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of the test set spike train under the predicted firing probability relative to a constant
probability given by the mean firing rate on the training set. Computed to base 2, this ratio
estimates the number of bits a communicator of the test set spike train can save by
knowing the predictor variables (position and/or peer cell activity), as compared with
knowing only mean rate. Spike rasters were re-ordered for display by stochastic search over
all possible orderings, to maximize the fraction of spike pairs between neighbouring
rasters that lay within 25 ms (Figs 1b and 4a).

See Supplementary Information for a full description of methods.
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The neuropathological hallmarks of Alzheimer’s disease and
other tauopathies include senile plaques and/or neurofibrillary
tangles'™. Although mouse models have been created by over-
expressing specific proteins including $-amyloid precursor pro-
tein, presenilin and tau'"'’, no model has been generated by gene
knockout. Phosphorylation of tau and other proteins on serine or
threonine residues preceding proline seems to precede tangle
formation and neurodegeneration in Alzheimer’s disease''™"*.
Notably, these phospho(Ser/Thr)-Pro motifs exist in two distinct
conformations, whose conversion in some proteins is catalysed
by the Pinl prolyl isomerase'>"’. Pinl activity can directly
restore the conformation and function of phosphorylated tau
or it can do so indirectly by promoting its dephosphorylation,
which suggests that Pinl1 is involved in neurodegeneration'*'*";
however, genetic evidence is lacking. Here we show that Pinl
expression is inversely correlated with predicted neuronal vul-
nerability and actual neurofibrillary degeneration in Alzheimer’s
disease. Pinl knockout in mice causes progressive age-dependent
neuropathy characterized by motor and behavioural deficits, tau
hyperphosphorylation, tau filament formation and neuronal
degeneration. Thus, Pinl is pivotal in protecting against age-
dependent neurodegeneration, providing insight into the patho-
genesis and treatment of Alzheimer’s disease and other
tauopathies.

Pinl-catalysed prolyl isomerization can regulate the function
and/or dephosphorylation of some phosphoproteins, many of
which are also recognized by the mitosis- and phosphorylation-
specific monoclonal antibody MPM-2. Notably, induction of
MPM-2 epitopes is a prominent common feature of Alzheimer’s
disease (AD), frontotemporal dementia with Parkinsonism linked
to chromosome 17, Down’s syndrome, corticobasal degeneration,
progressive supranuclear palsy and Pick’s disease''*. In fact, the
pattern of tau phosphorylation in AD is similar to that in mitotic
cells'>'. Taking these observations together with the reduced
amount of soluble Pinl in brains at a late stage of AD', we
previously proposed that Pinl might protect against neurodegen-
eration'*'®. However, it has been reported that in AD hippocampal
expression of Pinl occurs primarily in a few tangle-free degenerative
neurons in CAl and CA2, and not in CA3 and CA4 non-degen-
erative neurons, and it has been proposed that Pinl promotes
neurodegeneration®. Thus, the neuronal function of Pinl remains
elusive.

Neurons in different subregions of the hippocampus and neo-
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cortex are known to have differential vulnerability to neurofibrillary
degeneration in AD*'. To examine the relationship between this
predicted vulnerability and Pinl expression, we examined the
expression of Pinl in normal human hippocampus and parietal
cortex by immunostaining. Pinl was detected in the cytoplasm and
the nucleus of neurons (ref. 18 and Fig. 1). Notably, Pinl expression
showed an obvious subregional difference in all sections from eight
normal brains (Fig. 1a and Supplementary Figs Sla and S2). In the
hippocampus, expression of Pinl was relatively higher in CA4, CA3,
CA2 and presubiculum, and lower in CA1 and subiculum. In the
parietal cortex, expression of Pinl was relatively higher in layer
IITb-c neurons, and lower in layer V neurons (Supplementary
Fig. S3a). The subregions with low expression of Pinl are known
to be prone to neurofibrillary degeneration in AD, whereas those
containing high Pinl expression are spared, suggesting that there is
an inverse correlation between Pinl expression and predicted
vulnerability.

