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Aggregation and cytoplasmic mislocalization of TDP-43 are pathological hallmarks of amyotrophic lateral sclerosis
and frontotemporal dementia spectrum. However, the molecular mechanism by which TDP-43 aggregates form
and cause neurodegeneration remains poorly understood. Cyclophilin A, also known as peptidyl-prolyl cis-trans
isomerase A (PPIA), is a foldase and molecular chaperone. We previously found that PPIA interacts with TDP-43
and governs some of its functions, and its deficiency accelerates disease in a mouse model of amyotrophic lateral
sclerosis.
Here we characterized PPIA knock-out mice throughout their lifespan and found that they develop a neurodege-
nerative disease with key behavioural features of frontotemporal dementia, marked TDP-43 pathology and late-
onset motor dysfunction.
In the mouse brain, deficient PPIA induces mislocalization and aggregation of the GTP-binding nuclear protein
Ran, a PPIA interactor and a master regulator of nucleocytoplasmic transport, also for TDP-43. Moreover, in ab-
sence of PPIA, TDP-43 autoregulation is perturbed and TDP-43 and proteins involved in synaptic function are
downregulated, leading to impairment of synaptic plasticity. Finally, we found that PPIA was downregulated in
several patients with amyotrophic lateral sclerosis and amyotrophic lateral sclerosis-frontotemporal dementia,
and identified a PPIA loss-of-function mutation in a patient with sporadic amyotrophic lateral sclerosis . The mu-
tant PPIA has low stability, altered structure and impaired interaction with TDP-43.
These findings strongly implicate that defective PPIA function causes TDP-43 mislocalization and dysfunction and
should be considered in future therapeutic approaches.
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Introduction
TAR DNA-binding protein-43 (TDP-43), encoded by the TARDBP
gene, is a predominantly nuclear RNA/DNA-binding protein that
exerts vital functions in various steps of RNA metabolism, shut-
tling between the nucleus and the cytoplasm.1 To do that, TDP-43
physiological levels and correct localization have to also be tightly
controlled through autoregulation.2,3

Cytoplasmic mislocalization of TDP-43 and aggregation of its
hyperphosphorylated, ubiquitinated and C-terminal fragmented
forms are common histopathological hallmarks of the amyotroph-
ic lateral sclerosis (ALS) and frontotemporal dementia (FTD) dis-
ease spectrum.4,5 TDP-43 proteinopathy is observed in �97% of
ALS and �50% of FTD patients, in brain and spinal cord, but also in
peripheral blood mononuclear cells (PBMCs).6,7 TARDBP mutations
in ALS and FTD cases have established a direct link between TDP-
43 abnormalities and neurodegeneration. However, the molecular
mechanism by which TDP-43 aggregates form and cause neurode-
generation remains poorly understood. Besides impairments in
RNA and protein homeostasis, nucleocytoplasmic transport
defects are emerging as converging disease mechanisms in ALS/
FTD.8,9 Therapeutic interventions aiming to target the triad of
TDP-43 control, i.e. autoregulation, nucleocytoplasmic transport
and aggregation, is viewed as a promising strategy to prevent
neurodegeneration.10

Cyclophilin A/peptidyl-prolyl cis-trans isomerase A (PPIA) is
highly expressed in the CNS, where it localizes mainly in neu-
rons.11 Despite its abundance, its primary function in the CNS
remains largely undefined. PPIA is involved in several cellular
processes with double-edged functions. Inside the cells it is mainly
beneficial. Besides promoting de novo protein folding,12 it acts as a
molecular chaperone and protects against oxidative stress and
protein misfolding.13–15 PPIA interacts with heterogeneous nuclear
ribonucleoproteins (hnRNPs), regulates their nucleocytoplasmic
transport and plays a role in the stability of the RNP com-
plexes.13,16 PPIA interacts with TDP-43 and governs some of its
functions.13 In particular, it influences TDP-43 binding to its RNA
targets affecting the expression of genes, such as HDAC6, ATG7,
VCP, FUS and GRN, involved in the clearance of protein aggregates,
and/or mutated in ALS and FTD13. Since PPIA Lys-acetylation
favours the interaction with TDP-43, a post-translational regula-
tion is hypothesized. Extracellularly, PPIA behaves as a proinflam-
matory cytokine.17 Aberrantly secreted in response to stress, PPIA

activates an EMMPRIN/CD147-NF-jB-MMP-9 pathway, promoting
neuroinflammation and selective motor neuron death.18

Although PPIA has been studied in connection with several
human diseases, some neurodegenerative, its role in pathogenesis
has not been established.19 We first reported that PPIA is altered in
ALS.20–22 In particular, we observed that PPIA accumulates in
Triton-insoluble protein aggregates from the spinal cord in ALS
mouse models and sporadic patients.20 Next, we reported that low
levels of soluble PPIA in PBMCs of ALS patients are associated with
early onset of the disease23 and short disease duration.7 In agree-
ment with this, PPIA deficiency exacerbated aggregation and accel-
erated disease progression in a mutant SOD1 mouse model of
ALS.13 However, selective inhibition of extracellular PPIA protected
motor neurons, reduced neuroinflammation and increased
survival.18

In previous work, we noted that PPIA knock-out (PPIA–/–) mice
presented features of TDP-43 pathology but with no overt clinical
phenotype up to 4 months of age.13 Here we have characterized
PPIA–/– mice neuropathologically and behaviourally throughout
their entire lifespan and found that they develop a neurodegenera-
tive disease with marked TDP-43 pathology. PPIA is also defective
in several sporadic ALS and ALS-FTD patients, and a rare loss-of-
function PPIA mutation was identified in an ALS patient, support-
ing its involvement in the aetiopathogenesis.

Materials and methods
Animal model

Procedures involving animals and their care were conducted in
conformity with the following laws, regulations, and policies gov-
erning the care and use of laboratory animals: Italian Governing
Law (D.lgs 26/2014; Authorization 19/2008-A issued 6 March, 2008
by Ministry of Health); Mario Negri Institutional Regulations and
Policies providing internal authorization for persons conducting
animal experiments (Quality Management System Certificate,
UNIENISO9001:2008, Reg. No. 6121); the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals (2011
edition), and European Union directives and guidelines (EEC
Council Directive, 2010/63/UE). The Mario Negri Institutional
Animal Care and Use Committee and the Italian Ministry of Health
(Direzione Generale della Sanità Animale e dei Farmaci Veterinari,
Ufficio 6) prospectively reviewed and approved the animal
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research protocols of this study (protocol no. 14–02/C and 9F5F5.60)
and ensured compliance with international and local animal wel-
fare standards.

PPIA–/– mice were originally generated and characterized as
described.24,25 We obtained PPIA–/– mice (strain 129S6/SvEvTac
Ppiatm1Lubn/Ppiatm1Lbn; stock no. 005320) from the Jackson
Laboratory; they were maintained on a 129S6/SvEvTac back-
ground. The PPIA–/– mice on 129S6/Sv genetic background and cor-
responding PPIA+/+ littermates were used for micro-CT, MRI,
immunohistochemistry, biochemistry, long-term potentiation,
rotarod, grid test and extension reflex, and are hereafter referred

to as PPIA–/– mice. PPIA–/– mice on C57BL/6J genetic background
(C57_PPIA–/– mice), kindly provided by Dr Bradford C. Berk
(University of Rochester Medical Center, Rochester, NY, USA), and
corresponding PPIA+/+ littermates, were used for cognitive tests
(open field, elevated-plus maze, three-chamber sociability, Morris
water maze, and novel object recognition). Animals were bred and
maintained at the Istituto di Ricerche Farmacologiche Mario Negri
IRCCS, Milano, Italy, as described in the Supplementary material.

Micro-CT and MRI

Micro-CT and MRI analysis were done essentially as previously
described.26,27 Further details are reported in the Supplementary
material.

