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Mutations in the TECPR2 gene are the cause of an ultra-rare
neurological disorder characterized by intellectual disability,
impaired speech, motor delay, and hypotonia evolving to
spasticity, central sleep apnea, and premature death
(SPG49 or HSAN9; OMIM: 615031). Little is known about
the biological function of TECPR2, and there are currently
no available disease-modifying therapies for this disease.
Here we describe implementation of an antisense oligonucle-
otide (ASO) exon-skipping strategy targeting TECPR2
c.1319delT (p.Leu440Argfs*19), a pathogenic variant that re-
sults in a premature stop codon within TECPR2 exon 8. We
used patient-derived fibroblasts and induced pluripotent
stem cell (iPSC)-derived neurons homozygous for the
p.Leu440Argfs*19 mutation to model the disease in vitro.
Both patient-derived fibroblasts and neurons showed lack
of TECPR2 protein expression. We designed and screened
ASOs targeting sequences across the TECPR2 exon 8 region
to identify molecules that induce exon 8 skipping and
thereby remove the premature stop signal. TECPR2 exon 8
skipping restored in-frame expression of a TECPR2 protein
variant (TECPR2DEx8) containing 1,300 of 1,411 amino
acids. Optimization of ASO sequences generated a lead
candidate (ASO-005-02) with �27 nM potency in patient-
derived fibroblasts. To examine potential functional rescue
induced by ASO-005-02, we used iPSC-derived neurons to
analyze the neuronal localization of TECPR2DEx8 and
showed that this form of TECPR2 retains the distinct, punc-
tate neuronal expression pattern of full-length TECPR2.
Finally, ASO-005-02 had an acceptable tolerability profile
in vivo following a single 20-mg intrathecal dose in cynomol-
gus monkeys, showing some transient non-adverse behav-
ioral effects with no correlating histopathology. Broad distri-
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bution of ASO-005-02 and induction of TECPR2 exon 8
skipping was detected in multiple central nervous system
(CNS) tissues, supporting the potential utility of this thera-
peutic strategy for a subset of patients suffering from this
rare disease.

INTRODUCTION
Homozygous loss-of-function mutations in the TECPR2 gene, encod-
ing tectonin beta-propeller repeat-containing protein 2, cause an
ultra-rare, monogenic neurological disorder characterized by intellec-
tual disability, impaired speech, hypotonia, spasticity and severe
motor delay, gastroesophageal reflux, areflexia, central sleep apnea,
and premature death.1,2 A homozygous pathogenic TECPR2 single-
base-pair deletion mutation, c.3416delT; p.Leu1139Argfs*75, was
originally identified in five patients from three families of Bukharian
Jewish origin.1 The TECPR2 mutation-induced disease was desig-
nated as an autosomal recessive form of complicated hereditary
spastic paraparesis, spastic paraplegia 49 (SPG49), now classified as
hereditary sensory and autonomic neuropathy type IX (HSAN9).

A second report identified two additional TECPR2 mutations
(c.1319delT; p.Leu440Argfs19 and c.C566T; p.Thr189Ile) among
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Figure 1. TECPR2 gene and identification of ASO sequences inducing TECPR2 exon 8 skipping

(A) Map of TECPR2 gene showing exon/intron regions and highlighting exon 8 wild-type TECPR2+ andmutant TECPR2- (c.1319delT, p.Leu440Argfs*19) alleles. The SPG49

patient is homozygous for the mutation (TECPR2-/-). (B) Diagram of TECPR2 protein, highlighting annotated WD domain (predicted for residues 23–343) and TECPR repeat

domain (predicted for residues 945–1353), along with the protein region (in red) encoded by TECPR2 exon 8, which corresponds to 333 bp (111 amino acids). The premature

stop codon in the SPG49 patient presumably results in truncated protein. ASO-mediated induction of TECPR2 exon 8 skipping could restore expression of a shorter form of

TECPR2 protein lacking exon 8-encoded sequence (TECPR2DExon8). (C) Diagram of TECPR2 exon 8 and surrounding intron 7 and 8 regions showing location of initial set of

