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ABSTRACT: Background: Perry syndrome (PS) is a
rare and fatal hereditary autosomal dominant neurode-
generative disorder caused by mutations in dynactin
(DCTN1). PS brains accumulate inclusions positive for
ubiquitin, transactive-response DNA-binding protein of
43 kDa (TDP-43), and to a lesser extent dynactin.
Objectives: Little is known regarding the contributions
of TDP-43, an RNA binding protein that represses cryp-
tic exon inclusion, in PS. Therefore, we sought to iden-
tify the degree of TDP-43 dysfunction in two regions of
PS brains.
Methods: We evaluated the levels of insoluble pTDP-43
and TDP-43-regulated cryptic RNAs and protein in the
caudate nucleus and substantia nigra of 7 PS cases,
12 cases of frontotemporal lobar degeneration (FTLD) with
TDP-43 pathology, and 11 cognitively healthy controls
without TDP-43 pathology.
Results: Insoluble pTDP-43 protein levels were detected in
PS brains to a similar extent in the caudate nucleus and
substantia nigra but lower than those in FTLD brains. The

caudate nucleus of PS showed accumulation of eight
TDP-43-regulated cryptic RNAs (ACTL6B, CAMK2B,
STMN2, UNC13A, KCNQ2, ATG4B, GPSM2, and HDGFL2)
and cryptic protein (HDGFL2) characteristic of FTLD. Con-
versely, only one cryptic target, UNC13A, reached signifi-
cance in the substantia nigra despite similar pTDP-43 levels.
Conclusion: We detected TDP-43 cryptic RNAs and pro-
tein in PS caudate nucleus. Given the importance of cryptic
exon biology in the development of biomarkers, and the
identification of novel targets for therapeutic intervention, it
is imperative we understand the consequences of TDP-43
dysfunction across different brain regions and determine
the targets that are specific and common to TDP-43
proteinopathies. © 2025 The Author(s). Movement Disor-
ders published by Wiley Periodicals LLC on behalf of Inter-
national Parkinson and Movement Disorder Society.

Key Words: transactive-response DNA-binding protein
of 43 kDa (TDP-43); Perry syndrome; frontotemporal
dementia; cryptic; frontotemporal lobar degeneration

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -1Department of Neuroscience, Mayo Clinic, Jacksonville, Florida, USA;
2Neurobiology of Disease Graduate Program, Mayo Graduate School,
Mayo Clinic College of Medicine, Jacksonville, Florida, USA; 3Depart-
ment of Neurology, Mayo Clinic, Jacksonville, Florida, USA; 4Division of
Neurological and Psychiatric Nursing, Faculty of Health Sciences, Medi-
cal University of Gdansk, Gdansk, Poland; 5Neurology Department, St
Adalbert Hospital, Copernicus PL Ltd., Gdansk, Poland; 6Department of
Neurosciences, Neurology Unit, Hospital Universitario San Ignacio,
Bogota, Colombia; 7CHU de Québec Research Center, Axe Neurosci-
ences, Université Laval, Quebec City, Quebec, Canada; 8Department
of Neurology, Mayo Clinic, Rochester, Minnesota, USA

This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is prop-
erly cited, the use is non-commercial and no modifications or adapta-
tions are made.

*Correspondence to: Dr. Zbigniew K. Wszolek, Department of Neurology,
Mayo Clinic, 4500 San Pablo Road S, Jacksonville, FL 32224, USA;
E-mail: wszolek.zbigniew@mayo.edu; Dr. Mercedes Prudencio, Department
of Neuroscience, Mayo Clinic, 4500 San Pablo Road S, Jacksonville, FL
32224, USA; E-mail: prudencio.mercedes@mayo.edu

Sarah R. Pickles and Jesus Gonzalez Bejarano have contributed
equally to this work.

Relevant conflicts of interest/financial disclosures: The authors
declare no conflicts of interest relevant to this study.

Funding agencies: This work was supported by the National Institutes of
Health (RF1NS120992: K.A.J. and M.P., U54NS123743: L.P. and M.P.,
R35NS097273: L.P., and R01AG037491: K.A.J.), the Target ALS Foundation
(M.P., Y.Z., and L.P.), the BrightFocus Foundation (M.P.), and the Robert
Packard Center for ALS Research at Johns Hopkins (L.P.). Z.K.W. is partially
supported by the NIH/NIA and NIH/NINDS (1U19AG063911, FAIN:
U19AG063911), the Haworth Family Professorship in Neurodegenerative
Diseases fund, the Albertson Parkinson’s Research Foundation, the PPND
Family Foundation, and Margaret N. and John Wilchek Family. J.D. is partially
supported by the Haworth Family Professorship in Neurodegenerative
Diseases fund (90052067) and receives a “Scholarship for Outstanding Young
Scientists” from the Polish Minister of Science (SMN/19/1279/2023). C.C.C. is
the recipient of a Vanier Canada Graduate Scholarship from the Canadian
Institutes of Health Research.