Immunohistochemistry

Immunohistochemistry was done on coronal sections of brain for
TDP-43, phosphorylated TDP-43 (pTDP-43), glial fibrillary acidic
protein (GFAP), Iba-1, and GTP-binding nuclear protein Ran (Ran)
as described in the Supplementary material. Nissl staining was
done on brain and lumbar spinal cord sections, as described in the
Supplementary material.

Neurofilament light chain measurements

Plasma samples were collected from PPIA+/+ and PPIA–/– mice in
K2-EDTA BD Microtainer blood collection tube and centrifuged at
5000g for 5 min to isolate plasma sample. Plasma neurofilament
light chain (NFL) concentration was measured using the SimoaVR

NF-lightTM Advantage (SR-X) Kit (no. 103400) on the Quanterix SR-
XTM platform with reagents from a single lot, according to the
protocol issued by the manufacturer (Quanterix Corp).

Subcellular fractionation

Nuclear and cytoplasmic fractions were isolated from mouse cor-
tex and cerebellum essentially as described.13,18 Further details are
reported in the Supplementary material.

Extraction of detergent-insoluble proteins

Mouse tissues were homogenized and the Triton-insoluble frac-

tion was obtained essentially as described by Lauranzano et al.13

Quantification of the insoluble and soluble protein fractions was
done as described in the Supplementary material.

Immunoblotting

Western blot and dot blot were done as previously described.7,20

The antibodies used for immunoblot are reported in the
Supplementary material.

Real-time PCR

The total RNA from mouse cortex and human PBMC was extracted
using the RNeasyVR Mini Kit (Qiagen) and real-time PCR was done
as described in the Supplementary material.

Long-term potentiation analysis

Coronal brain slices (350 mm) were cut and processed for long-term
potentiation (LTP) recordings as described in the Supplementary
material.

Behavioural analysis

In this study, both male and female mice were tested, at 6 and
12 months of age. All behavioural tests were done at the same time
of day, in the afternoon. Mice were allowed to habituate to the test
room for at least 1 h. Test environments were thoroughly cleaned
between test sessions and males were tested before females. The
open field, elevated-plus maze, three-chamber sociability, Morris
water maze and novel object recognition test used Ethovision XT,
5.0 software (Noldus Information Technology, Wageningen, The
Netherlands) to record the parameters. Further details are
described in the Supplementary material.

Muscle atrophy

Tibialis anterior muscles were freshly dissected, as previously
described,28 immediately frozen and weighted on an analytical
balance with 0.1 mg readability and 0.2 mg linearity (Crystal series,
Gibertini). To evaluate muscle atrophy, the weight of the muscle
was normalized to mouse body weight.

Participants in the study

Informed written consent was obtained from all participants
involved and the study was approved by the ethics committee of
Azienda Ospedaliero Universitaria Città della Salute e della Scienza,
Turin and ICS Maugeri IRCCS, Milano. The diagnosis of ALS was
based on a detailed medical history and physical examination, and
confirmed by electrophysiological evaluation. Inclusion criteria for
ALS patients were: (i) 18–85 years old; and (ii) had a diagnosis of def-
inite, probable or laboratory-supported probable ALS, according to
revised El Escorial criteria.29 Exclusion criteria were: (i) diabetes or
severe inflammatory conditions; (ii) active malignancy; and (iii)

pregnancy or breast-feeding. ALS patients underwent a battery of
neuropsychological tests and were classified according to the con-
sensus criteria for the diagnosis of frontotemporal cognitive and be-
havioural syndromes in ALS.30–32 We analysed clinical samples from
three independent cohorts of ALS patients and control participants
(Cohorts 1–3), totalling 151 ALS patients and 128 healthy partici-
pants. The characteristics of the patients and controls are described
in Supplementary Table 1.

Isolation of peripheral blood mononuclear cells and
plasma

Blood was drawn by standard venipuncture into VacutainerVR Plus
Plastic K2EDTA Tubes (Becton, Dickinson and Company) and kept
at 4�C until shipment to the Istituto di Ricerche Farmacologiche
Mario Negri IRCCS. PBMCs were isolated from ALS patients and
healthy individuals, as previously described.7 Further details are
described in the Supplementary material.
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Mutation screening

We examined a cohort of 959 ALS patients from Northern Italy and
677 healthy controls matched by age, sex and geographical origin.
Informed written consent was obtained for all participants, and
the study was approved by the ethics committees involved.
Whole-genome sequencing was done at The American Genome
Center (Uniformed Services University, Walter Reed National
Military Medical Center campus, Bethesda, MD, USA) as described
in the Supplementary material.

Molecular dynamics simulations

The structure of wild-type PPIA was retrieved from PDB 1CWA.
The mutant form was generated by swapping the lysine 76 with
glutamate using UCSF Chimera.33 Molecular dynamics simulations
were carried out as described in the Supplementary material.

Comparative analysis with retrospective cohort

To compare protein levels of the PPIA K76E patient with the retro-
spective cohort analysed in Luotti et al.7 PBMCs were isolated and
proteins extracted exactly as previously reported.7 Slot blot ana-
lysis was done with the same internal standard as the previous
work, which is a pool of all samples in the analysis.
Immunoreactivity was normalized to Red Ponceau staining (Fluka)
and to the immunosignal of the internal standard.

AlphaLISA assay of MMP-9

The level of MMP-9 in plasma was measured with an AlphaLISA
kit for the human protein (no. AL3138, PerkinElmer). AlphaLISA
signals were measured using an Ensight Multimode Plate Reader
(PerkinElmer).

Cell and molecular biology procedures

Mutant PPIA cloning, cell culture, transfection and treatments
were done as described in the Supplementary material.

Immunoprecipitation

Magnetic beads coupled with sheep polyclonal antibodies anti-
rabbit IgG (Dynabeads, Invitrogen) were used for co-immunopre-
cipitation studies. Cells were lysed in 50 mM Tris-HCl, pH 7.2, 2%
CHAPS, protease inhibitor cocktail (Roche) and quantified with
the BCA protein assay (Pierce). Proteins (500 mg) were diluted to
0.5 mg/ml with lysis buffer. Magnetic beads with coupled sheep
antibodies antirabbit IgG (DynabeadsVR M280; Invitrogen) were
washed with 0.5% bovine serum albumin immonuglobulin-free
(BSA Ig-free) in PBS to remove preservatives. Then 3 lg of rabbit
polyclonal antihuman TDP-43 primary antibody (Proteintech;
RRID: AB_2200505) or rabbit polyclonal antihuman Ran primary
antibody (Abcam) was incubated with 20 ll of antirabbit IgG-con-
jugated Dynabeads for 2 h at 4�C in 0.1% BSA/PBS.
Immunoprecipitation and analysis of the proteins are described
in the Supplementary material.

Statistical analysis

Prism 7.0 (GraphPad Software Inc., San Diego, CA) was used. For
each variable, the differences between experimental groups were
analysed by Student’s t-test, or one-way ANOVA followed by post
hoc tests. Pearson’s correlation coefficient (r) was calculated to
measure the linear strength of the association between PPIA and
TDP-43 total protein levels. Two-way ANOVA followed by the
Bonferroni post hoc test was used to analyse rotarod, grid,

extension reflex and body weight of PPIA–/– mice and controls.
Survival curves were analysed using a log-rank Mantel–Cox test. P-
values below 0.05 were considered significant.

Data availability

The whole-genome sequence data is publicly available on dbGaP
at phs001963. The other data that support the findings of this
study are available within the paper and Supplementary
material. Raw data have been deposited in the Zenodo public re-
pository (https://doi.org/10.5281/zenodo.5730038).