12 ASOs designed to induce exon 8 skipping. (D) Table listing ASO ID and sequence of initial set of 25-mer (25 nucleotides in length) ASOs used in primary screening. For

these ASOs, all bases had 20-O-methyl modification and all linkages were phosphorothioate chemistry. (E) Experimental outline for TECPR2 exon 8 skipping assay using

TECPR2-/- patient-derived fibroblasts. Enrichment of a shorter (minus 333 bp) PCR amplicon of �399 bp is expected if TECPR2 exon 8 skipping is induced. (F) DNA gel

(legend continued on next page)
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three unrelated patients of non-Bukharian origin.2 Two of these pa-
tients were of Ashkenazi Jewish origin and had compound heterozy-
gous c.1319delT/c.C566T and homozygous c.1319delT/c.1319delT
TECPR2 genotypes, respectively. The third patient was of mixed
Ashkenazi/Tunisian-Yamani/Kurdish origin and had the originally
identified TECPR2 mutation and the c.1319delT mutation in com-
pound heterozygous state, c.1319delT/c.3416delT. The c.1319delT;
p.Leu440Argfs19 frameshift mutation in exon 8 of TECPR2 creates
a premature termination codon and has estimated allele frequency
of 0.003 in the Ashkenazi Jewish population,2 with substantially lower
global frequency. The most perilous feature of SPG49/HSAN9 is pro-
gressive, life-threatening respiratory dysregulation reported to have
complex multisystem pathophysiology.3

The human TECPR2 gene has 20 exons and encodes a full-length pro-
tein of 1,411 amino acids. There are two main structural annotations
for TECPR2 in UniProt, an amino-terminal WD repeat domain with
seven WD40 repeat motifs and a carboxy terminal TECPR domain
containing six TECPR (tectonin beta-propeller repeat) motifs (Fig-
ure 1B). An LC3-interacting region has also been identified at the car-
boxy terminus of the protein.4 These three domains exhibit strong
conservation even for TECPR2 orthologs found in distant species,
suggesting important roles in TECPR2 function.4 The central region
of the TECPR2 protein has no structural annotation. TECPR2 protein
function is not well understood. TECPR2 has been proposed to act as
a scaffold protein interacting with multiple partners.4,5 Decreased
markers of autophagy were observed in SPG49 patient-derived fibro-
blasts, suggesting a role for TECPR2 in autophagy.1 A subsequent
study, based on the TECPR2 protein interactome and functional an-
alyses in human cell lines, reported a role of TECPR2 in endoplasmic
reticulum (ER) export and autophagosome formation.4 Recently,
impaired basal autophagic flux with accumulation of autophago-
somes was observed in SPG49 patient fibroblasts, indicating a poten-
tial role for TECPR2 in targeting of autophagosomes to lysosomes.6

Expression of full-length TECPR2 or its TECPR domain was found
to rescue aspects of the autophagy impairment, suggesting that the
TECPR domain may be sufficient for regulating basal autophagy in
fibroblasts.6

Two studies have characterized the effects of TECPR2 mutations in
the central nervous system (CNS) in vivo. A spontaneous missense
mutation (c.4009C>T or p.R1337W) affecting a highly conserved re-
gion in TECPR2 was identified in Spanish water dogs as the cause of
an autosomal recessive neuroaxonal dystrophy marked by accumula-
tion of spheroids resembling autophagosomes in the gray matter of
the cerebral hemispheres, the cerebellum, the brain stem, and the spi-
nal cord sensory pathways.7 Recently, Tecpr2 knockout mice were
shown to exhibit neuroaxonal dystrophy with accumulation of auto-
phagosomes in medulla oblongata of brain stem and dorsal tracts of
inverse image with results of initial screening of 12 primary ASOs showing that treatment

significant enrichment of �399-bp PCR amplicon (highlighted in red rectangle and with

water was used as negative control for PCR assay. (G) Sanger sequencing chromatog

ASO-005, demonstrating TECPR2 exon 8 skipping with precise splicing of exon 7 and
spinal cord.8 These studies link TECPR2 mutation with perturbed
autophagy and neurodegeneration in vivo. Despite these insights,
neuronal disease mechanisms and the pathogenic basis of respiratory
insufficiency in SPG49 remain poorly understood, and since TECPR2
is not a traditional drug target for small molecule modulation, thera-
peutic avenues for SPG49 are challenging.