To extend this correlation, we immunostained ten AD-affected
brain sections with both antibodies against Pin1 and a phospho-Tau
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Figure 1 Inverse correlation of Pin1 expression with predicted neuronal vulnerability in
normally aged brains and actual neurofibrillary degeneration in AD. a, b, Hippocampal
sections from normal (@) or AD (b) brains were immunostained with antibodies against
Pin1 (@) or antibodies against Pin1 (brown) and AT8 (purple) (b). ¢, Relationship between
Pin1 immunoreactivity and NFTs in AD hippocampus. About 1,000 pyramidal neurons in
AD were randomly selected and evaluated for AT8-positive or AT8-negative neurons, and
Pin1-light (low) or Pin1-intense (high) immunoreactivity. d, Relationship between Pin1
immunoreactivity and NFTs in tangle-rich CA1 region detected by antibodies against Pin1
(red) and AT8 (green), respectively. Pin1 expression in most tangle-bearing neurons
(arrowheads) was lower than that in tangle-free neurons (arrows).
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antibody AT8 that detects early neurofibrillary degeneration.
Tangle-bearing neurons were enriched in CAl and subiculum of
the hippocampus and in layer V of the parietal cortex (Fig. 1b and
Supplementary Figs S1b and S3b). We also observed very high Pinl
immunoreactivity in cytoplasmic granules in a few neurons, mainly
in CA1 (data not shown), which is probably due to the sequestration
of Pinl by strong MPM-2 epitopes in these granules™.

In contrast to previous data®®, however, we found that Pinl
expression was readily detected in CA3 and CA4 subregions and,
in fact, was higher in these regions than in tangle-rich subregions
(Fig. 1b and Supplementary Fig. S1b). Overall, 96% of pyramidal
neurons that contained relatively more Pin1 lacked tangles, whereas
71% of neurons that contained relatively less Pinl had tangles
(Fig. 1c). Even in the tangle-prone CAl and subiculum of the
hippocampus, expression of Pinl was still lower in most tangle-
bearing neurons than in tangle-free neurons (Fig. 1d). Expression
of Pinl was also relatively higher in tangle-sparing layer IIIb-c
neurons, and lower in tangle-rich layer V neurons in parietal cortex
(Supplementary Fig. S3b). These results suggest that there is an
inverse correlation between Pinl expression and actual neurofibril-
lary degeneration in AD.

The above results suggest that Pinl might protect against neuro-
degeneration. To test this idea, we examined the neuronal pheno-
types of Pinl '~ mice. These mice develop several age-dependent
phenotypes, including retinal atrophy?*. Because retinal atrophy can
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Figure 2 Age-dependent motor and behavioural deficits in Pin7 ~'~ mice. a, Abnormal
limb-clasping reflexes in old Pin7 ~/~ mice. When lifted by the tail, young wild-type and
Pin1 ™'~ mice (2—3 months) and old wild-type mice (9—14 months) acted normally by
extending their hind limbs and body, but old Pin7 ~/~ mice flexed their legs to the trunk or
tightened the back limbs to their bodies. b, Hunched postures shown by old Pin? ~/~
mice, but not by young Pin7 ~'~ or any wild-type mice. ¢, Age-dependent motor
disturbance. More than ten mice at different ages were placed on a hanging bar, and the
percentage of the mice that fell off during the 1-min test period was recorded. Double
asterisk, P < 0.01.
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be a feature of neurodegeneration, we thought that Pinl ~'~ mice
might show other neuronal phenotypes. Indeed, Pinl ~'~ mice, but
not their wild-type littermates, showed progressive age-dependent
motor and behavioural deficits, which included abnormal limb-
clasping reflexes (Fig. 2a), hunched postures (Fig. 2b), reduced
mobility and eye irritation. When subjected to a hang test®, most
old, but not young, Pinl ~'~ mice fell after grasping the rope only
briefly (Fig. 2c). Thus, Pinl '~ mice develop progressive age-
dependent motor and behavioural deficits, as do tau transgenic
mice®'.