Results
PPIA is defective in patients with sporadic ALS

In PBMCs of ALS patients we detected a low level of Lys-acetylated
PPIA.13 We also observed, an impaired soluble/insoluble partition-
ing of PPIA and TDP-43 in PBMCs of a relatively large cohort of
sporadic ALS and ALS-FTD patients in comparison with healthy
control participants, with significant accumulation of PPIA and
TDP-43 in the insoluble fraction and substantially less PPIA in the
soluble fraction.7 Here we measured the total PPIA and TDP-43 pro-
tein levels in the retrospective cohort (Cohort 1, Supplementary
Table 1). PPIA was significantly lower than controls, while TDP-43
did not differ (Fig. 1A and B). We checked whether this reflected
downregulation of the PPIA gene. There was in fact significant
downregulation of PPIA at the mRNA level too, in an independent
cohort of sporadic ALS patients compared to healthy controls
(Cohort 2, Supplementary Table 1), and only a tendency to lower
TARDBP mRNA (Fig. 1C and D). Finally, we detected a significant,
although weak, positive correlation (r = 0.3, P = 0.01) between PPIA
and TDP-43 total protein levels.

In conclusion, defective PPIA is a common feature of ALS and
ALS-FTD patients and could trigger TDP-43 pathology.

PPIA–/– mice display neuropathological alterations,
worsening with age

To explore PPIA’s impact on TDP-43 biology we did deep character-
ization of PPIA–/– mice throughout their lifespan. In our previous
studies PPIA–/– mice had a higher burden of Triton-insoluble phos-
phorylated TDP-43 (insoluble pTDP-43) in the spinal cord and brain
cortex already at 4 months of age.13 We detected no motor neuron
loss18 and no motor phenotype (Supplementary Fig. 1A and B), but
there was a tendency to kyphosis (Supplementary Fig. 1C).

To see whether these were prodromal signs of neurodegenera-
tion, we carried out a neuropathological analysis of older PPIA–/–
mice. Quantitative MRI was done longitudinally on PPIA–/– and
PPIA+/+ mice at 6 and 12 months. PPIA–/– mice had a smaller total
brain volume than controls, with the most marked difference at
12 months (–13%) (Supplementary Fig. 1D).

Next, we verified the effect of PPIA depletion on hippocampus,
cortex and cerebellum, adjusting for total brain volume (Fig. 2
and Supplementary Fig. 1). PPIA–/– mice had a significantly
smaller hippocampus than PPIA+/+ mice at 6 and 12 months
(Fig. 2A). There was also a reduction of the relative volume with
age, independently from the genotype, slightly more marked in
PPIA–/– mice (–23% versus –21%). The cortex volume of PPIA–/–
mice was also smaller than in PPIA+/+ mice, but less so (3% and
10% smaller at 6 and 12 months of age, respectively), and the dif-
ference was significant only at 12 months (Fig. 2B). However,
PPIA–/– mice had significant cortex atrophy at 12 compared to
6 months (–16%); this was less marked in control mice (–10%). In
contrast, cerebellum relative volume did not significantly differ
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in PPIA–/– mice and controls and did not change with age
(Supplementary Fig. 1E).

To investigate whether brain atrophy reflected neuronal loss
we did a histological analysis on the hippocampus and cortex
(Fig. 2C and D). There were substantially fewer Nissl-positive neu-
rons in the hippocampus CA1 region of PPIA–/– mice than in con-
trols at 6 and 12 months, and this tended to be more pronounced
at 12 months (Fig. 2C). In the cortex PPIA–/– mice had fewer Nissl-
positive neurons than controls at 6 and 12 months, but this was
significant only at 12 months (Fig. 2D). They also had significantly
greater neuron loss at 12 months than at 6 months, similarly to the
MRI picture. The progressive neurodegenerative process in PPIA–/–
mice was also confirmed by the plasma NFL level, a marker of
neuro-axonal damage, which increased substantially with age
compared to controls from 6 months (Fig. 2E).

We next examined the glial response in the hippocampus and
cortex of PPIA–/– mice (Fig. 2F and Supplementary Fig. 1F and G).
In the hippocampus, PPIA deficiency tended to increase astroglial
activation at 12 months (Fig. 2F), but had no effect on microglia
(Supplementary Fig. 1F). In the cortex, PPIA deficiency did not af-
fect either astroglia or microglia (Supplementary Fig. 1G), confirm-
ing PPIA role in microglial activation and the neuroinflammatory
response.18

To explore whether the neuropathological alterations were
associated with TDP-43 pathology, we did biochemical and immu-
nohistochemistry analyses for TDP-43 and pTDP-43 in brains of
PPIA–/– mice and controls at 6 and 12 months of age (Fig. 3 and
Supplementary Fig. 2). In the cortex of PPIA–/– mice there was a
significant increase in pTDP-43 in the cytoplasm and a concomi-
tant decrease of TDP-43 in the nucleus compared to controls

already at 6 months (Fig. 3A), while we saw no change in cerebel-
lum (Supplementary Fig. 2A). We analysed the Triton-insoluble
protein fraction from brain cortex of PPIA–/– and PPIA+/+ mice and
found that in PPIA–/– mice there was significantly larger number
of insoluble proteins, TDP-43 and pTDP-43 (Supplementary Fig. 2B–
D). We also analysed other proteins associated with ALS/FTD that
interact with TDP-43 in RNP complexes and/or stress granules
(Supplementary Fig. 2E and F). In the absence of PPIA, there was a
higher level of insoluble hnRNPA2/B1 and TIA1, confirming the
negative effect of deficient PPIA folding/refolding activity in the
brain.13

Finally, we examined TDP-43 fragmentation in soluble and in-
soluble brain cortex fractions (Fig. 3B). Characteristic C-terminal
35- and 25-kDa TDP-43 fragments were abundant, mainly in the in-
soluble fraction. While TDP-43 bands at 43 and 35 kDa, respective-
ly, slightly decrease (–6%) and increase ( + 12%) in PPIA–/– mice, but
not significantly (data not shown), the 25-kDa TDP-43 fragment
accumulated substantially ( + 61%). As often happens in patients
with ALS/FTD,34,35 the burden of TDP-43 C-terminal fragments is
greater than that of full-length TDP-43 and the 25 kDa accumulates
more than the 35 kDa fragment, probably because it is less readily
degraded.36

To explore TDP-43 pathology and C-terminal TDP-43 frag-
ments, we did a histopathological analysis with an antibody that
targets the C-terminus of the protein.37 At 12 months of age, there
was a widespread TDP-43 signal in different brain regions of
PPIA–/– mice, with higher intensity in hippocampus and cortex,
that accumulates in aggregated structures (Fig. 3C–E). We con-
firmed the presence of TDP-43 inclusions in PPIA–/– brain regions
using a pTDP-43 antibody that targets the C-terminus, does not

Figure 1 PPIA is downregulated in sporadic ALS patients. (A and B) Total PPIA (A) and TDP-43 (AB_2200505) (B) protein levels were analysed in PBMCs
from ALS patients and healthy participants of a retrospective cohort7 (Cohort 1, Supplementary Table 1). Scatter dot plots (mean SD; PPIA: n = 89
healthy controls, n = 74 ALS patients; TDP-43: n = 69 healthy controls, n = 65 ALS patients) are percentages of healthy controls and the dotted lines in-
dicate the median of healthy controls; *P5 0.05 versus healthy controls, Student’s t-test. (C and D) Real-time PCR for PPIA (C) and TARDBP (D) mRNA
transcripts in PBMCs of ALS patients and healthy participants (Cohort 2, Supplementary Table 1). Data (mean SD; n = 19 healthy participants; n = 21
ALS patients) are normalized to b-actin and expressed as percentages of the healthy control relative mRNA. Dotted lines indicate the median of
healthy controls; *P5 0.05 versus healthy controls, Student’s t-test.
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react with physiological nuclear TDP-43 but identifies only patho-
logical brain lesions38,39 (Fig. 3F and G and Supplementary Fig. 2G
and H). Finally, we performed immunohistochemistry with an
antibody that recognizes the N-terminus and the central region of
the protein.37 As expected, we found that in PPIA+/+ and PPIA–/–

mice the TDP-43 staining is mainly localized in the nucleus, but in
the PPIA–/– mice, in many cases, nuclear clearing was observed
(Supplementary Fig. 2I).