Received: 10 October 2024; Revised: 6 December 2024; Accepted: 17
December 2024

Published online 9 January 2025 in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/mds.30104

662 Movement Disorders, Vol. 40, No. 4, 2025

https://orcid.org/0009-0006-1677-2760
https://orcid.org/0000-0003-2930-8634
https://orcid.org/0000-0001-5487-1053
https://orcid.org/0000-0002-4894-4858
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wszolek.zbigniew@mayo.edu
mailto:prudencio.mercedes@mayo.edu
http://wileyonlinelibrary.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmds.30104&domain=pdf&date_stamp=2025-01-09


Perry syndrome (PS) is a rare and fatal hereditary
autosomal dominant neurodegenerative disorder. PS
patients are characterized by the early development
(range of onset of symptoms: 35–61 years) of progres-
sive symptoms of parkinsonism, central hypoventilation,
depression, and severe weight loss.1-6 PS patients usu-
ally die of respiratory deficiency, leading to sudden
unexplained death or suicide within 5.5 years from dis-
ease onset.3,5,7 Since the original description of PS in a
Canadian family in 1975,8 about 30 new kindreds com-
prising 160 affected family members have been
described.7 Mutations in the dynactin 1 gene (DCTN1)
are causative for PS9 but have also been reported
in other neurodegenerative disorders, such as amyo-
trophic lateral sclerosis (ALS), frontotemporal lobar
dementia (FTD), hereditary motor neuropathy type 7b
(dHMN7B), and supranuclear palsy.5,10 DCTN1
encodes p150glued, the largest subunit of the dynactin
complex and a component essential for axonal trans-
port.4 All PS-associated DCTN1 mutations are located
within or adjacent to a highly conserved glycine-rich
domain, which mediates microtubule binding.4 PS-
associated mutations in DCTN1 lead to dopaminergic
and serotonergic dysfunction,11 as well as dynactin
redistribution and/or aggregation in vitro.9 PS brains
present neuronal loss and gliosis in several areas of the
brain, with the substantia nigra being the most severely
affected region and the caudate nucleus and other areas
impacted to lesser degrees.1 Additional neuropathologi-
cal assessments reveal a lack of Lewy bodies and neuro-
fibrillary tangles,1 but inclusions positive for ubiquitin,
transactive-response DNA-binding protein of 43 kDa
(TDP-43) pathology, and dynactin (to a lesser extent)
are present in the affected regions.1,4,7,12 TDP-43
deposits in PS are in the form of neuronal cytoplasmic
inclusions (NCI), neuronal intranuclear inclusions, dys-
trophic neurites, axonal spheroids, oligodendroglial
cytoplasmic inclusions, and perivascular astrocytic
inclusions.1,12,13 TDP-43 inclusions in the frontal and
temporal cortices and subcortical regions, including
the substantia nigra, are also present in cases of
frontotemporal lobar degeneration (FTLD).14-16 TDP-
43 is a ubiquitously expressed nuclear protein, with a

wide range of functions involving multiple aspects of
RNA metabolism,17 including suppressing the inclusion
of “cryptic” intronic sequences into mature RNA, for-
ming “cryptic exons.”18-21 Several of these cryptic
RNAs accumulate in the brains of ALS, FTLD, and
Alzheimer’s disease (AD) cases, in regions with abun-
dant TDP-43 pathology.22-30 TDP-43-dependent cryptic
splicing has yet to be explored in PS. Therefore, we
sought to investigate whether TDP-43 cryptic RNA and
protein targets observed in FTLD/ALS and AD brains
were also present in affected brain regions of PS.

Patients and Methods
Study Participants

Our study included the substantia nigra and caudate
nucleus tissue from 7 PS cases, 12 FTLD cases with
TDP-43 pathology, and 11 cognitively healthy controls
without TDP-43 pathology, which was confirmed by a
trained neuropathologist (Table 1). Diagnosis was inde-
pendently performed by neurologists and neuropatholo-
gists upon neurological and pathological examinations,
respectively. Tissue was obtained from the Mayo Clinic
Florida Brain Bank. All participants, or the next of kin,
provided written informed consent, and all protocols
were reviewed and approved by the Mayo Clinic Insti-
tutional Review Board and Ethics Committee. FTLD
cases and controls were matched as best as possible for
age at death and sex.