We examined whether Pinl =/~ mice show age-dependent neu-
ronal loss. The number of NeuN (neuron-specific nuclear protein)-
positive neurons was significantly decreased in the parietal cortex of
old, but not young, Pinl ~'~ mice (Fig. 3a, b). A similar neuronal
degeneration was found in spinal cords of Pinl '~ mice (Sup-
plementary Fig. S4a, b). Nissl staining also confirmed neuronal
degeneration, as shown by the abnormally stained cytoarchitecture of
Pinl~'~ neurons (Supplementary Fig. S4c, arrows). Some Pinl '~
neurons had swollen cell bodies (data not shown), as observed in tau
transgenic mice'’ however, no obvious neuronal loss was found in
other brain regions, notably cerebellum (data not shown), although
there was Pinl expression in wild-type mice (Supplementary Fig. S5).

We used electron microscopy to confirm degeneration. In con-
trast to wild-type neurons (Fig. 3c), many Pinl '~ neurons showed
dark, degenerating granules or organelles adjacent to the nucleus
(Fig. 3d) and often had autophagic vacuoles (Fig. 3e), consistent
with degenerated lysosomes. Degeneration was also observed in
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Figure 3 Age-dependent neuronal degeneration in Pin7 ~'~ mice. a, b, Matched parietal
cortex from wild-type and Pin7 ~/~ mice was stained for NeuN (a) and neurons were
counted (b). Asterisk, P << 0.01. e-h, Ultrastructure and AT8 immunogold labelling of
degenerative neurons in Pin7 ~'~ hippocampus. ¢, Wild-type neuron not labelled by AT8.
d, Pin1 ~’~ neuron labelled with AT8 immunogold (short arrows) and containing dark and
degenerated organelles (long arrows) in the cytoplasm and near the nucleus (n).

e, Autophagic vacuole (arrow) near the nuclear membrane (arrowheads). f, Axon
degeneration (arrow). g, h, Neuron containing several compact and radiating structures
(arrows, g) composed of radiating filament-like structures (arrow, h). Scale bars, 100 pm
(@); 0.6pm (c, d); 1.2 um (e, f); 2 pm (g); 355 nm (h).
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some axons (Fig. 3f). Another notable change found mostly in
Pinl '~ neuronal processes, but not in wild-type controls, was the
presence of electron-dense structures comprising compact and
radiating filament-like structures without other visible organelles
or vesicles (Fig. 3g, h). These ultrastructural changes confirm that
there is degeneration in Pinl '~ neurons.

The findings that Pinl ~’~ mice develop neuronal degeneration
in an age-dependent manner in some brain regions suggest that the
effects are specific. The ability of Pinl to promote dephosphoryl-
ation of MPM-2 epitopes'® suggests that the deletion of Pinl might
lead to an accumulation of MPM-2 epitopes, which is an early
common characteristic of AD and related disorders'>'***. Indeed,
total MPM-2 reactivity was about threefold higher in Pinl ~'~ brain
lysates than in control brain lysates (Fig. 4a), a result that was
confirmed by immunostaining (Fig. 4g). These results indicate that
Pinl knockout leads to neuronal induction of MPM-2 epitopes.

To examine the mechanisms underlying neurodegeneration, we
focused on tau for the following reasons. First, tau-related pathol-
ogies are a hallmark of AD and other tauopathies™® and have been
characterized in mice® '’ notably, the phenotypes of transgenic tau
mice are similar to those of Pinl '~ mice. Second, tau is a principal
MPM-2 antigen' and a well-characterized substrate of Pinl
(refs 18, 19). Pinl specifically acts on the phospho(Thr 231)-Pro
motifin tau and induces a conformational change, thereby restoring
tau function and promoting its dephosphorylation through
the conformational specificity of phosphatases such as PP2A'®".
Reducing PP2A activity also increases phosphorylation in tau in
mice*. Thus, tau might be aberrantly phosphorylated and show
abnormal conformations in Pinl ~'~ mice. To examine this possi-
bility, we isolated sarcosyl-insoluble extracts from brains of Pin1 ~/~
and wild-type mice and analysed them by immunoblotting (Fig.
4b-f).

