and AT100 antibodies. For compari-
son, we also analyzed lysates from 3-month-old wild type
mice, and from 9-month-old Pin1�/� mice. As expected,
9-month-old Pin1�/� mice displayed higher phospho-
tau levels than did 3-month-old wild type mice as de-
tected with the AT8, AT100, PHF1, and pS422 antibod-
ies (Fig. 5C and D). Consistent with previous data, and
with our immunostaining, levels of phospho-tau in
3-month-old p73�/�;Pin1�/� mice were similar to
those seen in wild type (p73�/�;Pin1�/�) mice. In
contrast, levels of phospho-tau were significantly in-

creased in hippocampi of 3-month-old p73�/�;Pin1�/�
mice relative to wild types, and were similar to the
9-month-old Pin1�/� mice (Fig. 5C and D).

These results demonstrate that, as seen in the TgCRND8
model, p73 haploinsufficiency accelerated the development of
aberrant phospho-tau-positive aggregates in the Pin1�´�
mice. To ask whether this was due to dysregulation of tau
kinases, we performed Western blot analyses using phospho-
rylation-specific antibodies for GSK3�, c-Abl, and Cdk5,
comparing hippocampal lysates from the same groups that
were analyzed immunocytochemically. As seen for phospho-
tau, the relative levels of phospho-GSK3�, phospho-c-Abl,
and phospho-Cdk5 were all altered in 9-month-old Pin1�´�
hippocampi relative to 3-month-old wild type mice (Fig. 6A
and B) while at 3 months of age, p73�/�;Pin1�´� tau
kinase activation levels were similar to those seen in wild type
mice of the same age, and were lower than in the 9-month-old

Fig. 4. p73 haploinsufficiency causes tau kinase dysregulation in the 1.5-month-old TgCRND8 mouse brain. (A) Western blot analysis of equal amounts of
protein from hippocampal lysates of 1.5-month-old p73�/� mice, p73�´�;TgCRND8�´Ø mice, or p73�/�;TgCRND8�´Ø mice all in the C129
background, probed with antibodies for GSK3� phosphorylated at serine 9, c-Abl phosphorylated at tyrosine 412, or Cdk5 phosphorylated at tyrosine 15.
To obtain an indication of the relative levels of kinase activation, the same lysates were analyzed on Western blot using antibodies that recognized total
GSK3�, c-Abl, or Cdk5. The same lysates were also analyzed for levels of �-tubulin as a control for equal loading. (B) Quantification of the relative levels
of GSK3�, c-Abl, and Cdk5 phosphorylation as assessed by scanning densitometry of Western blots similar to those seen in (A) (n � 3 for each sample;
*p � 0.05, **p � 0.01, ***p � 0.001). (C) Micrographs showing phospho-tau immunoreactivity in the cell bodies of CA1 hippocampal neurons in sections
of 1.5-month-old p73�/�;TgCRND8�/Ø hippocampi immunostained with phosphorylation-specific antibodies for c-Abl and Cdk5. Scale bar � 100 �m.
(D) Kaplan-Meyer survival curves of p73�/� mice (green line), p73�/�;TgCRND8�´Ø mice (blue line), and p73�/�;TgCRND8�/Ø mice (red line),
all in the C129 background (n � 16 for each genotype; **p � 0.0057).
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Fig. 5. p73 haploinsufficiency causes early formation of phospho-tau-positive aggregates in the brains of Pin1�/� mice. (A) Micrographs of phospho-tau-
positive aggregates in the hippocampus (Hipp) and cortex (CTX) of 9-month-old p73�/� mice, Pin1�/� mice, or Pin1�/� mice, as detected by
immunostaining of paraformaldehyde-fixed cryostat sections with the AT8, AT100, and AT180 antibodies. Note that only the Pin1�/� mice display
phospho-tau-positive aggregates at this age, as previously reported (Liou et al., 2003). Scale bar � 50 �m. (B) Micrographs of phospho-tau-positive
aggregates in the CTX or Hipp of 3-month-old p73�/�;Pin1�/�, p73�/�;Pin1�/�, or p73�/�;Pin1�/� mice, as detected by immunostaining with the
AT8, AT100, and AT180 antibodies. Note that at this age only the Pin1�/� mice that are heterozygous for p73 display these phospho-tau-positive aggregates.
Scale bar � 50 �m. (C) Western blot analysis of equal amounts of protein from hippocampal lysates of 3-month-old p73�/� mice, p73�/�;Pin1�/� mice,
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Pin1�/� mice (Fig. 6A and B). In contrast, the 3-month-old
p73�´�;Pin1�´� mice showed levels of activation of
these 3 kinases that were similar to those seen in the 9-month-
old Pin1�/� mice (Fig. 6A and B), indicating that p73 hap-
loinsufficiency accelerated activation of tau kinases in the
Pin1�´� brains.