Recently, antisense oligonucleotides (ASOs) that induce exon skip-
ping have emerged as a direct therapeutic approach to address path-
ogenic frameshift and nonsense mutations.9,10 The clinical promise of
this approach was reflected by the approval of Eteplirsen, an exon-
skipping agent for Duchenne muscular dystrophy (DMD).9,11 The
approval of nusinersen, a splice switching ASO for spinal muscular
atrophy administered by intrathecal injection, has also validated
this ASO therapeutic modality for CNS disorders.9,12–14

In its simplest form, splice-modulating ASO strategies can be used to
target pathogenic genetic variants in exons that are dispensable and
can be removed by in-frame skipping of exonic sequence. As TECPR2
exon 8 encodes a non-structured region of the protein and is 333
nucleotides in length, an ASO-mediated exon 8-skipping approach
is a potentially feasible therapeutic approach for individuals with
TECPR2 exon 8 mutations. The p.Leu440Argfs19 mutation is pri-
marily present in individuals of Ashkenazi Jewish origin, with allele
frequency estimated at 0.003 in that population.2 The exon
8-skipping strategy may be most effective for patients homozygous
for this mutation that have two relevant target alleles. However, the
strategy could benefit patients with the exon 8 mutation in com-
pound heterozygous context since it could provide functional rescue
from the single relevant target allele. It is important to note that other
pathogenic TECPR2 mutations, including two additional exon 8
frameshift mutations reported in ClinVar, appear to be very rare.
The patient population eligible for this specific therapeutic approach
is thus expected to predominantly include individuals having the
p.Leu440Argfs19 exon 8 mutation. Based on estimated carrier fre-
quencies of exon 8 and other pathogenic TECPR2 alleles,15 and the
shortened lifespan reported for SPG49 patients, this specific eligible
patient population is expected to be up to a few hundred patients
worldwide.

Here, we report the identification and optimization of TECPR2 exon
8-skipping ASOs. We show that a lead ASO rescues TECPR2 pro-
tein expression in dermal fibroblasts and induced pluripotent
stem cell (iPSC)-derived neurons from an SPG49 patient. The
rescued form of TECPR2 protein lacking exon 8 (TECPR2DEx8) ex-
hibits the distinct, punctate neuronal distribution pattern of full-
length TECPR2, providing a surrogate measure of its functionality.
The candidate ASO induced TECPR2 exon 8 skipping throughout
the CNS and had an acceptable tolerability profile in cynomolgus
of TECPR2-/- patient fibroblasts with ASO-004, ASO-005, and ASO-007 can lead to

red asterisks [**]), corresponding to TECPR2 transcript minus exon 8. (�)PCR:H2O,

ram of purified lower PCR amplicon (�399 bp) obtained from samples treated with

exon 9 sequences.
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monkeys following a single intrathecal dose. Pending full safety
evaluation, these results support the exon 8-skipping ASO as a
promising therapeutic strategy for SPG49 patients with TECPR2
exon 8 mutation.

RESULTS
Identification and optimization of ASO sequences inducing

TECPR2 exon 8 skipping

A schematic of the TECPR2 gene and location of the exon 8 patho-
genic c.1319delT (p.Leu440Argfs*19) mutation is shown in Figure 1A.
The human TECPR2 gene contains 20 exons and encodes a full-length
protein of 1,411 amino acids. The mutation results in a frameshift and
premature termination codon within exon 8. Since TECPR2 exon 8 is
333 nucleotides in length, ASO-mediated exon 8 skipping would pre-
serve the TECPR2 reading frame and generate an mRNA transcript
encoding a 1,300-amino acid form of TECPR2 protein
(TECPR2DEx8) missing 111 amino acid (362–472) residues (Fig-
ure 1B). Importantly, TECPR2DEx8 retains the WD40 and TECPR
repeat domains and lacks only a small portion of the central unstruc-
tured region, compatible with the concept that TECPR2DEx8 protein
may retain wild-type function.