All sarcosyl-insoluble tau isoforms from Pinl ~*~ mice had much
slower mobility on SDS gels than did wild-type controls (Fig. 4b),
suggesting an increase in the total phosphorylation of tau. This was
confirmed by phosphatase treatment and immunoblotting with
phospho-specific monoclonal antibodies against tau (Fig. 4c, d).
AT8 and AT180 strongly recognized the slower migrating tau iso-
forms, whereas TG3 selectively recognized the slowest migrating tau
species (relative molecular mass ~68,000; M, = 68K), which was
also recognized by PHF-1 (Fig. 4d). The TG3 epitope was also
induced in an age-dependent manner, and phosphatase treatment
significantly, although not completely, reduced the TG3 signal
(Fig. 4e, f). Finally, the 68K form of tau in Pinl '~ brains was
also strongly recognized by Alz50 and MC1 (Fig. 4d), which detect
neurofibrillary tangle (NFT)-specific conformations®~°.

These results indicate that the 68K form of tau in Pinl ~'~ brain is
hyperphosphorylated and contains NFT conformations. Of note,
tau in NFTs of AD is notoriously resistant to complete dephos-
phorylation”” and a similar 68K species (A68) in human AD is the
defining component of paired helical filaments (PHFs) and is also
recognized by Alz50 (refs 25, 26). Immunostaining showed strong
immunoreactivity towards AT180, AT8, MC1 and Alz50 in the
somatodendritic region of Pinl /", but not wild-type, neurons in
the parietal cortex, hippocampus, brainstem and spinal cord (Fig.
4g). The presence of phospho-Tau in the cytoplasm and axons of
Pinl ', but not wild-type, neurons was confirmed by immuno-
gold electron microscopy (Fig. 3¢, d and Supplementary Fig. S6).
These results indicate that Pinl knockout causes age-dependent tau
hyperphosphorylation and NFT-specific conformations.

To explore the mechanisms that induce MPM-2 and tau
phosphoepitopes, we compared protein kinase and phosphatase
activity in Pinl '~ and wild-type brains. Although there was no
significant increase in the activity of total kinases, cyclin-dependent
kinases (CDKs) or glycogen synthase kinase 38 (GSK-38; Sup-
plementary Fig. S7a, b), there was a significant decrease in phos-
phatase activity towards phospho(Ser/Thr)-Pro motifs in tau, but

/
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not towards a non-phospho(Ser/Thr)-Pro phosphopeptide, in
Pinl '~ brain lysates before obvious neurodegeneration (Fig. 4h).
These results indicate that Pinl specifically affects the
dephosphorylation of phospho(Ser/Thr)-Pro motifs, consistent
with the idea that Pinl is required for efficient dephosphorylation
of tau™.

The findings that Pinl '~ neurons are strongly immunoreactive
towards phospho- or NFT-specific monoclonal antibodies against
tau suggests that they might contain tau filaments. To examine this
possibility, we used Gallyas silver staining and thioflavin-S staining
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Figure 4 MPM-2 induction, tau hyperphosphorylation, NFT-specific conformations and
reduced phosphatase activity toward the phospho(Ser/Thr)-Pro motif in Pin1 =/~ brain.
a, Soluble brain extracts from age-matched old wild-type and Pin7 ~'~ mice were
analysed by immunoblotting with MPM-2. b, d, Sarcosyl-insoluble fractions were
prepared from age-matched wild-type and Pin1 =/~ brains and analysed by
immunoblotting with Tau-5 monoclonal antibodies against total tau (b) or various
phosphorylation- and/or NFT-specific monoclonal antibodies against tau (d).

¢, f, Sarcosyl-insoluble tau was pretreated with phosphatases before being analysed by
immunoblotting. e, Age-dependent induction of the TG3 epitope. g, Subcellular
localization of MPM-2 epitopes, tau phosphoepitopes and NFT-conformation epitopes in
Pin? ~'~ neurons, as determined by immunostaining. There was no positive staining in
wild-type neurons (not shown). h, Activity towards phospho(Ser/Thr)-Pro motifs, but not
towards a non-phospho(Ser/Thr)-Pro motif, is lower in brain lysates from 7-month-old
Pin1 '~ mice than in those from wild-type controls, as assayed with the indicated
substrates.
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to detect NFTs**?, In Pinl '~ mice (Fig. 5b—d), but not in wild-
type controls (Fig. 5a), we observed some Gallyas-positive neurons
in the hippocampus, thalamus and brainstem. In addition, a few
Pinl ~'~, but not wild-type, neurons in the hippocampus, spinal
cord and especially entorhinal cortex (ERC) were also positive for
thioflavin-S staining (Fig. 5h); this positive staining was observed in
four out of seven old Pinl ' mice, but not in six wild-type mice
examined. Notably, the pattern of thioflavin-S staining was similar
to that observed in tau transgenic mice'.