Immunohistochemistry
Paraffin-embedded 5-μm-thick sections from the

caudate nucleus and substantia nigra were processed
for immunohistochemistry. After deparaffinization in
xylene and reagent alcohol, antigen was retrieved
by steaming slides in distilled water for 30 minutes.
Immunohistochemistry was performed using Dako
EnVision reagents (Dako, Carpinteria, CA) and a Dako
autostainer. To assess TDP-43 pathology, the caudate
nucleus and substantia nigra were examined after immu-
nohistochemistry with an antibody against pTDP-43
(Cosmo Bio Co., Ltd, cat. no. TIP-PTD-M01, 1:5000),

TABLE 1 Study cohort characteristics

Variable Controls (N = 11) PS (N = 7) FTLD (N = 12)

Age at death (years) 64.81 (55.3, 77.0) 62.89 (44.3, 69.1) 74.33 (57.5, 84.0)

Sex (females) 6 (54.5%) 3 (42.9%) 6 (50.0%)

Age at onset (years) NA 55.89 (38.3, 62.08) 62.41 (51.0, 79.8)

Disease duration (years) NA 6 (3, 7) 7.5 (3, 25)

The sample median (minimum, maximum) is given for continuous variables (age, disease duration), and categorical variables (sex) were summarized with number and percentage
of patients.
Abbreviations: PS, Perry syndrome; FTLD, frontotemporal lobar degeneration; NA, not applicable.
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and slides were reviewed, confirming the presence of
pTDP43 inclusions in both tissues. Slides were scanned
using a ScanScope AT2 scanner (Leica Biosystems,
Nussloch, Germany) at 40� magnification.

Protein Extraction from Postmortem Human
Brain Tissues

A total of �50 to 60 mg of caudate nucleus or sub-
stantia nigra were used to obtain RIPA-soluble and
RIPA-insoluble fractions as previously described.30

Samples were homogenized in 5� weight/volume of
cold RIPA buffer (25 mM Tris–HCl, pH 7.6, 150 mM
NaCl, 1% sodium deoxycholate, 1% Nonidet-P-40,
0.1% sodium dodecyl sulfate, and protease and phos-
phatase inhibitors at 1:100), sonicated on ice, and
centrifuged at 100,000g for 30 minutes at 4�C. The
supernatant generates the RIPA-soluble fraction.
The protein concentration of the RIPA-soluble frac-
tion was determined using bicinchoninic acid assay
(Thermo Fisher). The remaining pellet was resuspended
in RIPA buffer, sonicated, and centrifuged again to wash
off any residual soluble proteins. The supernatant
was discarded, and the remaining pellet was dissolved
in urea buffer (30 mM Tris–HCl, pH 8.5, 7 M urea,
2 M thiourea, and 4% [(3-[(3-cholamidopropyl)-dim-
ethylammonio]-1-propanesulfonate)]) for 1 hour at
room temperature with continuous agitation. After
incubation, the samples were sonicated and cen-
trifuged at 100,000g for 30 minutes at 22�C. The
resulting supernatant, referred as urea-soluble or
RIPA-insoluble fraction, was then collected. The pro-
tein concentration of the urea-soluble fraction was
determined by Bradford assay using the Pierce
Coomassie Protein Assay Kit (Thermo Fisher).

pTDP-43 and HDGFL2 Cryptic Protein
Immunoassay

pTDP-43 was assessed using the urea-soluble fraction
from the caudate nucleus and substantia nigra of our
study cohort using a sandwich Meso Scale Discovery
(MSD) immunoassay. A novel rabbit monoclonal anti-
body specific for TDP-43 phosphorylated at serines
409/410 (3 μg/mL, in house monoclonal antibody
26H1031) was used for capture, and a novel goat poly-
clonal C-terminal TDP-43 antibody (3 μg/mL) paired with
donkey anti-goat MSD SULFO-TAG antibody (1 μg/mL,
R32AG-1, MSD) was used for detection. Levels of
HDGFL2 cryptic protein in the caudate nucleus and sub-
stantia nigra were measured using the RIPA-soluble frac-
tion, using a previously described MSD immunoassay.29

Specifically, a commercial HDGFL2 antibody was bio-
tinylated and used as the capture antibody (ProteinTech,
15134-1-AP, 4 μg/mL), and a novel antibody targeting
the epitope generated by cryptic splicing of HDGFL2
was sulfo-tagged and used as the detection antibody

(Mayo-LP, 4 μg/mL). MSD GOLD 96 Small Spot
(L45_SA-1, MSD) streptavidin-coated plates were used in
this assay. All samples were tested in duplicate wells, and
controls were included in every plate to account for any
interplate variability. MSD QUICKPLEX SQ120 technology
was used to acquire the response values corresponding to the
intensity of emitted light upon electrochemical stimulation.