To identify candidate ASO sequences for exon 8 skipping, 12
25-mer ASOs spanning the TECPR2 exon 8 pre-mRNA region
were designed, synthesized as 20-O-methyl phosphorothioates,
and selected for screening (Figures 1C and 1D). To test for
exon 8-skipping activity, dermal fibroblasts derived from an
SPG49 patient homozygous for the exon 8 TECPR2 mutation
(TECPR2-/-) were transfected separately with each of the 12
ASOs at 1 mM and analyzed using an RT-PCR assay to detect
the full-length (732 bp) and the exon 8-skipped (399 bp) TECPR2
mRNA amplicons (Figure 1E). After ASO treatment of the patient
fibroblasts for 72 h, three ASOs, ASO-004, ASO-005, and ASO-
007, yielded a clear PCR band of �399 bp, indicating potential
exon 8-skipping activity (Figure 1F). Sequencing of the lower
PCR product confirmed precise TECPR2 exon 8 skipping (Fig-
ure 1G). Subsequent analyses with optimized conditions (reduced
ASO concentration, 300 nM versus 1 mM, and increased incuba-
tion time, 120 h versus 72 h) identified at least two additional
ASOs, ASO-018 and ASO-020, targeting the 30 end of exon 8 (Fig-
ure 1C) that induce robust exon 8 skipping (Figure S1).

The three most active ASOs (ASO-004, ASO-005, and ASO-007)
target the first 64 nucleotides of TECPR2 exon 8 and define an active
target region for exon 8 skipping (Figure 2A). We sought to identify
an ASO lead molecule targeting this region with optimal features for
therapeutic application, including shorter length, potency in the
nanomolar range, clinically validated chemistry, and target sequence
conservation to enable preclinical in vivo studies. The active target re-
gion was analyzed for sequence homology to animal species relevant
for preclinical studies. The first 37 bases of the region and the last
three bases of intron 7 have sequence identity with cynomolgus mon-
key (Figure 2A), and significantly lower sequence similarity to homol-
ogous regions in mouse and rat Tecpr2. To identify optimal ASO lead
192 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
molecules with target sequence conservation in cynomolgus monkey,
given its importance as a preclinical toxicology species, micro-tiling of
the 40-base region was performed using sets of 18-mer and 21-mer
ASOs, for a total of 41 ASO sequences (Figures S1 and S2) as well
as shorter active derivatives of ASO-004 and ASO-005 (Figures S1
and S2). TECPR2-/- patient fibroblasts were transfected separately
with the micro-tiling ASOs at 1 mM and analyzed using the patient
fibroblast RT-PCR assay (Figure 1E). Multiple active ASOs yielding
the 399-bp PCR product were identified (Figure 2B). Further priori-
tization of active ASOs was carried out based on bioinformatic anal-
ysis to eliminate those with potential off-target homologies. The
initial ASO screening was performed using ASO chemistry with all
RNA bases with 20-O-methyl sugar modifications and all phosphor-
othioate linkages, based on efficiency and cost considerations. To
assess selected ASOs using the clinically validated ASO chemistry
to be applied in our clinical candidate, a set of nine prioritized leads
among all ASOs were selected for conversion to chemistry with all
RNA bases with 20-O-methoxyethyl (20-MOE) sugar modifications,
5-methyl cytosine and 5-methyl uracil bases, and all phosphoro-
thioate linkages, the same chemistry employed in Spinraza (nusi-
nersen).16 These nine ASOs share a core 13-base sequence (Figure 2C)
and were tested in six-point concentration-response (300–1 nM, �3-
fold dilutions) in the TECPR2-/- patient fibroblast RT-PCR assay
(Figure 2D). Side-by-side comparisons of ASO chemistries demon-
strated that the transition from 20-O-methyl to 20-MOE RNA bases
did not change the ASO-mediated exon 8-skipping activity (Fig-
ure S3). ASO-005-02 (a 21-mer derivative of ASO-005) was the
most potent ASO lead with a half maximal effective concentration
(EC50) of �27.3 nM (Figure 2E). Two additional ASO sequences
(ASO-059 and ASO-066, the latter being a 19-mer derivative of
ASO-005) were also selected as back-up ASO leads based on robust
RT-PCR assay results. ASO-005-02 was selected for further character-
ization in patient-derived cellular models.