These results show that Pinl '~ neurons have NFT-like pathol-
ogies. Our attempt to visualize NFTs by in situ electron microscopy
failed, possibly because the number of NFTs and/or neurons that
developed late stages of NFTs was low, as indicated by thioflavin-S
staining (Fig. 5e~h). To confirm the formation of tau filaments, we
subjected sarcosyl-insoluble tau isolated from brain extracts to
electron microscopy and immunogold electron microscopy. In
extracts from 8 out of 12 old Pinl '~ brains, but not wild-type
brains, we readily found filaments that were twisted or straight and
about 15-nm wide (Fig. 5i, j). Further immunogold electron
microscopy showed that the filaments were labelled with AT8 and
AT180 (Fig. 5k, 1), confirming that they were tau filaments. These
results show that loss of Pinl function causes the formation of
endogenous tau filaments in mice.

In summary, we have shown that Pinl expression inversely
correlates with neuronal vulnerability in normal brain, and also
with neurofibrillary degeneration in AD-affected brain. In addition,
Pinl '~ mice develop age-dependent neuropathy, which is charac-
terized clinically by motor and behavioural deficits and pathologi-
cally by tau hyperphosphorylation, tau filament formation and
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Figure 5 NFT-like pathologies and tau filaments in Pin7 '~ neurons. a-d, Positive
Gallyas silver staining of Pin7 ~'~ neurons. Different regions of old wild-type (a) or
Pin1 ~"~ (b—d) brains were subjected to Gallyas silver staining. e~h, Positive thioflavin-S
staining of Pin ~'~ neurons. Different regions of old wild-type (e, g) or Pin? '~ (f, h)
brains were subjected to thioflavin-S staining. ij, Tau filaments isolated from Pin7 ~/~
brains. Sarcosyl-insoluble extracts were prepared from old Pin7 /'~ (i) and wild-type (j)
mice and examined by electron microscopy. k, I, Phosphorylated tau in the filaments.
Sarcosyl-insoluble extracts were subjected to immunogold staining with AT8 (k) or AT180
(I) and then examined by electron microscopy. ERC, entorhinal cortex; Hip, hippocampus.
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neuronal degeneration in brain and spinal cord. Notably, many of
these neuronal phenotypes are highly similar to those induced by
transgenic overexpression of tau or its mutants®'®. These results
provide genetic evidence for the critical role of Pinl in protecting
against age-dependent neurodegeneration. To our knowledge, this
is the first clear demonstration that endogenous mouse tau can
form tau filaments. Thus, Pin1 is the first protein whose deletion has
been shown to cause age-dependent neurodegeneration and tau
pathologies. In addition, our finding that Pinl-mediated post-
phosphorylation regulation is pivotal in maintaining normal neur-
onal function underscores the role of protein phosphorylation in
neurodegenerative diseases and offers insight into the pathogenesis
and treatment of AD and other tauopathies.

Given the phenotypic similarity between Pinl '~ and tau trans-
genic mice, tau-related pathologies are probably important in
Pinl '~ -induced neurodegeneration, although other Pinl-related
deficits might also contribute to this process*’. Manipulation
of either tau kinases or phosphatases has been shown to increase
phospho-Tau in mice'*****°, We have now shown that deletion
of Pinl reduces phosphatase activity specifically towards phospho(-
Ser/Thr)-Pro motifs and induces tau hyperphosphorylation, NFT
conformations and tau filament formation. These results suggest
that tau is normally regulated by dynamic phosphorylation and
dephosphorylation. If Pinl function is low, as in the CA1 region of
AD-affected brains, or absent, as in Pinl '~ mice, some phospho(-
Ser/Thr)-Pro motifs in phospho-Tau might not be isomerized and
thus exist in aberrant conformations. As a result, phospho-Tau
would not be properly dephosphorylated and/or functionally
restored, leading to tau hyperphosphorylation, NFT formation
and neurodegeneration.