We concluded that PPIA deficiency induces a clear-cut neuro-
pathological phenotype in the mouse brain, with marked TDP-43

Figure 2 PPIA–/– mice show progressive neuropathological alterations. (A and B) The volume of hippocampus (A) and cortex (B) was measured using
quantitative MRI in PPIA+/+ and PPIA–/– mice, at 6 and 12 months (mo) of age. Representative MRI images of PPIA+/+ and PPIA–/– brain regions at
12 months are shown. The white dashed lines indicate the region of interest considered for MRI quantification. Scale bar = 1 mm. The volume of
hippocampus and cortex were adjusted for total brain volume and data are expressed as relative volume, mean SD (n = 5 or 6 in each experimental
group). (C and D) Depletion of PPIA induces progressive neuron loss. Neurons in CA1 region (C) and cortex (D) were counted in PPIA+/+ and PPIA–/–
mice at 6 and 12 months. Representative Nissl-stained brain section are shown. Scale bar = 50 mm. Mean SD (n = 5, CA1 region; n = 4, cortex). (E) NFL
plasma levels were analysed in PPIA+/+ and PPIA–/– mice at 3, 6 and 12 months. Data are mean SD (n = 4 or 5 in each experimental group); *P5 0.05
versus PPIA+/+ mice and #P5 0.05 versus the 3 months, by one-way ANOVA, uncorrected Fisher’s least significant difference (LSD) post hoc test. (F)
GFAP-immunostaining in hippocampus was quantified in PPIA+/+ and PPIA–/– mice at 6 and 12 months. Representative GFAP-stained brain sections
are shown. Scale bar = 50 mm. Data (mean SD; n = 4 or 5 in each experimental group) are percentages of the PPIA+/+; (A–D and F) *P5 0.05 versus the
PPIA+/+ mice and #P4 0.05 versus the 6 months, by one-way ANOVA, Tukey’s post hoc test.
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Figure 3 TDP-43 pathology in hippocampus and cortex of PPIA–/– mice. TDP-43 pathology was analysed by biochemical (A and B) and histological (C–
G) approaches, at 6 and 12 months. (A) Equal amounts of nuclear and cytoplasmic fractions from cortex of PPIA+/+ and PPIA–/– mice were analysed
by western blot for TDP-43 (left; AB_2200505) and pTDP-43 (right; AB_1961900). Representative western blots are shown. Data (mean SD; n = 5 in each
experimental group) indicates the immunoreactivity normalized to total protein loading, in arbitrary units (A.U.); *P5 0.05 versus PPIA+/+ mice
Student’s t-test. (B) Representative western blot of TDP-43 (AB_2200505) in soluble and insoluble fractions from cortex of PPIA+/+ and PPIA–/– mice
and quantification of the 25 kDa TDP-43 fragment are shown. Data (mean SD, n = 4–6 in each experimental group) are percentages of immunoreactiv-
ity in PPIA+/+ insoluble fraction; *P5 0.05 versus the PPIA+/+ mice by one-way ANOVA, Tukey’s post hoc test. (C) Diffuse TDP-43 immunostaining
(AB_2200505) was observed in brains of PPIA–/– mice at 12 months compared to PPIA+/+. Scale bar = 1 mm. (D) In hippocampus of PPIA–/– mice, there
were TDP-43 inclusions in the pyramidal layer of CA3 and CA1 (1–2), in the granule cell layer of dentate gyrus (3–4), in stratum radiatum of CA1 (5–6)
and in stratum oriens of CA3 and CA1 (7–8). D(ii, iv, vi and viii) are magnified images of the dashed area in D(i, iii, v and vii), respectively. Scale bar =
50 mm in D(vii and viii); 25 mm in D(i, iii and v); 20 mm in D(ii); 10 mm in iv and vi. (E) PPIA–/– mice had TDP-43 inclusions in the somatosensory (1–6)
and temporal cortex (7–8). E(ii, iii, v, vi and viii) are magnified images of the dashed area in E(i, iv and vii). Scale bar = 50 mm in E(i, iv and vii); 20 mm in
E(iii and viii); 10 mm in E(ii, v and vi). (F and G) pTDP-43 immunostaining (AB_1961900) was analysed in hippocampus (F) and cortex (G) of PPIA–/– mice
and control PPIA+/+ mice (Supplementary Fig. 2G and H) at 12 months. (F) pTDP-43 inclusions are widespread in the CA1 pyramidal layer (1–2),
stratum oriens (or) of CA1 (3), stratum radiatum (rad) of CA3 (4–6) and subiculum (sub) (7–9). F(ii, iii, v, vi, viii and ix) are magnified images of the
dashed area in F(i, iv and vii). Scale bar = 50 mm in F(i, iv and vii); 25 mm in F(v, viii and ix); 20 mm in F(ii, iii and vi). (G) pTDP-43 staining was observed
in the somatosensory (i) and auditory-temporal (ii and iii) cortex. Scale bar = 20 mm.

3716 | BRAIN 2021: 144; 3710–3726 L. Pasetto et al.

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab333#supplementary-data


Figure 4 PPIA deficiency affects proteins involved in nucleocytoplasmic transport, TDP-43 autoregulation and synaptic function. (A) Dot blot analysis
for Ran-soluble and -insoluble protein in cortex of PPIA+/+ and PPIA–/– mice at 6 months of age. Data (mean SD; n = 4 or 5 in each experimental group)
are normalized to protein loading and expressed as percentages of total protein, of Ran in soluble and insoluble fractions. Representative dot blots
are shown. (B) Ran immunostaining in somatosensory cortex of PPIA+/+ [B(i and ii)] and PPIA–/– [B(iii–vi)] mice at 6 months of age. Ran in PPIA+/+
mice is mainly nuclear [B(ii) arrows], while in PPIA–/– mice is present also in the cytoplasm [B(iv) arrows], and occasionally forms perinuclear inclu-
sions [B(vi) arrows]. B(ii, iv and vi) are magnified images of the dashed area in B(i, iii and v). Scale bar = 25 mm. (C–E) Real-time PCR for Grn (C) and
Tardbp (D) mRNA transcripts and dot blot analysis for TDP-43 total protein (AB_2200505) (E), in cortex of PPIA+/+ and PPIA–/– mice at 6 months. (C and
D) Data (mean SD; n = 5) are normalized to b-actin and expressed as percentages of PPIA+/+ relative mRNA. (E) Data (mean SD, n = 6) are normalized
to protein loading and are percentages of immunoreactivity in PPIA+/+ mice. Representative dot blots are shown. (F) Real-time PCR for Tardbp intron
7 exclusion in cortex of PPIA+/+ and PPIA–/– mice at 6 months. Data (mean SD; n = 4 or 5 in each experimental group) are normalized to b-actin and
expressed as percentages of PPIA+/+ relative mRNA; (A and C–E) *P4 0.05 versus PPIA+/+ mice, Student’s t-test. (G and H) Dot blot analysis of synapto-
physin (G) and PSD95 (H) in cortex of PPIA+/+ and PPIA–/– mice at 6 and 16 months. Immunoreactivity was normalized to protein loading.
Representative dot blots are shown. Data (mean SD, n = 3 or 5 in each experimental group) are percentages of immunoreactivity in PPIA+/+ mice;
*P5 0.05 versus PPIA+/+ mice and #P5 0.05 versus 6 months, by one-way ANOVA, uncorrected Fisher’s LSD post hoc test (G) and Tukey’s post hoc test
(H). (I) CA1 LTP induced with theta burst stimulation was lower in PPIA–/– mice (rectangle) than PPIA+/+ mice (circles) at 16 months. Data were ana-
lysed with two-way ANOVA for repeated measures, P5 0.05 (n = 6). Representative traces recorded in slices from PPIA+/+ and PPIA–/– mice, before
and after theta burst stimulation, are shown. fEPSP = field excitatory postsynaptic potential.
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pathology and other alterations related to protein and RNA
homeostasis, getting worse with age.