Total RNA Extraction and Quantification from
Postmortem Human Brain Tissues

RNA was extracted from human postmortem
tissues of two different regions: caudate nucleus and
substantia nigra. A total of �40 mg of tissues was
processed, using the RNeasy Plus Mini Kit (Qiagen), as
previously described.30 Briefly, tissues were manually
homogenized (on ice) with pestles (Thermo Fisher)
and 3-mL syringes with 21G � 1½ in. needles
(BD Biosciences), in 600 μL of buffer RLT Plus sup-
plemented with β-mercaptoethanol (1:100). Samples
were centrifuged at 21,000g for 3 minutes at room tem-
perature. The supernatant was then passed through
gDNA eliminator columns, mixed with 70% ethanol,
and placed in RNeasy MinElute Spin Columns to
extract the RNA after centrifuging at 21,000g for
30 seconds at room temperature and applying different
buffers provided by the kit. A DNAse I (Qiagen) in-
column step was added to the protocol to ensure gDNA
elimination. RNA was eluted using 20 μL of nuclease-
free water, and its total concentration was determined
using NanoDrop technology (NanoDrop One/OneC
Microvolume UV–Vis. spectrophotometer; Thermo
Fisher). RNA quality was assessed by measuring the
RNA integrity number using an Agilent 2100 bio-
analyzer (Agilent Technologies) (Table S1). Of note, we
were unable to obtain high-quality RNA from sub-
stantia nigra of 4 controls, and from either caudate
nucleus or substantia nigra from 1 of the 7 PS cases,
and these were excluded from the analyses of cryptic
RNAs and protein.

Complementary DNA Synthesis and
Quantitative PCR

Complementary DNA (cDNA) synthesis was per-
formed, using 500 ng of total RNA and the High-
Capacity cDNA Transcription Kit with random primers
(Applied Biosystems). The transcribed cDNA, diluted at
1:20 in RNAse/DNAse-free water, was used in quanti-
tative polymerase chain reactions (qPCR) using SYBR
GreenER qPCR SuperMix (Invitrogen, Thermo Fisher
Scientific) on a QuantStudio 7 Flex RT-qPCR system.
Control samples were included in every plate to
account for any interplate variability. The samples were
quantified using the ΔΔCt method and normalized to
the housekeeping genes ribosomal protein lateral stalk
subunit P0 (RPLP0) and glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH). All primers used for this
study are described in Table S2.

Statistical Analyses
Statistical analyses were performed in GraphPad Prism

9 (GraphPad Software). To evaluate the differences in
pTDP-43 protein, HDGFL2 cryptic protein, cryptic RNA
levels between PS, FTLD, and controls in the caudate
nucleus and substantia nigra, or to determine the differ-
ences in cell marker levels between the caudate nucleus
and substantia nigra, we performed a Kruskal–Wallis test
followed by Dunn’s multiple comparison test, as indicated
in the figure legends. To adjust for age and sex differences
in our study cohort, pTDP-43 differences were also
assessed by multilinear regression analyses in which the
reference group was either the control group (Table S3)
or the PS cases to observe differences with the FTLD
group (Table S4). To assess the differences in canonical
RNA levels between the caudate nucleus and substantia
nigra in controls, a Mann-Whitey t test was used. Spe-
arman’s associations were performed to determine the
associations between pTDP-43, cellular markers, and/or
cryptic RNA/protein levels.

Results
Evaluation and Quantification of TDP-43

Pathology
To evaluate the degree of TDP-43 dysfunction in PS

brains, we obtained substantia nigra and caudate
nucleus tissues from 7 PS cases, 12 FTLD cases with
confirmed TDP-43 pathology, and 11 cognitively
healthy controls (Table 1). We first validated the pres-
ence and distribution of TDP-43 inclusions in the
brains of PS cases by performing immunohistochemis-
try for phosphorylated TDP-43 (pTDP-43). We found
characteristic pTDP-43-positive inclusions in PS brains,
including intranuclear inclusions (Fig. 1A), dendritic
neurites (Fig. 1B), NCIs (Fig. 1C), glial cytoplasmic
inclusions (Fig. 1D), and axonal spheroids (Fig. 1E). To
quantify the burden of pTDP-43 pathology in both
caudate nucleus and substantia nigra, we used an
MSD-based immunoassay as previously described.29-31

Compared to control brains, which lacked any detect-
able pTDP-43 in the detergent-insoluble protein lysates,
the levels of pTDP-43 were significantly elevated in
both the caudate nucleus and substantia nigra of PS
brains (Fig. 1F). pTDP-43 levels in these regions
remained significantly elevated compared to controls
even after having adjusted for age and sex (Table S3).
Similarly, pTDP-43 protein levels were significantly
higher in the substantia nigra and caudate nucleus of
FTLD cases compared to both controls and PS cases in
unadjusted analysis and when controlling for age and sex
differences (Fig. 1F; Table S4). However, no differences in

pTDP-43 levels were observed for either PS or FTLD
when brain regions were compared (Fig. 1F). Overall, we
find a significant accumulation of pTDP-43 pathology in
the substantia nigra and caudate nucleus of PS cases, to a
lower extent than FTLD, and with a similar pTDP-43
burden between the two brain regions.