Although there is clear evidence of the age-dependent accumu-
lation of abnormal and hyperphosphorylated tau, tau filaments
and neurodegeneration in Pinl '/~ brains, the patterns are not
exactly identical to those observed in human AD or in human tau
transgenic models. This might be due to differences in tau isoforms
in mice or might reflect differences in the phosphorylation and
aggregation of mouse tau. In addition, multiple and interactive
factors probably contribute to tau hyperphosphorylation and
neurodegeneration in human AD, and these factors might not be
present in Pinl ~'~ mice. Further studies, including crossing Pin1 ~/
~ and Pinl transgenic mice with existing mouse models of amyloid-
B or tauopathy, should help to elucidate the molecular mechanisms
of AD and other tauopathies and might lead to the development of
new therapies. O

/

Methods

Human samples and Pin1 mouse strains

Paraffin-embedded human samples of the hippocampus and parietal cortex were a gift
from the Alzheimer’s Disease Research Center (University of Kentucky) and consisted of
ten cases of AD and eight controls, with a mean age at death of 78 * 9 years and 79 £ 9
years, respectively. The mean postmortem intervals were 2.8 h for AD and 2.9 h for
controls. All AD subjects met the clinical and neuropathological National Institute on
Aging-Reagan Institute (NIA-RI) criteria for AD. Control subjects had no evidence of
neurological disorders. Our study using human samples has been approved by our
Institutional Review Board. The Pinl ~/~ mice are on a mixed 129/Sv and C57L/B6
background®>**. Young and old mice were 2-3 and 9-14 months, respectively. All results
were reproduced in several mice.

—/—

Immunohistochemistry and immunofluorescent staining

We carried out conventional immunohistochemistry on human samples by using affinity-
purified polyclonal and monoclonal antibodies against Pinl, as described'®. For double-
labelling experiments, sections were stained first with antibodies against Pin1 (brown),
and then with AT8, which was visualized by the nickel-intensifying method (purple). For
immunofluorescent double immunostaining, sections were incubated with an affinity-
purified antibody against Pinl and a monoclonal antibody against AT8, which were
visualized by Cy3- and fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies. For mouse tissues, deparaffinized or floating brain sections were
immunostained with various antibodies using an ABC kit (Vector Labs) or
Cy3-conjugated secondary antibodies®.
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Immunoblot analysis

We prepared sarcosyl-insoluble extracts as described”*'’. In brief, brain tissues were
homogenized in a buffer containing 10 mM Tris-HCI (pH 7.4), 0.8 M NaCl, 1 mM EGTA
and 10% sucrose. After centrifugation, the supernatants were added to 1% N-
lauroylsarcosinate, and sarcosyl-insoluble extracts were collected by centrifugation and
analysed by immunoblotting'®. Alz50, MC1, TG3 and PHF-1 monoclonal antibodies
against tau were a gift from P. Davies (Albert Einstein College of Medicine). AT8 and
AT180 (Innogenetics) and Tau-5 (Biosource) antibodies were purchased. Tau-5 is specific
for both phosphorylated and non-phosphorylated tau, PHF-1 for phosphoSer-396

and phosphoSer-404, AT8 for phosphoSer-199 and phosphoSer-202, AT180 for
phosphoThr-231, TG3 for phosphoThr-231 in a NFT-specific conformation, and Alz50
and MC1 for NFT-specific conformations.

Hang test, neuron count and Nissl staining

We carried out the hang test, neuronal counting and Nissl staining as described®. For
counting neurons, coronal sections at different regions of brains from age-matched
Pinl ~'~ and wild-type littermates were processed in parallel for NeuN staining. The inner
layer of the parietal cortex (S1BF) at 1.8-mm posterior to Bregma was selected, neurons
were counted in comparable areas of each mouse, and an average number of two adjacent
fields were obtained for each region of each mouse. For the spinal cord, the numbers of
large neurons per anterior horn were counted and an average of two nearby sections was
calculated for each mouse.

Kinase and phosphatase assays

We assayed total kinase activity in brain lysates by autophosphorylation in the presence of
Mg®* and [y-**P]ATP, and assayed CDK and GSK-38 activity towards tau after
purification with p13°*“' beads and antibodies against GSK-38, respectively, as
described'®. Phosphatase activity towards the phosphopeptide RRApTVA (Promega;

ref. 24) and phosphatase activity towards tau phosphorylated by Cdc2 (refs 18, 19) were
assayed as described.