PPIA deficiency affects proteins involved in
nucleocytoplasmic transport, TDP-43 autoregulation
and synaptic function

PPIA is a foldase and a molecular chaperone potentially for a wide
range of substrates and interacts with Ran.13 TDP-43 requires func-
tional Ran for import into the nucleus and regulates its expres-
sion.40 In the cortex of PPIA–/– mice, Ran total protein level did not
differ from controls (data not shown). However, Ran increased sub-
stantially ( + 69%) in the detergent-insoluble fraction and
decreased in the soluble fraction (–38%) (Fig. 4A), accumulated in
the cytoplasm and occasionally formed perinuclear inclusions
(Fig. 4B), already at 6 months of age. These findings may indicate
that depletion of the folding/refolding activity of PPIA is at the
basis of the reduced solubility and altered localization of Ran and
contributes to defective nucleocytoplasmic transport.

PPIA deficiency affects the expression of a number of TDP-43
RNA targets, including GRN.13 GRN mutations in patients result in
haplo-insufficiency and Grn knock-out mice present an FTD-like
phenotype associated with synaptic dysfunction.41 We verified
whether knocking out PPIA influenced Grn expression in the brain
cortex of the mice. Grn mRNA levels were slightly but significantly
lower in PPIA–/– mice than controls (Fig. 4C). Surprisingly, TDP-43
at mRNA and protein levels was also lower in PPIA–/– mice than
controls (Fig. 4D and E). TDP-43 adjusts its own expression by
binding sequences within the 30 UTR of its own transcript, promot-
ing processing of alternative introns (e.g. intron 7) and mRNA de-
stabilization.2,3 We found a 45% increase in the exclusion of Tardbp
intron 7 in PPIA–/– compared to PPIA+/+ mice (Fig. 4F). This sug-
gests that PPIA deficiency may also interfere with the mechanism
of TDP-43 autoregulation leading to TDP-43 downregulation.

Substantial depletion of Tardbp causes Grn upregulation3,42

(Supplementary Fig. 3A), suggesting that in normal conditions
TDP-43 has a destabilizing effect on the Grn transcript. In PPIA–/–
mice the mild downregulation of Tardbp is associated with mild
Grn downregulation. Similar results were obtained in cell lines by
mild TDP-43 silencing (Supplementary Fig. 3B and C), indicating
that a different mechanism probably takes place. Further studies
are warranted.

Tardbp depletion in brain downregulates genes involved in syn-
aptic function.3 To assess whether Grn and Tardbp downregulation
was associated with synaptic dysfunction, we first measured the
levels of synaptophysin and PSD95, markers of pre- and postsy-
naptic structures, in the cortex of PPIA–/– mice and controls at 6
and 16 months of age (Fig. 4G and H). Both synaptophysin and
PSD95 were lower in PPIA–/– than PPIA+/+ mice. Next, we made
extracellular field recordings of excitatory postsynaptic potentials
in the CA1 hippocampal region of PPIA–/– mice at 16 months of age
compared to controls. LTP induced with theta burst stimulation
had a smaller amplitude in PPIA–/– mice (Fig. 4I), suggesting im-
pairment of synaptic plasticity in the hippocampus.

PPIA–/– mice develop cognitive, behavioural
impairments and late-onset motor neuron disease

We checked whether PPIA deficiency, besides compromising neur-
onal functions, promotes cognitive, behavioural and motor impair-
ments. Since mice on a 129S6/Sv genetic background do not
perform well in cognitive tasks,43 C57_PPIA–/– mice were used for
these experiments. We first confirmed that also C57_PPIA–/– mice
display TDP-43 pathology (Supplementary Fig. 4). Next, we found
that C57_PPIA–/– mice showed no exploratory abnormalities, as

they spent the same time as C57_PPIA+/+ mice in the inner zone in
the open field test, at both 6 and 12 months of age (Fig. 5A). In the
elevated-plus maze paradigm C57_PPIA–/– mice showed less anx-
iety and more disinhibition as they spent twice the time in the
open arms compared with controls (Fig. 5B). This behaviour is lost
with time.

We used the three-chamber test to examine sociability and so-
cial memory in C57_PPIA–/– mice. C57_PPIA–/– mice at 6 months
spent twice the time of controls sniffing the stranger than the
empty cage (Fig. 5C), suggesting a more social attitude. However,
at 12 months C57_PPIA–/– mice behaved differently, spending the
same time with the stranger and the empty cage and significantly
less time sniffing the stranger compared with mice at 6 months.

Combining the results of the elevated-plus maze and the three-
chamber tests suggests that the greater social attitude of
C57_PPIA–/– mice may be the consequence of greater disinhibition.
During the social recognition memory task, which requires normal
hippocampal function, C57_PPIA–/– mice at 6 months distin-
guished the stranger mouse (Stranger 2) from the familiar one
(Stranger 1) (Fig. 5D), suggesting a normal social memory.
However, at 12 months they no longer did it, suggesting social im-
pairment and hippocampal dysfunction.

To investigate the role of impaired hippocampus in
C57_PPIA–/– mice further, we used the Morris water maze and
novel object recognition tests. C57_PPIA–/– and control mice
showed no differences (Fig. 5E and F), suggesting no memory im-
pairment. However, these tests were developed to study
Alzheimer’s disease-related memory defects in mice and specific
tests for FTD are not available.44 Furthermore, FTD patients also
show mild memory impairments despite the hippocampal
degeneration.45

At 12 months C57_PPIA–/– mice had lower locomotor speed
(Fig. 5G). In PPIA–/– mice, there was no evident motor impairment,
as detected by rotarod and a grid test throughout the lifespan
(Supplementary Fig. 5A and B). However, at 12 months PPIA–/–
mice had mild muscle atrophy (Fig. 5H), from 16 months impaired
extension reflex (Fig. 5I) and from 21 months loss of body weight
(Fig. 5J). These results correlated with gradual loss of motor neu-
rons in the lumbar spinal tract of PPIA–/– mice, which became sig-
nificant in the final stage of the disease (Fig. 5K). Finally, there
was 44 months shorter survival of PPIA–/– mice than PPIA+/+
mice (702 90 days versus 837 107 days) (Fig. 5L).

In summary, mice knock-out for PPIA present cognitive, behav-
ioural and motor impairments reminiscent of ALS-FTD in patients.

Identification of a PPIA loss-of-function mutation in
a patient with sporadic ALS