Detection of TDP-43-Regulated Cryptic RNAs
Next, to determine the degree of TDP-43 splicing

dysfunction in the caudate nucleus and substantia nigra

FIG. 1. TDP-43 (transactive-response DNA-binding protein of 43 kDa)
pathology accumulates to a similar extent in the caudate nucleus and
substantia nigra of PS (Perry syndrome) cases. Immunohistochemical
staining of phosphorylated TDP-43 pathology in PS brains illustrating
(A) intranuclear inclusions, (B) dendritic neurites, (C) neuronal cyto-
plasmic inclusions, (D) glial cytoplasmic inclusions, and (E) axonal
spheroids. (F) Levels of pTDP-43 were measured by immunoassay in
the detergent-insoluble, urea-soluble fraction extracted from the cau-
date nucleus and substantia nigra of PS, FTLD, and control (Ctrl)
brains. Graph represents mean � SEM (standard error of the mean).
Statistical differences were assessed using nonparametric Kruskal–
Wallis test followed by Dunn’s multiple comparison test; *P < 0.05,
**P < 0.005, ***P < 0.001, and ****P < 0.0001; ns, not significant.
[Correction added on 21 February 2025, after first online publication:
The figure 1 has been updated.] [Color figure can be viewed at
wileyonlinelibrary.com]
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of PS brains, we evaluated the levels of the following
eight cryptic (or skiptic in the case of KCNQ2) RNAs
using quantitative reverse transcription PCR (qRT-
PCR): actin-like 6B (ACTL6B), calcium/calmodulin-
dependent protein kinase II β (CAMK2B), stathmin
2 (STMN2), unc-13 homolog A (UNC13A), potassium
voltage-gated channel subfamily Q member 2 (KCNQ2),
autophagy-related 4B cysteine peptidase (ATG4B), G
protein signaling modulator 2 (GPSM2), and hepatoma-
derived growth factor–related protein 2 (HDGFL2).
These cryptic RNAs were selected based on prior valida-
tion in FTLD and AD brains.22,26,28,30 Further, they
represent both neuronal (ACTL6B, CAMK2B, STMN2,
UNC13A, and KCNQ2) and nonneuronal (ATG4B,
GPSM2, and HDGFL2) targets (Fig. S132) that are sensi-
tive to TDP-43 dysfunction.18,20,28 Additionally, some tar-
gets have high relevance to disease mechanisms (STMN2
and UNC13A),33-38 and others are potential biomarker
candidates as they produce proteins with novel epitopes
that have been detected in the cerebrospinal fluid (CSF) of
ALS/FTLD cases (CAMK2B, KCNQ2, and
HDGFL2).28,39

In FTLD, the levels of all TDP-43-regulated cryptic
RNAs evaluated were significantly increased in the
caudate nucleus compared to controls, and STMN2,
UNC13A, KCNQ2, ATG4B, and GPSM2 were signifi-
cantly upregulated in the substantia nigra (Fig. 2A,B).
In PS caudate nucleus, all cryptic targets tested were
also significantly increased compared to control levels
(Fig. 2A,B). Interestingly, in the caudate nucleus, the
levels of cryptic RNAs were not significantly different
between PS and FTLD (Fig. 2A,B). Unexpectedly, only
UNC13A cryptic RNA was significantly elevated in the
substantia nigra of PS (Fig. 2A). Other targets were
unchanged in the PS substantia nigra compared to con-
trols, although we observed trends toward increased
levels of GPSM2 cryptic RNA, which is more broadly
expressed (Fig. 2B). Overall, we find that cryptic RNAs
characteristic of FTLD are also elevated in the caudate
nucleus of PS. Further, we find differences in the cryptic
RNAs identified between regions in both PS and FTLD
despite similar levels of pTDP-43 pathology.

Detection of TDP-43-Regulated HDGFL2
Cryptic Protein

Recent studies have highlighted the potential of de
novo proteins obtained from TDP-43-mediated cryptic
splicing as surrogate markers of TDP-43 dysfunction.
Cryptic splicing of HDGFL2 RNA leads to an in-frame
insertion of an intronic sequence and the production of
a stable transcript and cryptic protein (Fig. 2C), which
is detected in the affected brain regions and the CSF of
ALS/frontotemporal dementia (FTD) patients,28,29,39

demonstrating its potential utility as a biomarker and
readout of TDP-43 function. Using a previously

established immunoassay that uses an antibody
targeting the novel epitope of the HDGFL2 cryptic
protein,29 we found elevated levels in the caudate
nucleus of both PS and FTLD compared to control
brains (Fig. 2C). In the substantia nigra, HDGFL2 cryp-
tic protein was not elevated in either group compared
to controls (Fig. 2C).

Assessing Associations between Cryptic RNA
or Protein Levels and TDP-43 Pathology

Previous studies have shown that the accumulation
of TDP-43-regulated cryptic RNAs associates with
pTDP-43 protein levels.29,30 Thus, we next evaluated
whether cryptic RNA or protein burden associated with
pTDP-43 deposition in the caudate nucleus and sub-
stantia nigra (Figs. S2 and S3). In the caudate nucleus,
only cryptic ATG4B and skiptic KCNQ2 levels signifi-
cantly associated with pTDP-43 protein burden in
PS and FTLD, respectively (Fig. S2A,B). The levels
of HDGFL2 cryptic protein significantly associated
with pTDP-43 levels in PS caudate but not in FTLD
(Fig. S2C). We had observed the accumulation of only
some cryptic RNAs in the substantia nigra for FTLD
and only one in PS (Fig. 2), and consistently found lim-
ited associations with cryptic RNAs and pTDP-43 in
this region (Fig. S3). Indeed, the only significant associ-
ation was between GPSM2 cryptic RNA and pTDP-43
protein levels in FTLD cases (Fig. 3B). Overall, we find
limited correlations between the levels of cryptic RNAs
and pTDP-43 pathology in either region of PS or FTLD
brains.