Gallyas silver staining and thioflavin-$ staining
Gallyas silver staining® and thioflavin-$ staining'® were done as described.

Electron microscopy

To observe tau filaments, we resuspended sarcosyl-insoluble extracts isolated from Pinl ~
and control mouse brains and placed them on carbon-coated grids. The extracts were stained
with phosphotungstic acid and observed by electron microscopy and immunogold electron
microscopy with AT8 and AT180 (refs 7, 10).
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Essential role for the peroxiredoxin
Prdx1 in erythrocyte antioxidant
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Reactive oxygen species are involved in many cellular metabolic
and signalling processes’ and are thought to have a role in
disease, particularly in carcinogenesis and ageing®. We have
generated mice with targeted inactivation of Prdxl, a member
of the peroxiredoxin family of antioxidant enzymes’. Here we
show that mice lacking Prdx1 are viable and fertile but have a
shortened lifespan owing to the development beginning at about
9 months of severe haemolytic anaemia and several malignant
cancers, both of which are also observed at increased frequency in
heterozygotes. The haemolytic anaemia is characterized by an
increase in erythrocyte reactive oxygen species, leading to pro-
tein oxidation, haemoglobin instability, Heinz body formation
and decreased erythrocyte lifespan. The malignancies include
lymphomas, sarcomas and carcinomas, and are frequently associ-
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ated with loss of Prdxl expression in heterozygotes, which
suggests that this protein functions as a tumour suppressor.
Prdx1-deficient fibroblasts show decreased proliferation and
increased sensitivity to oxidative DNA damage, whereas PrdxI-
null mice have abnormalities in numbers, phenotype and func-
tion of natural killer cells. Our results implicate Prdx1 as an
important defence against oxidants in ageing mice.

Cellular defences against reactive oxygen species (ROS) include
enzymes such as superoxide dismutase (which converts superoxide
to hydrogen peroxide), catalase and glutathione peroxidase (which
convert hydrogen peroxide to water), as well as non-enzymatic
scavengers such as glutathione, ascorbic acid and carotenoids.
Peroxiredoxins (Prdxs), a family of small antioxidant proteins
that contain essential catalytic cysteine residues and use thioredoxin
as an electron donor?, also scavenge peroxide and are thought to be
involved in the cellular response to ROS. Prdxs are abundant
proteins found in organisms from all three kingdoms, with at
least five distinct members in mammals. Mammalian Prdx1, also
known as Pag* or MSP23 (ref. 5), is a ubiquitously expressed protein
with a relative molecular mass of 23,000 (23K) that is encoded by a
single gene on human chromosome 1p34 (ref. 6) and mouse
chromosome 4 (ref. 7) and induced by serum stimulation* and
oxidative stress™®. Transfection studies show that Prdx1 can elim-
inate peroxide in vivo and can regulate ROS induced by growth
factor signalling’. In addition to its role as an antioxidant enzyme,
Prdx1 has been independently isolated as an erythrocyte cytosolic
protein that enhances the cytoxicity of natural killer (NK) cells', a
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Figure 1 Premature death in ageing Prax7 '~ mice. a, Genotype of four littermates from
a Prax1 '~ cross. Southern blot of Spel-digested genomic DNA with a Prdx7 exon |l
probe shows wild-type and mutant alleles of 4.0 and 3.4 kilobases, respectively.

b, Northern blot of total liver RNA from six littermates hybridized with a Prdx7
complementary DNA probe (top). Ethidium bromide staining of 18S rRNA (bottom) verifies
equivalent loading. ¢, Kaplan—Meier survival curve of cohorts of wild-type (n = 34),
Prax1+'~ (n=88) and Prax1 ~/~ (n = 64) littermates on a mixed B6 X 129SvEv
background. Mutant lines generated from three independently targeted ES cell clones
were studied with similar results. The ages of surviving mice are indicated by tick marks.
The difference in survival between wild-type and Prdx7 ~/~ mice is statistically significant
(P = 0.05, Mantel-Cox test). Inset, percentage of mice in these cohorts that developed
haemolytic anaemia (red), malignancy (green) or both (blue). The x axis is identical to the
main graph.
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