We identified an ALS patient with a heterozygous PPIA missense
mutation (NM_021130:c.226A4G.; p.K76E) in an evolutionarily con-
served region of the protein (Fig. 6A). To our knowledge, the PPIA:
p.K76E is a novel variant absent in the large population dataset
gnomAD v2.1.1, in our internal control cohort of 677 healthy partic-
ipants, matched by age and ancestry, and in the large ALS/FTD
dataset ProjectMine (http://databrowser.projectmine.com/). The
patient had difficulty walking at age 56 and slowly progressed to
weakness and spasticity of the lower limbs. Neurological examin-
ation revealed increased deep tendon reflex in all extremities and
pathological reflexes, including bilateral Hoffman sign and
Babinski sign. No additional neurological or systemic abnormal-
ities were detected. The EMG showed signs of lower motor neuron
involvement in the upper and lower limbs. Genetic screening for
mutations in the most common ALS genes and in a large panel of
hereditary spastic paraplegia genes was negative. Appropriate
investigations excluded other diseases, and motor impairment
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Figure 5 PPIA–/– mice present cognitive, behavioural and motor function deficits. (A) Open field: C57_PPIA+/+ and PPIA–/– mice spent similar time in
the inner zone both at 6 (n = 10) and 12 months of age (n = 10 C57_PPIA+/+, n = 8 C57_PPIA–/–). (B) Elevated-plus maze: C57_PPIA–/– mice spent more
time than controls in open arms (n = 10 C57_PPIA+/+ and PPIA–/– at 6 months, n = 7 C57_PPIA+/+ and n = 5 C57_PPIA–/– at 12 months) at 6, but not at
12 months of age. (C and D) Three-chamber sociability test. In the sociability trial (C), C57_PPIA–/– mice spent more time than controls sniffing
Stranger 1 than empty cage at 6, but not 12 months of age (n = 10 C57_PPIA+/+, n = 8 C57_PPIA–/–). In the social memory trial (D), C57_PPIA–/– mice
spent more time sniffing Stranger 2 than Stranger 1, compared to controls, at 6 (n = 10), but not at 12 months (n = 10 C57_PPIA+/+, n = 7 C57_PPIA–/–).
(E) Morris water maze: C57_PPIA–/– and PPIA+/+ mice spent a similar time in the target quadrant (Q1) both at 6 (n = 10) and 12 (n = 10 C57_PPIA+/+,
n = 8 C57_PPIA–/–) months. (F) Novel object recognition test: C57_PPIA+/+ and PPIA–/– mice had similar discrimination indexes (DI) at 6 (n = 8) and 12
(n = 8 C57_PPIA+/+, n = 5 C57_PPIA–/–) months of age. (A–F) Mean SD; *P4 0.05 versus the PPIA+/+ mice and #P5 0.05 versus the 6-month-old control
by one-way ANOVA, Tukey’s post hoc test (A–C, E and F) and uncorrected Fisher’s LSD post hoc test (D). (G) Velocity measurement: C57_PPIA+/+ and
PPIA–/– mice had the same velocity in the open field test at 6 months (n = 10) but at 12 months (n = 10 C57_PPIA+/+, n = 8 C57_PPIA–/–) C57_PPIA–/– had
slower velocity than controls. Data are mean SD and are expressed in cm/s; there was no difference among groups by one-way ANOVA; *P4 0.05 by
Student’s t-test. (H) PPIA–/– mice show mild atrophy of tibialis anterior (TA) muscle at 12 months (n = 20 PPIA+/+, n = 14 PPIA–/– at 6 months, n = 12
PPIA–/– at 12 months). Data (mean SD) are muscle weights as percentage of 6-month-old control; there was no difference among groups by one-way
ANOVA; *P4 0.05 by Student’s t-test. (I) Extension reflex: PPIA–/– mice had less extension of hindlimbs than controls (n = 13 PPIA+/+, n = 14 PPIA–/–).
Mean SEM; *P5 0.05 by two-way ANOVA, Bonferroni’s post hoc test. (J) PPIA–/– mice had greater weight loss than controls from 21 months (n = 13
PPIA+/+, n = 14 PPIA–/–). Mean SEM; *P5 0.05 by two-way ANOVA, Bonferroni’s post hoc test. (K) Quantification of Nissl-stained motor neurons (MNs
4 250 lm2) in lumbar spinal cord hemisections from PPIA+/+ and PPIA–/– mice at 6, 12 and 24 months. Data are mean SD (n = 3 or 4 in each experi-
mental group) and are percentages of PPIA+/+ mice; there was no difference among groups by one-way ANOVA; *P4 0.05 by Student’s t-test. (L)
Kaplan–Meier curve for survival of PPIA+/+ (n = 13) and PPIA–/– mice (n = 14). Log-rank Mantel–Cox test for comparing PPIA+/+ and PPIA–/– mice.
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progressed over time. He was diagnosed with ALS at age 59.
Cognitive testing was normal. No weakness in the upper limbs or
bulbar and respiratory symptoms was reported after 5 years. The
patient reported no family history of neurodegenerative disease,
psychiatric disease or walking impairment.

We analysed TDP-43 partitioning in PBMCs as a surrogate
marker of TDP-43 pathology and found that in the mutant PPIA pa-
tient TDP-43 accumulated in the insoluble fraction like the sporad-
ic ALS and ALS-FTD patients of the retrospective cohort (Fig. 6B;
Cohort 1, Supplementary Table 1), confirming the diagnostic value
of this parameter in PBMCs.7 TARDBP mRNA levels in the PPIA mu-
tant patient were higher than in healthy controls and other ALS
patients, while the protein level tended to be lower than the retro-
spective cohort (Supplementary Fig. 6C and D).

Known PPIA variants have low protein stability and are rapidly
degraded.46 We hypothesized that PPIA K76E could be a loss-of-
function variant. We transfected HEK293 cells with myc-tagged
wild-type PPIA (PPIA WT) and K76E and detected a lower level of

the exogenous mutant protein than in wild-type after 48 h in cul-
ture (Fig. 6C), despite equivalent transfection, as detected in paral-
lel wells by western blot with anti-myc antibody after 24 h in
culture (Fig. 6D, time point 0). The lower stability of the mutant pro-
tein was confirmed by the accelerated degradation over time in cells
treated with an inhibitor of new protein synthesis (Fig. 6D).
Moreover, PPIA total protein levels in PBMCs were lower in the PPIA
mutant patient than in the retrospective cohort7 of healthy partici-
pants (–33%) and ALS patients (–16%) (Supplementary Fig. 6A). PPIA
mRNA levels, however, were higher in the mutant PPIA patient than
in other ALS patients, although lower than in healthy controls
(Supplementary Fig. 6B).

We also examined possible structural differences between PPIA
WT and K76E by molecular dynamics simulations (Fig. 7 and
Supplementary Fig. 7). The analysis identified two regions (resi-
dues 26–30 and 43–45) outlining a-helix 1 in which the conform-
ation of PPIA K76E significantly differed from the wild-type form
(Fig. 7A and B). The mutant protein the 43–45 loop is significantly