Rescue of TECPR2 protein expression in TECPR2-/- patient

fibroblasts and iPSC-derived neurons

TECPR2-/- patient fibroblasts do not express TECPR2 protein as as-
sessed by immunocytochemistry when compared with fibroblasts ob-
tained from healthy relatives of the SPG49 patient (Figure S4). The
available antibody used for this analysis could detect overexpression
of recombinant full-length TECPR2 and TECPR2 lacking exon
8-encoded sequence (TECPR2DEx8) in transfected cell lines by
immunoblotting but was not effective with the same method at de-
tecting endogenous TECPR2 in fibroblasts (Figure S5). Therefore,
we utilized TECPR2 immunocytochemistry to assess ASO-mediated
rescue of TECPR2 protein expression in patient-derived fibroblast
cells. Transfection of patient fibroblasts with ASO-005-02 at
100 nM and 300 nM induced robust rescue of TECPR2 protein
expression (Figures 3A–3C), indicating effective cellular expression
of TECPR2 lacking exon 8-encoded sequence. Levels of protein
expression in ASO-treated patient fibroblasts were similar to those
detected in both TECPR2+/+ and TECPR2+/- fibroblasts
(Figure 3C), although it was noted that only minimal differences in
protein detection were found between the TECPR2+/+ and
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Figure 2. ASO tiling, optimization, and selection of ASO leads that induce TECPR2 exon 8 skipping

(A) TECPR2 exon 8 region showing binding locations of the three most active exon 8-skipping ASOs (ASO-004, ASO-005, and ASO-007, shown in green). Sub-region with

100% sequence identity to cynomolgus monkey is highlighted in light blue. (B) DNA gel inverse image with a subset of PCR results of additional screening after ASO micro-

tiling and trimming of initial active sequences. Enrichment of lower PCR amplicon (�399 bp) can be detected after treatment with several of these ASOs (highlighted in red

rectangle). (C) Subset of nine ASO sequences of different length selected as priority leads. All sequences listed were then synthesized using 20-O-methoxyethyl bases and

5-methyl cytosine and uracil bases, with phosphorothioate backbone. All ASO sequences share a core 13-base sequence highlighted in blue and underscored. (D) DNA gel

inverse images of TECPR2 exon 8-skipping PCR results for ASO leads ASO-005-02, ASO-059, and ASO-066, assayed at different concentrations (300–1 nM). (E) Half

maximal effective concentration (EC50) for ASO leads ASO-005-02, ASO-059, and ASO-066 calculated using percentage of TECPR2 exon 8 skipping (estimated as fraction

of lower PCR amplicon over total PCR product) at different concentrations (each data point corresponds to n = 3 independent rounds of ASO treatment, each with n = 1 RT-

PCR assay). ASO-005-02 (in blue) was the most potent (EC50 = �27.3 nM) and was selected for further studies in patient-derived cells.

www.moleculartherapy.org
TECPR2+/- fibroblast samples, perhaps due to limitations in the
detection efficiency of the antibody in this assay. These data indicated
that ASO-induced exon 8 skipping could induce protein expression of
TECPR2DEx8 to levels of endogenous TECPR2 detected in healthy
control samples.