Cell-Type Compositions between Regions May
Explain Differences in Cryptic RNA

Accumulation
To attempt to understand the underlying differences

in cryptic splicing in the caudate nucleus and substantia
nigra, we investigated the cell-type composition of these
regions. We performed qRT-PCR to measure the levels
of neuronal (RBFOX3),40,41 microglial (TMEM119),42

astrocytic (GFAP),43 and oligodendrocytic (OLIG2)44

specific genes (Fig. 3A32). The levels of the neuronal
marker RBFOX3 were significantly lower in the sub-
stantia nigra compared to the caudate nucleus for PS,
FTLD, and controls (Fig. 3B). Conversely, the astrocyte
marker, GFAP, was higher in the substantia nigra com-
pared to the caudate nucleus, with significant increases
observed in PS and control brains (Fig. 3C). Oligoden-
drocyte marker OLIG2 was significantly increased in
FTLD brains (Fig. 3D), and microglial transcript levels
were comparable between both regions for all groups
(Fig. 3E). Additionally, the levels of certain canonical
neuronal RNAs (CAMK2B, UNC13A, and KCNQ2)
were decreased in the substantia nigra compared to the
caudate nucleus (Fig. S4). These results are consistent
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with lower RBFOX3 RNA in the substantia nigra com-
pared to the caudate nucleus. Conversely, more ubiqui-
tously expressed targets (ATG4B and GPSM2), or the
highly abundant STMN2 RNA, were similarly
expressed in both regions (Fig. S4). Despite the lack of
differences in overall transcript expression between
brain regions, cryptic variants for STMN2, ATG4B, or
GPSM2 did not accumulate in PS substantia nigra.
Thus, although some transcripts are more highly
expressed in the caudate nucleus, transcript abundance
alone does not fully explain the differences in cryptic
splicing detected between regions. Overall, we find key
differences in the cellular compositions and canonical
RNA expression of the caudate nucleus compared to
the substantia nigra, which may contribute to the
regional disparities in cryptic RNAs identified.
Next, we hypothesized that pTDP-43 accumulation

and cryptic RNAs or HDGFL2 cryptic protein may
associate with changes in RNA levels of specific cell
types susceptible to TDP-43 pathology. In FTLD cau-
date nucleus or substantia nigra, pTDP-43 protein
levels did not significantly associate strongly with any
cell-type marker, except that we observed a trend
toward a positive correlation with the microglial
marker, TMEM119, in the substantia nigra (Fig. S5).
Similarly, we did not find significant correlations
between pTDP-43 and cell marker RNAs in PS, but
pTDP-43 protein and GFAP RNA levels trended
toward positive correlation in both the caudate nucleus
and substantia nigra (Fig. S6). HDGFL2 cryptic protein

levels correlated with GFAP RNA levels in the caudate
nucleus of FTLD cases (Fig. S7). Our findings that the
array of cryptic RNAs differ between brain regions and
diseases may provide important insights into TDP-
43-dependent disease mechanisms.

Discussion

In this study, we sought to evaluate the extent to
which TDP-43 dysfunction is present in the rare neuro-
degenerative disease of PS. Quantification of the levels
of detergent-insoluble pTDP-43 protein revealed a sig-
nificant and similar accumulation between the caudate
nucleus and substantia nigra in both PS and FTLD. The
clinical significance of TDP-43 inclusions in the sub-
stantia nigra of FTLD cases has not been fully resolved
but may be involved in clinical heterogeneity and has
been associated with increased frequency of movement
disorders in FTLD.14

TDP-43 mislocalization and depletion from the
nucleus as seen in FTLD/ALS and AD lead to the accu-
mulation of cryptic RNAs, which significantly correlate
with insoluble pTDP-43 protein levels in affected regions
(frontal cortex, amygdala, and hippocampus).22,26,29,30

In PS and FTLD, we observed differences in the cryptic
RNA signature between diseases (in the substantia
nigra) as well as between anatomical regions within
each disease. In the caudate nucleus of FTLD and
PS cases all eight (ACTL6B, CAMK2B, STMN2,