Figure 6 PPIA K76E mutant identified in a patient with sporadic ALS. (A) PPIA is evolutionarily highly conserved, 89% of the amino acid residues are
identical in all the species listed. Multiple sequence alignment of PPIA, focused on the mutated lysine in position 76 and surrounding residues, is
shown. The asterisk indicates conserved sites; the colon indicates conservative replacements (amino acids with similar biochemical properties); acid-
ic residues (D, E) are in orange, basic residues (K, R) in blue, small aliphatic residues (I, L) in green, all other residues in grey. (B) Slot blot analysis of
TDP-43 insoluble protein levels was done in PBMCs from the PPIA K76E ALS patient and compared to TDP-43 insoluble levels from ALS patients and
healthy participants of a retrospective cohort (Cohort 1, Supplementary Table 1). Immunoreactivity of the PPIA K76E patient was normalized to total
protein loading and to the internal standard of the retrospective cohort,7 to compare the two analyses. Scatter dot plot (mean SD; n = 76 healthy con-
trols, n = 79 ALS patients and n = 3 technical replicates of the PPIA K76E ALS patient) are percentages of healthy controls and dotted line indicates the
median value of healthy controls; *P5 0.05 versus healthy controls, by one-way ANOVA, Tukey’s post hoc test. (C) PPIA protein level was lower in
HEK293 cells transfected with PPIA K76E mutant than PPIA WT plasmid, after 48 h in culture. Immunoreactivity was normalized to protein loading.
Representative western blots are shown. Data (mean SD; n = 6) are percentages of PPIA WT; *P5 0.05 versus PPIA WT Student’s t-test. (D) PPIA protein
level was lower in HEK293 cells transfected with PPIA K76E mutant than PPIA WT plasmid after treatment with 100 mg/ml cycloheximide (CHX) for 0,
15, 30, 45 and 60 min. Immunoreactivity was normalized to protein loading. Representative western blots are shown. Data (mean SEM; n = 4) are per-
centages of PPIA WT; *P5 0.05 versus PPIA WT, by one-way ANOVA, uncorrected Fisher’s LSD post hoc test. WT = wild-type.
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Figure 7 PPIA K76E shows structural differences from wild-typeand is a loss-of-function mutant. (Aand B) Structural analysis of protein loops com-
posed residues 26–30 (A) and residues 43–45 (B) by molecular dynamics simulation. The protein root mean square deviation (RMSD) of each frame,
computed in comparison to the initial conformation, is plotted as a function of the simulation time [wild-type (WT) blue, K76E orange]. Lines and
filled curves represent the mean and standard error of the RMSD, respectively, computed for the three replicates of the wild-type and mutant protein.
A significant difference between the two variants in loop 26–30 is evident after 400 ns of simulations (A); in the loop 43–45, the difference is clear after
700 ns (B). Three molecular dynamics snapshots sampled at the end of the simulations for the wild-type protein (blue) superimposed on three mo-
lecular dynamics snapshots sampled at the end of the simulations for the K76E variant (orange) are presented below the relative graph. (C) A detail of
the structural variation of loop 43–45, with the probability distribution, computed considering the last 500 ns of dynamics, of the Ca distance between
the residue at the centre of the 43–45 loop (lysine 44) and the residue in the centre of the b-strand 156–165 (aspartate 160). In the simulations of the
K76E variant, the loop spent significantly more time closer to the b-strand 156–165 than the wild-type. The side-chains of the loop-residues face op-
posite directions in the two protein variants, as shown with representative conformations sampled after 1 ls of molecular dynamics and superim-
posed below the graph. Here side-chains of residues E43, K44, G45 and K/E76 are explicitly represented (WT blue, K76 orange), while the positions of
residues I156, D160 and E165 are indicated in grey. (D and E) Cells were transfected with PPIA WT or PPIA K76E construct, or not transfected (NT).
TDP-43 (D) or Ran (E) was co-immunoprecipitated from cells using an anti-TDP-43 polyclonal antibody (AB_2200505) or anti-Ran polyclonal antibody,
respectively, followed by anti-Myc western blot. Controls for immunoprecipitation (IP) experiments: lysate, lysate with magnetic beads linked to the
secondary antibody (beads-IgGII); no AbI, lysis buffer with beads-IgGII; AbI, lysis buffer with beads-IgGII and primary antibody. Western blot anti-
TDP-43 (AB_425904) and anti-Ran show an equal amount of IPed TDP-43 or Ran in PPIA WT, PPIA K76, NT cells. Western blot anti-PDI (D) and anti-
GAPDH (E), performed as negative controls respectively of TDP-43 and Ran co-immunoprecipitations, show no signal in immunoprecipitation fraction
and an immunosignal in input fraction. Representative western blots are shown. (F) AlphaLISA analysis of MMP-9 was done in plasma samples from
the PPIA K76E ALS patient, ALS patients and healthy participants (Cohort 3, Supplementary Table 1). Scatter dot plots are mean SD (n = 20 healthy
controls, n = 51 ALS patients and n = 3 technical replicates of the PPIA K76E ALS patient). The dotted line indicates the median of healthy controls;
*P4 0.05 by one-way ANOVA, uncorrected Fisher’s LSD post hoc test.
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closer to the nearby b-strand (residues 156–165) (Fig. 7C). Since the
K76E mutation lies within a coil in direct contact with helix-1, this
suggested that the effect of the mutation is not only limited to a
local change of electrostatic properties, but could instead result in
a structural alteration of nearby regions essential for catalytic ac-
tivity and protein interaction.47 PPIA has a wide interaction net-
work.13 We tested whether the mutation impaired PPIA interaction
with TDP-43 and Ran by co-immunoprecipitation (Fig. 7D and E).
We found that both TDP-43 and Ran have an aberrant interaction
with PPIA K76E, with a substantial increase in the affinity of both
proteins for the mutant PPIA compared to PPIA WT.

The extracellular form of PPIA is toxic for motor neurons by
activating the EMMPRIN/CD147 receptor and inducing MMP-9 ex-
pression.18 We measured MMP-9 plasma levels in the mutant PPIA
patient and in a cohort of ALS patients and healthy participants
(Fig. 7F; Cohort 3, Supplementary Table 1). While ALS patients had
a higher level of MMP-9 than healthy controls, the PPIA mutant pa-
tient had one of the lowest levels of MMP-9, also suggesting a
reduced toxic extracellular function of PPIA.

We conclude that K76E is a loss-of-function mutation that may
affect both intracellular protective and extracellular toxic PPIA
functions, leading to ALS with a slowly progressive phenotype in
the patient. Further studies directly testing the function of mutant
PPIA are necessary to dissect all possible implications.

Discussion
TDP-43 proteinopathy is a prominent neuropathological feature in
the ALS/FTD disease spectrum that is also seen in a wide range of
neurodegenerative diseases, inherited and sporadic.4 Neither the
factors driving TDP-43 pathology nor its involvement in neurode-
generation have been defined yet. We propose that defective PPIA
is a key factor in the cytoplasmic mislocalization and aggregation
of TDP-43, induces neurodegeneration and is a common feature in
ALS/FTD patients.

PPIA is an evolutionarily conserved foldase and molecular chap-
erone, abundant in the cytoplasm but also present in the nucleus.7,12

Its PPIase activity has been regarded as fundamental in protein fold-
ing and refolding especially under stress conditions.13–15 PPIA was
found entrapped in aggregates isolated from spinal cord and brain
of ALS/FTD patients and mouse models while exerting its protective
function against misfolding.20,48 However, the absence of an overt
phenotype in the PPIA–/– mouse in the work of Colgan et al.24,25 and
its dispensable function in mammalian cells have kept its physio-
logical role enigmatic, especially in the CNS where it is highly
expressed.

In a previous work characterizing the protein interacting net-
work of PPIA under basal conditions we found that it includes sev-
eral proteins involved in RNA homeostasis, hnRNPs and TDP-43.13

We also reported that PPIA regulates key TDP-43 functions, such
as gene expression regulation.13 In fact, knocking down PPIA
affected the expression of TDP-43 RNA targets implicated in FTD/
ALS, such as GRN, VCP and FUS, or in protein clearance, such as
HDAC6 and ATG7. As a consequence, the mutant SOD1 mouse
cross-bred with the PPIA–/– mouse had a more severe disease
phenotype, with more protein aggregation and less survival.
Besides SOD1, TDP-43 and hnRNPs,13 PPIA interacts with other pro-
teins linked to genetic forms of ALS/FTD, such as ubiquilin 2,49 and
Arg-containing dipeptide repeat proteins.50 We therefore con-
cluded that PPIA could be a modifier of ALS/FTD pathology.

In this work, we demonstrate that the loss of PPIA in mice is
sufficient to induce neurodegeneration leading to a clinical pheno-
type of the ALS/FTD spectrum. We also show that PPIA is defective
in several ALS and ALS-FTD patients and that a participant carry-
ing a loss-of-function PPIA mutation develops ALS. Therefore,

besides the general intracellular protective effect under stress, we
provide evidence that PPIA has specific, non-redundant functions
that are particularly relevant for TDP-43 biology.

Deficient PPIA alters the biochemical properties and localiza-
tion of Ran, and this may underlie the impaired TDP-43 nuclear
import. Ran is a master regulator of the nuclear protein import and
is required for most of the proteins that shuttle between the nu-
cleus and cytoplasm. Non-functional Ran reduced TDP-43 nuclear
localization in cortical neurons.40 Ran is also a PPIA interactor13

and has a GP-motif (residues 57–58), the recognition site for the fol-
dase activity of PPIA, present also in TDP-43 and other PPIA sub-
strates.13,47,51,52 In the absence of PPIA, Ran forms inclusions in the
mouse brain. Ran and other regulators of nucleocytoplasmic traf-
ficking accumulate in the cytoplasm of ALS/FTD cellular mod-
els,53–55 either as demixed droplets or in stress granules,
suggesting that defective PPIA may have a role in the pathogenic
mechanisms that couple cellular stress with impaired nucleocyto-
plasmic transport. Biochemical analysis of the detergent-insoluble
fraction of the cortex of PPIA–/– mice did in fact indicate a general
increase in insoluble proteins and TIA1 stress granule marker.