4. Discussion

The results described here provide 3 lines of evidence in
support of the idea that p73 is an important neuroprotective
gene for the aging and degenerating mammalian brain. First,
we show that haploinsufficiency for p73 leads to aberrant

or p73�/�;Pin1�/� mice probed with AT8, AT100, PHF1, or pS422 antibodies to detect phosphorylated tau, or with an antibody against total tau or
�-tubulin. As a positive control, lysates from 9-month-old Pin1�/� hippocampi were also analyzed. Each lane derives from an independent animal. (D)
Quantification by scanning densitometry of the relative level of tau phosphorylation/total tau in Western blot analysis similar to that seen in (C) (n � 3 for
each sample; ** p � 0.01, *** p � 0.001).

Fig. 6. p73 haploinsufficiency causes tau kinase dysregulation in the hippocampus of Pin1�/� mice. (A) Western blot analysis of equal amounts of protein
from hippocampal lysates of 3-month-old p73�/� mice, p73�/�;Pin1�/� mice, or p73�/�;Pin1�/� mice probed with antibodies for GSK3�
phosphorylated at serine 9, c-Abl phosphorylated at tyrosine 412, or Cdk5 phosphorylated at tyrosine 15. As a positive control, lysates from 9-month-old
Pin1�/� hippocampi were also analyzed. To obtain an indication of the relative levels of kinase activation, the same lysates were analyzed on Western blots
using antibodies that recognized total GSK3�, c-Abl, or Cdk5. The same lysates were also analyzed for levels of �-tubulin as a control for equal loading
(data not shown). (B) Quantification of the relative levels of GSK3�, c-Abl, and Cdk5 phosphorylation as assessed by scanning densitometry of Western blot
analysis similar to those seen in (A) (n � 3 for each sample; ** p � 0.01, *** p � 0.001).
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tau hyperphosphorylation in the aging murine brain, poten-
tially in response to aberrant activation of the tau kinases
GSK3�, Cdk5, and/or c-Abl. Second, we show that p73
heterozygosity causes early phospho-tau accumulation, tau
kinase dysregulation and decreased lifespan in the
TgCRND8 mice, a well described animal model for Alz-
heimer’s disease. Third, we have examined a second age-
dependent murine neurodegeneration model that displays
high tau phosphorylation, the Pin1�´� mouse, and show
that p73 haploinsufficiency causes early tau hyperphospho-
rylation and tau kinase dysregulation in this model as it does
in the TgCRND8 mouse model. Thus, as indicated by our
previous work (Wetzel et al., 2008), p73 is a potent neuro-
protective gene, and decreases in p73 levels predispose the
nervous system to tau hyperphosphorylation and neurode-
generation.

One major conclusion of our work is that p73 haploin-
sufficiency represents a general predisposition factor for
neurodegenerative cues, at least in mice. In particular, we
now show that, as we have seen for the TgCRND8 Alzhei-
mer’s disease mouse model (Wetzel et al., 2008 and data
presented here), p73 haploinsufficiency leads to premature
tau hyperphosphorylation and tau kinase dysregulation in
Pin1�´� mice. Pin1 is a peptidyl-prolyl cis/trans isomer-
ase whose loss of function has been associated with aberrant
APP processing, amyloid-� production and, perhaps more
importantly, pathological tau phosphorylation (Liou et al.,
2003; Lu and Zhou, 2007; Pastorino et al., 2006). Pin1 loss
of function is thought to produce these alterations by induc-
ing conformational changes in key downstream protein tar-
gets including tau and tau kinases (Keeney et al., 2011; Park
et al., 2012; Zhou et al., 2000). Thus, the Pin1�´� mice
are a progressive age-dependent neurodegenerative model
that is completely distinct from models such as the
TgCRND8 mice that involve overexpression of human
APP. However, despite their completely different underly-
ing pathological mechanisms, p73 haploinsufficiency leads
to early tau hyperphosphorylation and formation of phos-
pho-tau-positive aggregates in both models, suggesting that
it may well represent a general predisposition factor for at
least some aspects of neurodegeneration.

A second conclusion of this and our previous work is that
p73 may act as a predisposition factor for neurodegenera-
tion, at least in part by causing aberrantly increased tau
phosphorylation. Dysregulation of tau phosphorylation is a
major cause of abnormal tau function and aggregation,
ultimately leading to tangle formation, one of the main
hallmarks of Alzheimer’s disease and tauopathies like
Pick’s disease and Frontotemporal dementia with Parkin-
sonism (Ballatore et al., 2007). While tau protein is highly
modified posttranslationally, its ability to bind microtubules
is largely controlled by phosphorylation (Johnson and
Stoothoff, 2004) and, as a consequence, dysregulation of tau
kinases is frequently associated with tau malfunction and
neurodegeneration. In this regard, we previously demon-