FIG. 2. Certain TDP-43 (transactive-response DNA-binding protein of 43 kDa) cryptic (or skiptic) RNAs targets are upregulated in PS (Perry syndrome)
caudate nucleus. The levels of (A) neuronal cryptic RNAs and skiptic neuronal RNA, (B) more ubiquitous RNAs, or (C) HDGFL2 cryptic protein were
measured from the caudate nucleus and substantia nigra of PS, FTLD, and control (Ctrl) cases. Graphs represent mean � SEM (standard error of the
mean). Statistical differences were assessed using nonparametric Kruskal–Wallis test followed by Dunn’s multiple comparison test; *P < 0.05,
**P < 0.005, ***P < 0.001, and ****P < 0.0001; ns, not significant. [Color figure can be viewed at wileyonlinelibrary.com]
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UNC13A, KCNQ2, ATG4B, GPSM2, and HDGFL2)
TDP-43 cryptic RNA and HDGFL2 cryptic protein
targets were upregulated. Five cryptic RNAs (STMN2,
UNC13A, KCNQ2, ATG4B, and GPSM2) were identi-
fied in the substantia nigra of FTLD patients, whereas
only UNC13A was detected in PS.
In both FTLD and PS, a higher number of cryptic tar-

gets were significantly upregulated, compared to con-
trols, in the caudate nucleus versus the substantia nigra.
This regional variation cannot be explained by patho-
logical burden and/or target sensitivity, as the overall
levels of pTDP-43 protein were similar between regions
in FTLD and PS. Additionally, the levels of certain
ubiquitously expressed canonical transcripts remain
unchanged between regions in controls. Interestingly,
interrogation of cell-type composition in both tissues
revealed a stark difference, with increased neuronal
RBFOX3 (also known as NeuN) RNA levels in the cau-
date nucleus and increased expression of astrocytic or oli-
godendrocytic transcripts in the substantia nigra of PS and
FTLD, respectively. In line with our findings, neuronal
immunoreactivity (NeuN) in the substantia nigra has been
reported to be heterogenous and lower than other brain
regions.45 All neuronal targets measured in this study were
previously identified from NeuN-positive/TDP-43-negative
nuclei isolated from FTLD/ALS patients or neuronal cul-
tures in which TDP-43 had been downregulated.23,26,28

Thus, NeuN-associated cryptic RNAs may not fully repre-
sent the extent of TDP-43 dysfunction in different affected
regions and/or diseases. In fact, differences in cell composi-
tion as well as transcriptome differences have been
reported between frontal and temporal cortex as well as
the cerebellum in FTLD with TDP-43 proteinopathy.46

Further, previous mouse studies have unequivocally dem-
onstrated a cell-type-specific landscape of cryptic targets in
neurons versus skeletal muscle, stems cells, oligoden-
drocytic lineage cells, and Schwann cells,21,47,48 supporting
the existence of region-specific effects in disease.
Interestingly, TDP-43 pathology in PS, compared to

FTLD, is more glial in nature.1,12,13 Despite few overall
correlations with pTDP-43 burden and cryptic RNAs
observed, we found associations between pTDP-43 protein
levels and some cryptic targets with astrocyte marker levels
(GFAP) in PS. It is tempting to speculate that TDP-43 dys-
function may be represented by glial-specific or more ubiq-
uitously expressed cryptic targets. However, because TDP-
43-regulated cryptic RNAs are not evolutionarily con-
served, studies exploring nonneuronal and neuronal
subtype-specific cryptic targets in humans are warranted
and will be increasingly feasible with emerging technolo-
gies, including single-cell sequencing combined with long-
read sequencing as well spatial transcriptomics.
Apart from target abundance, pathological burden,

sensitivity of targets to TDP-43 loss, and differences in

FIG. 3. Cell-type composition may explain differential accumulation of cryptic RNAs within certain brain regions but does not explain differences across
brain regions. (A) RNA expression values were derived from The Human Protein Atlas32 for the cell types and transcripts shown. RNA levels of (B) neu-
ronal (RBFOX3), (C) astrocytic (GFAP), (D) oligodendrocytic (OLG2), and (E) microglial (TMEM119) markers were measured using qRT-PCR. Caud., cau-
date nucleus; SN, substantia nigra. Graphs represent mean � SEM (standard error of the mean). Statistical differences were assessed using
nonparametric Kruskal–Wallis test followed by Dunn’s multiple comparison test; *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001; ns, not signifi-
cant. [Color figure can be viewed at wileyonlinelibrary.com]

668 Movement Disorders, Vol. 40, No. 4, 2025

P I C K L E S E T A L

 15318257, 2025, 4, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.30104 by M
ayo C

linic L
ibraries, W

iley O
nline L

ibrary on [07/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


cell-type composition of tissues, we speculate that the
expression of splicing modulators may regulate cryptic
splicing and contribute to cell-type/regional heterogene-
ity. Previous work supports this notion, finding that
other RNA binding proteins (RBP) repress cryptic exon
splicing of UNC13A independently of TDP-43.49 Simi-
larly, cell-type-specific expression of RBPs differentially
modulate cryptic exon inclusion in cultured mouse neu-
roblastoma versus skeletal muscle cells.50 Thus, a more
complete understanding of how cryptic splicing is regu-
lated within neuronal and nonneuronal cells across dif-
ferent regions is necessary and may provide insight into
mechanisms of selective vulnerability of certain regions
to TDP-43 dysfunction in TDP-43 proteinopathies.
Cryptic splicing of HDGFL2 transcript results in the