Defective PPIA alters TARDBP mRNA expression. In PPIA–/–
mice Tardbp mRNA is downregulated, and in the mutant PPIA
patient it is upregulated. TDP-43 physiological levels are tightly
controlled at a transcriptional level by an autoregulatory loop,
which keeps intracellular TDP-43 within a narrow range.2,3 This is
necessary, for example, for TDP-43’s role in RNP complexes that
may become dysfunctional if the stoichiometry between TDP-43
and the other protein/RNA components is disrupted.13 In a previ-
ous work, we demonstrated that PPIA through its foldase activity
affects the binding of TDP-43 to RNA.13 Therefore, we can assume
that in absence of PPIA increased Tardbp intron 7 splicing and con-
sequent Tardbp mRNA destabilization in mice may be caused by an
anomalous interaction of TDP-43 with its 30 UTR. In the patient
with the mutation, we can hypothesize that PPIA K76E, that has an
aberrant interaction with TDP-43, sequesters TDP-43 and affects
autoregulation in the opposite direction, promoting the production
of stable mRNA species.56 Further studies are needed to decipher
the exact mechanism at the basis of these divergent effects at an
mRNA level, while at a protein level in both cases TDP-43
decreases. It is of relevance that PPIA is widely implicated in RNA
biology. It interacts not only with TDP-43, but also with several
other proteins involved in mRNA processing and transport and it-
self is an mRNA binding protein.13,57 Therefore, we can hypothe-
size that defective PPIA function may affect at multiple levels TDP-
43 post-transcriptional regulation.

If complete ablation of TDP-43 is embryonically lethal, condi-
tional knock-out and limited knock-down of TDP-43 results in neu-
rodegeneration.58,59 Moreover, TDP-43 depletion in brain
downregulates genes with very long introns that encode proteins
involved in synaptic function.3,60 In agreement with this, we
detected downregulation of synaptic proteins and impairment of
synaptic plasticity in the hippocampus of PPIA–/– mice, indicating
that PPIA deficiency also has an effect on synaptic structure and
function.

In several pathological conditions, oxidative stress and inflam-
mation increase PPIA secretion into biofluids.61 The levels of PPIA
were high in the CSF of ALS patients and mutant SOD1 rodent
models.18 Once secreted, PPIA activates a proinflammatory path-
way by the EMMPRIN/CD147 receptor, leading to NF-jB activation
and induction of MMP-9 expression in neurons and glia.18 Large,
fast-twitch, fatigable a motor neurons, which are the most suscep-
tible to degeneration in ALS, express the highest level of MMP-9,
which enhances endoplasmic reticulum stress and promotes neu-
rodegeneration.62 High levels of MMP-9 in tissues and biofluids of
ALS patients have been detected in this work and by other
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groups63,64 and has been associated with blood–brain barrier
breakdown.65 We previously reported that selective pharmaco-
logical inhibition of extracellular PPIA (ePPIA) reduced MMP-9, pro-
moted a prohealing phenotype in glia, rescued motor neurons and
increased survival in the SOD1 G93A mouse model of ALS.18 We
also showed that ePPIA was toxic towards motor neurons, which
express high levels of EMMPRIN/CD147, but had no effect on cor-
tical and cerebellar granule neurons.18

The late-onset and slowly progressing motor dysfunction in
PPIA–/– mice can be explained with the substantially reduced acti-
vation of the EMMPRIN/CD147-dependent proinflammatory path-
way to which motor neurons are particularly susceptible (Fig. 8).
In the patient heterozygous for mutant PPIA, half the ePPIA may
be unable to activate EMMPRIN/CD147, reducing neuroinflamma-
tion and slowing progression of the disease. Defective intracellular
PPIA (iPPIA) increases cellular stress, ultimately leading to PPIA se-
cretion. We hypothesize a tug-of-war between iPPIA and ePPIA, in
which the prevalence of ePPIA over iPPIA accelerates disease pro-
gression. Increasing iPPIA function may reduce ePPIA and be an
effective therapeutic approach.

Several mouse models of ALS/FTD have been generated targeting
genes with known pathogenic roles but each one recapitulates only
certain aspects of the human disease. For instance, TDP-43

pathology in mice is often absent or mild and is not always linked to
neurodegeneration or behavioural phenotypes.66 In TDP-43 mouse
models overexpressing wild-type TDP-43 or disease-associated
mutations, C-terminal TDP-43 fragments are detected at low levels
or are absent.67 PPIA–/– mice are characterized by diffuse, marked
TDP-43 pathology in cortex, hippocampus and spinal cord,13 with all
the key neuropathological features of ALS/FTD including cytoplas-
mic mislocalization and accumulation of C-terminal fragments of
TDP-43 associated with neurodegeneration and cognitive and be-
havioural impairments. In PPIA–/– mice, the behavioural symptoms
follow a peculiar course. Initially, they present disinhibition with no
social impairment, and later they show loss of disinhibition and de-
velop apathy and social disinterest. Interestingly, while most
patients with the behavioural variant of FTD (bvFTD) display both
disinhibition and apathy during the course of the disease, some
may initially present as primarily disinhibited or primarily apathetic
and later develop either signs of inertia or disinhibition.68 Moreover,
despite clear evidence that cognitive/behavioural impairment may
appear early in the course of ALS, deterioration does not always
seem to occur with disease progression.69

There is a significant genetic and neuropathological overlap be-
tween ALS and FTD with up to 50% of ALS patients having cogni-
tive and behavioural manifestations and up to 40% of FTD patients

Figure 8 Schematic representation of PPIA function in physiological and pathological conditions. (A) PPIA (iPPIA) is highly expressed in neurons and
motor neurons where it is protective thanks to its activity as a foldase and molecular chaperone that affects key proteins involved in RNA metabol-
ism, nucleocytoplasmic transport and synaptic function. PPIA is secreted (ePPIA) in response to oxidative stress and inflammatory stimuli.61 (B) In
ALS/FTD, defective iPPIA induces TDP-43 pathology, nucleocytoplasmic transport defects, synaptic dysfunction and neurodegeneration. Persistent
cellular stress in neurons and glia leads to aberrant secretion of PPIA that, through the interaction with its EMMPRIN/CD147 receptor, induces MMP-9
expression and an inflammatory response which is particularly toxic for motor neurons.18,62 (C and D) In the PPIA–/– mouse (C) and PPIA WT/K76E pa-
tient (D), the detrimental effect of deficient iPPIA function is partially compensated by the lack (mouse) or lower (patient) ePPIA-induced inflamma-
tory response, leading to marked TDP-43 pathology associated with late-onset/slowly progressive (mouse) or slowly progressive (patient) motor
neuron disease.
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developing motor dysfunction.70 However, it is not clear which
pathway is at the basis of either phenotype. Interestingly, PPIA–/–
mice display early key symptoms of bvFTD and only later develop
motor dysfunction. The resulting picture resembles a behaviour-
ally predominant ALS-FTD in which behavioural symptoms
typically evolve before motor symptoms.71 GRN deficiency, the
cause of a tau-negative familial form of FTD,72 probably contrib-
utes to the development of a predominant FTD phenotype in
PPIA–/– mice.

PPIA genetic variants are very rare, so individuals homozygous
for any of them are even more unlikely.46 The identification of a

PPIA variant in a single patient cannot definitely demonstrate its
causality. However, the structural and functional properties of the
mutant protein are suggestive of its possible involvement in dis-
ease pathogenesis. More relevant for the disease is the regulation
of PPIA at a post-translational level. PPIA is commonly and vari-
ably post-translationally modified and these modifications regu-
late its functions.13,21,73,74 The interaction with TDP-43 is favoured
by PPIA Lys-acetylation, which is low in ALS patients.13 Here we
also report downregulated PPIA in two independent cohorts of
patients; therefore, we predict that an overall defective PPIA is like-
ly in several patients and needs to be further investigated in large
clinical studies.

In conclusion, our findings indicate that PPIA is involved in
multiple pathways that protect CNS from TDP-43-mediated tox-
icity. In fact, if deficient and/or dysfunctional PPIA can trigger TDP-
43 proteinopathy leading to neurodegeneration. PPIA–/– mice re-
capitulate key features of ALS-FTD and are useful experimental
model to investigate the mechanisms of TDP-43 proteinopathy,
with the aim of developing novel therapeutic approaches.
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