strated that phospho-tau-positive aggregates were present in
the aging p73�´� murine brain, and that similar aggre-
gates occurred early in TgCRND8 mice that were haploin-
sufficient for p73 (Wetzel et al., 2008). Here we show that
p73 haploinsufficiency causes the appearance of these phos-
pho-tau-positive aggregates and a robust overall increase in
tau phosphorylation. This increase occurs not just during
aging and in young TgCRND8 mice, but also in young
(3-month-old) Pin1�´� mice that do not display enhanced
tau phosphorylation when wild type for p73. Interestingly,
these filamentous phospho-tau-positive aggregates are sim-
ilar in appearance in all of these models, and are similar to
the aggregates observed at 9 months of age in Pin1�´�
mice. It is not yet known, however, whether the appearance
of phospho-tau aggregates resulting from p73 heterozygos-
ity is a cause or consequence of the neurodegeneration. It
will be informative in this regard to know whether degen-
eration still occurs in p73 heterozygous mice lacking one or
both copies of the mouse tau gene.

Why does p73 haploinsufficiency cause tau hyperphos-
phorylation? We previously associated the appearance of
phospho-tau-positive aggregates with increased activation
of JNK, which is known to phosphorylate tau (Atzori et al.,
2001; Johnson and Nakamura, 2007; Yoshida et al., 2004)
and which is directly regulated by p73 (Lee et al., 2004).
However, while JNK phosphorylates tau, its contribution to
human tau pathologies and Alzheimer’s disease is still un-
clear. Instead, two other tau kinases, GSK3� and Cdk5,
have been widely associated with the pathogenesis of Alz-
heimer’s disease, because they are known to participate in
aberrant APP processing, synaptic dysfunction, behavioral
impairment, neuronal death, and tau phosphorylation in this
neurodegenerative disorder (Hooper et al., 2008; Su and
Tsai, 2011). We therefore asked whether these two kinases
were dysregulated by p73 haploinsufficiency. We also an-
alyzed the activation of the c-Abl tyrosine kinase, which has
recently been associated with tau phosphorylation, can con-
trol Cdk5 activity, is localized in hippocampi and tangles of
Alzheimer’s disease brains, and when overexpressed as a
constitutively active protein results in neurodegeneration in
mice (Cancino et al., 2008, 2011; Derkinderen et al., 2005;
Estrada et al., 2011; Jing et al., 2009; Lee et al., 2008; Lin
et al., 2007; Schlatterer et al., 2011a, 2011b; Zukerberg et
al., 2000). Data presented here indicate that all 3 of these tau
kinases are dysregulated by p73 haploinsufficiency in the
two mouse models of neurodegeneration studied here.
Whether this is because p73 directly regulates all of these
kinases, as we previously observed for JNK (Lee et al.,
2004), or is an indirect consequence of the neuronal death
and degeneration that occurs when p73 is haploinsufficient
(Wetzel et al., 2008) is still an open question. However,
direct or indirect, dysregulation of these three tau kinases
and JNK is likely to account for the aberrant tau phosphor-
ylation and phospho-tau-positive aggregates that we report
here.
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One final surprising result of our study is that p73 hap-
loinsufficiency decreased the life span of TgCRND8 mice.
In this regard, the TgCRND8 mice have previously been
shown to have a reduced life span (Chishti et al., 2001), but
the cellular mechanisms for this are still unclear. One po-
tential explanation for our data are that the enhanced CNS
degeneration we report impinges upon basic neural func-
tions that are necessary for life. A second explanation is that
these animals die as a consequence of degeneration of their
peripheral nervous systems. We previously showed that
aged p73�/� mice frequently display a prolapsed penis
and/or rectum, likely due to a large decrease in peripheral
parasympathetic neurons and sympathetic innervation (Wet-
zel et al., 2008). While we have not observed a similar
phenotype in the p73�´�;TgCRND8�/Ø mice, it is still
possible that they display other peripheral neural pheno-
types that could lead to a shortened life span (Pozniak et al.,
2000; Walsh et al., 2004).

We and others have previously shown that �Np73 is a
key survival protein for neurons in both the developing and
adult nervous systems, and that even haploinsufficiency for
p73 makes the nervous system vulnerable to long-term
stresses such as aging and potentially degeneration (Lee et
al., 2004; Pozniak et al., 2000, 2002; Tissir et al., 2009;
Walsh et al., 2004; Wetzel et al., 2008; Wilhelm et al., 2010;
Yang et al., 2000). Here, we show that p73 haploinsuffi-
ciency predisposes the nervous system to aberrant tau hy-
perphosphorylation and the formation of phospho-tau-pos-
itive aggregates. Whether this also occurs in humans that
have decreased levels of neural p73 as a consequence of
either genetic or environmental changes is not yet known.
While there is an association between decreased �Np73
expression and AD (Li et al., 2004), and one study showed
individuals with copy number variations (CNV) at the p73
genomic locus (Wong et al., 2007), these observations have
not been observed in subsequent copy number variation
studies. Confirmation of a role for p73 heterozygosity in
human dementia awaits large-scale studies determining
whether �Np73 protein levels are indeed decreased in this
population.
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