Since SPG49 is primarily a neurological disorder,1,2 we sought to
confirm the activity of the lead ASO candidate in neurons. Neurons
were differentiated from iPSC lines derived from the SPG49 patient
and unaffected TECPR2+/+ and TECPR2+/- relatives. Neurons
were produced using a transcriptional programming approach
whereby the proneuronal transcription factor NGN2 was
overexpressed in iPSCs (Figure 4A) to generate a homogenous
population of cortical excitatory neurons (NGN2 neurons).17,18

Differentiated neurons were treated at plating with ASO-005-02 at
5 mM, using gymnotic delivery. A scrambled, non-targeting ASO
was used as a negative control. Immunocytochemistry analysis of
TECPR2+/- NGN2 neurons treated with the scrambled control
ASO indicated that all neurons identified by staining for MAP2
(microtubule-associated protein 2) were positive for TECPR2 stain-
ing (eight out of eight in field shown, Figures 4B and 4C). Patient-
derived NGN2 neurons treated with control scrambled ASO were
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 193
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Figure 3. ASO-005-02 can rescue TECPR2 protein expression in TECPR2-/- (SPG49) patient-derived fibroblasts

(A) Experimental outline for rescue of TECPR2 protein expression assay, using immunocytochemistry with a rabbit polyclonal antibody raised against human TECPR2 as the

primary antibody. TECPR2 immunoreactivity in TECPR2-/- fibroblasts was assessed 5 days after treatment with ASO-005-02 using an IN Cell Analyzer 6000 platform. (B)

Representative immunofluorescence images obtained from two fields of view (FOVs) for each of the different TECPR2 genotype and ASO treatment conditions, showing

TECPR2 immunoreactivity with green signal and nuclear stain in blue. While untreated TECPR2-/- fibroblasts show no TECPR2 immunoreactivity, the same patient-derived

cells treated with 100 nM or 300 nM lead ASO-005-02 show TECPR2 signal comparable with that of healthy control genotypes TECPR2+/+ and TECPR2+/- (scale bar,

20 mm). (C) Quantitative immunocytochemistry of the different TECPR2 genotype and ASO conditions. Each data point represents a single cell for which TECPR2 fluores-

cence signal has been estimated (n = 60–400 cells per condition, 16–32 FOVs, error bars = SEM, ***p < 0.001 [pairwise t test FDR-corrected p value]).
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negative for TECPR2 immunoreactivity, indicating lack of TECPR2
protein expression (none out of seven in field shown, Figures 4D
and 4E). Treatment of patient-derived neurons with ASO-005-02 re-
sulted in TECPR2 protein expression (TECPR2DEx8) in a percentage
of cells (five out of 15 in field shown; Figures 4F and 4G). Quantifica-
tion across multiple fields of view indicated that 100% of TECPR2+/+
and TECPR2+/- NGN2 neurons treated with scrambled control ASO
were positive for TECPR2 protein expression, while a background of
�2.8% of patient-derived TECPR2-/- NGN2 neurons treated with
scrambled control ASO showed some level of TECPR2 immunoreac-
tivity (Figure 4H). Approximately 22.5% (15 out of 85) of patient-
derived TECPR2-/- NGN2 neurons treated with ASO-005-2 showed
clear TECPR2 immunoreactivity (Figures 4F–4H). Gymnotic delivery
of ASOs to cell lines, including cultured human iPSC-derived neu-
rons, is known to be inefficient, consistent with induction of measur-
able TECPR2 protein expression in only a fraction of the TECPR2-/-
cells treated with ASO-005-02. Neuronal uptake of ASOs has been
shown to be more efficient in vivo.19–21

TECPR2 and TECPR2DExon8 neuronal localization in patient

iPSC-derived neurons

To examine the neuronal subcellular distribution of TECPR2 protein
and TECPR2DEx8, high-resolution immunocytochemistry analysis
194 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
was performed on iPSC-derived NGN2 neurons treated with ASOs
by gymnotic delivery (5 mM) at plating and cultured for 45 days. Cells
were co-stained for neuronal markers b-III TUBULIN (present in all
neurites), MAP2 (present in soma and proximal dendrites), and for
TECPR2. As shown in Figure 5A–5D0, scrambled control ASO-
treated TECPR2+/+ NGN2 neurons exhibited a distinct, subcellular
TECPR2 expression pattern with three discrete types of TECPR2-pos-
itive puncta: (1) broad, speckled puncta pattern within soma and
proximal dendrites (Figure 5D, cyan arrowhead); (2) small discrete
puncta in thick and thin b-III TUBULIN-positive neurites (Fig-
ure 5D, yellow arrowhead); and (3) rare large puncta in thin b-III
TUBULIN-positive neurites (Figures 5D and 5D0, green arrowhead).
TECPR2+/- iPSC-derived NGN2 neurons treated with scrambled
control ASO showed a similar pattern of staining (Figures 5E–5H0).
TECPR2-/- patient-derived NGN2 neurons treated with the scram-
bled control ASO showed no TECPR2 immunoreactivity and absence
of the punctate expression pattern (Figures 5I–5L0). Three examples
presented in Figures 5M–P0, 5Q–T0, and 5U–X0 show that treatment
of patient TECPR2-/- NGN2 neurons with ASO-005-2 rescued all
three types of neuronal TECPR2-positive puncta observed in
TECPR2+/+ NGN2 neurons. The preserved punctate expression
pattern is consistent with the functional integrity of TECPR2DEx8
and provides evidence that the TECPR2DEx8 protein is synthesized,