production of a stable cryptic protein that can be
detected in the affected brain regions and CSF using
mass spectrometry and antibodies recognizing the novel
cryptic epitope.28,29,39 Using one of these recently
produced antibodies we found that HDGFL2 cryptic
protein levels were significantly elevated compared to
controls in the caudate nucleus of FTLD and PS cases.
Further, HDGFL2 cryptic protein level correlated with
pTDP-43 burden in PS caudate nucleus. Conversely,
HDGFL2 cryptic protein was not detected in the sub-
stantia nigra. Nonetheless, HDGFL2 cryptic protein
upregulation in the caudate nucleus and potential
release from affected cells into the CSF and blood sug-
gest that it may serve as a biomarker of TDP-43 activity
in PS. Of interest, cryptic RNA accumulation resulting
from TDP-43 dysfunction can be detected even in the
absence of TDP-43 inclusions.20,51 Similarly, HDGFL2
cryptic protein, even more so than its RNA, is highly cor-
related with pTDP-43 protein levels and can discriminate
between AD cases with and without TDP-43 pathology,29

suggesting that cryptic RNAs and HDGFL2 cryptic pro-
tein are highly sensitive to TDP-43 loss of function, which
likely precedes overt aggregation.
Our detection of cryptic splicing of many transcripts

nominates novel disease mechanisms and potential ther-
apeutic targets in PS. Unexpectedly, only one cryptic
target, UNC13A, was detected in the PS substantia
nigra, the brain region in PS with high amounts
of pathology and neurodegeneration. UNC13A loss of
function likely plays a significant role in the pathogene-
sis of ALS/FTD, as a single-nucleotide polymorphism
located within the cryptic exon shortens disease dura-
tion, by exacerbating cryptic splicing and altering syn-
aptic activity.25,26,36-38 Whether UNC13A loss of
function contributes to neurodegeneration in the sub-
stantia nigra of PS will require further study. We also
highlight that the neuronal composition of the sub-
stantia nigra is very different from the caudate nucleus
hinting of the possibility of novel RNA clients of TDP-
43 in this region that have yet to be identified. Addi-
tionally, to what degree targets in the caudate nucleus

are involved in PS requires further exploration.
Recently, splice modulating antisense oligonucleotides
(ASO) to restore splicing and expression of TDP-43 tar-
gets, including UNC13A, have proved successful in cell
and animal models, and are being actively pursued for
the treatment of ALS and potentially FTLD.36,38,52

Moreover, a novel modality of precision medicine,
leveraging TDP-43 cryptic splicing, has been described.
TDP-REG constructs use cryptic splicing induced by a
loss of TDP-43 activity to express a protein with a ther-
apeutic potential only in affected cells.38 The link
between PS and TDP-43 misprocessing of key targets
may hold promise to a better understanding of disease
mechanisms and with the description of ASOs and tools
for precision medicine in the context of TDP-43 dys-
regulation may offer multiple tools for the treat-
ment of PS.
Despite identifying TDP-43-mediated splicing dys-

function in PS and regional variation in cryptic splic-
ing in both FTLD and PS, this study has some
limitations. Due to PS being an extremely rare disease
and the challenges of obtaining post-mortem tissues
for research, the total number of individuals with PS
included in this study was quite significant, although it
may be underpowered to detect significant elevation
of some cryptic RNAs or correlations between them
and TDP-43 pathology. Indeed, we detected few sig-
nificant associations of cryptic RNA targets and
pTDP-43 levels that could be due to sample size or dif-
ferences in the expression of target transcripts between
regions and within cell types, which will be an impor-
tant future direction to fully understand regional spec-
ificity of cryptic splicing. Nonetheless, our findings
will be of interest to the research community. Our
analyses focused on two regions affected in PS and
exhibiting significant TDP-43 pathology, the sub-
stantia nigra and caudate nucleus. However, other
brain regions implicated in PS may also harbor cryptic
RNAs due to TDP-43 dysfunction, even in the absence
of abundant TDP-43 inclusions, supporting continued
research efforts in this area.
In conclusion, we identified cryptic RNA and pro-

tein that accumulate in the caudate nucleus of PS
cases resulting from TDP-43 dysfunction. Further, we
provide evidence of differential cryptic regulation
between diseases and, interestingly, between brain
regions. Given the importance of cryptic exon biol-
ogy in the development of biomarkers to identify
patients with TDP-43 pathology,28,29,39 as well as
targets for therapeutic intervention in different TDP-43
proteinopathies, it is imperative we identify which cryp-
tic splicing events are common and which may be dis-
ease specific. Further, an in-depth understanding of the
consequences of TDP-43 dysfunction across different
brain regions may shed light on selective vulnerability in
these diverse diseases.
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