Figure 4. ASO-005-02 can rescue TECPR2 protein expression in TECPR2-/- (SPG49) patient iPSC-derived neurons

(A) Generation of SPG49 patient iPSC lines and cortical excitatory neurons via reprogramming of peripheral blood mononuclear cells (PBMCs) with pluripotency factors

(OCT4, SOX2, KLF4, and cMYC) and transcriptional programming with pro-neuronal factor NEUROGENIN-2 (NGN2). TECPR2-/- patient and TECPR2+/- control iPSC-

derived neurons were treated with either 5 mM ASO-005-02 or a scrambled (non-targeting) negative control ASO during plating (single treatment, gymnotic delivery) and

cultured for 45 days to allow neuronal maturation. Effect of ASO treatment on TECPR2 expression was assessed using immunocytochemistry. (B and C) Control

TECPR2+/-; NGN2 neurons show clear TECPR2 immunoreactivity in soma and neuronal processes. (B) TECPR2 signal only and (C) a merge of TECPR2 (in green) with

the pan-neuronal marker MAP2 (in red). Individual neurons in these panels are indicated (numbers 1–8). (D and E) SPG49 patient TECPR2-/- NGN2 neurons treated with

scrambled (negative control) ASO do not show clear TECPR2 immunoreactivity. Individual neuronsmarked byMAP2 staining are indicated (numbers 1–7). (F and G) A subset

of SPG49 patient TECPR2-/- NGN2 neurons treated with 5 mM lead ASO-005-02 show clear TECPR2 immunoreactivity, indicating rescue of TECPR2 protein expression in

the form of TECPR2DEx8. These patient-derived neurons positive for TECPR2 signal are indicated by numbers in green in (F). (B–G) Scale bar, 20 mm. (H) Quantification of

several FOVs indicates that �22.5% of SPG49 TECPR2-/- patient iPSC neurons exhibited rescue of TECPR2 protein expression in culture, after single treatment (gymnotic

delivery) with lead ASO-005-02.
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folded, and transported to discrete subcellular domains similar to
wild-type, full-length TECPR2.

Further definition of the subcellular structures represented by
TECPR2-positive puncta could elucidate neuronal TECPR2 function.
Preliminary data using immunocytochemistry for autophagy, ER
export, and vesicle-mediated protein trafficking markers suggest
involvement of VPS11 (vacuolar protein sorting-associated protein
11 homolog) as a potential TECPR2 interactor, as we observed signif-
icant overlap in TECPR2 and VPS11 subcellular localization in hu-
man iPSC-derived neurons (Figure S6). We did not detect significant
co-localization of TECPR2 with a subset of markers for canonical
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 195
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Figure 5. TECPR2 and TECPR2DExon8 neuronal localization in patient iPSC-derived neurons

(A–D0) High-resolution immunocytochemistry analyses of control TECPR2+/+ iPSC neurons (DIV45) treated with 5 mM scrambled non-targeting negative control ASO

(scASO), single dose, gymnotic delivery at plating. Neurons were co-stained for MAP2 (A), b-III TUBULIN (B), and TECPR2 (D). b-III TUBULIN/TECPR2 merged signal

(C), and an enlarged (�2.1�) sub-region of the TECPR2 image (D0) are also presented. Distinct patterns of TECPR2 sub-cellular localization are highlighted in (D) and

(D0): broad, speckled puncta pattern within soma and proximal dendrites (cyan arrowhead), small discrete puncta in neurites (yellow arrowhead), and rare large puncta in

neurites (green arrowheads). (E–H0) Control TECPR2+/- iPSC neurons (DIV45) treated with 5 mM scASO, single dose, gymnotic delivery show similar pattern of TECPR2

subcellular localization to that of TECPR2+/+ (D and D0) with the three types of puncta highlighted by arrowheads in (H) and (H0): broad puncta pattern within soma and

proximal dendrites (cyan arrowhead), small discrete puncta in neurites (yellow arrowhead), and rare large puncta in neurites (green arrowheads). (I–L0) SPG49 patient

TECPR2-/- iPSC-derived NGN2 neurons (DIV45) treated with the 5 mM scASO show no TECPR2 immunoreactivity and absence of the punctate expression pattern. White

arrowhead in (L) and (L0) indicates lack of TECPR2 immunoreactivity signal in an area of a MAP2+ soma, according to (I). (M–P0) SPG49 patient TECPR2-/- iPSC-derived

(legend continued on next page)
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endosomal, lysosomal, and autophagosomal compartments in neu-
rons (Figure S7). Furthermore, in initial studies, we did not detect
robust alterations in autophagy in patient-derived fibroblasts relative
to healthy control fibroblasts (Figure S8) and consequently did not
pursue autophagy assays as a basis for further assessment of
TECPR2DEx8 functionality. In an additional evaluation of functional
rescue, preliminary investigation of the interacting partners of
TECPR2 and TECPR2DEx8 in HEK293 cells using pull-down exper-
iments followed by mass spectrometry-based proteomics suggests
that the percentage of retained interactions in these non-neuronal
cells ranges from 33% to 72%, depending on the statistical thresholds
applied (Figure S9). The evidence that a significant percentage of
TECPR2 protein interactions are retained by TECPR2DEx8 suggests
that TECPR2DEx8 may at least partially restore TECPR2 function.

Single-dose tolerability study of lead ASO candidates in

cynomolgus monkeys

To determine if the lead ASO candidate ASO-005-02 and two back-
up candidates (ASO-059 and ASO-066) have TECPR2 exon
8-skipping activity in vivo and are tolerated in non-human primates,
a single-dose (intrathecal; 20 mg) 14-day tolerability study was per-
formed in cynomolgus monkeys (n = 2 per ASO) (Figure 6A). Prior
to the in vivo study, the efficacy of the ASO candidates was
confirmed in vitro in cultured cynomolgus monkey fibroblasts using
an RT-PCR assay analogous to that used for human fibroblasts (Fig-
ure S10). Clinical observations of animals treated with the ASOs
indicated that all three ASO candidates had an acceptable tolera-
bility profile with similar non-adverse transient clinical signs and
neurological changes (Figure S11). For ASO-005-02, transient
behavioral changes included tremors, postural changes, as well as ef-
fects on postural reactions and flexor reflexes, which generally
resolved by 24 h post dose.

Histopathology analyses of brain, spinal cord (lumbar, thoracic,
and cervical), and dorsal root ganglia tissues indicated that the sin-
gle 20-mg dose of ASO-005-02, ASO-059, or ASO-066 to cynomol-
gus monkeys via intrathecal injection did not result in any test
item-related gross or microscopic changes at study termination
(Figure S11). Intrathecal injection resulted in broad uptake of
ASO-005-02 in most animals throughout the neuraxis, as measured
by hybridization ELISA (Figure 6D). Pharmacodynamic (PD) ana-
lyses using RT-PCR in CNS tissues led to the selection of ASO-005-
02 as the therapeutic candidate based on its superior in vivo
TECPR2 exon 8-skipping activity (Figures 6B and 6C), correlating
with ASO concentration in the CNS tissues analyzed (Figure 6D),
confirming in vivo target engagement via this route of administra-
tion. In sum, the single-dose in vivo tolerability study indicated
NGN2 neurons (DIV45) treated with 5 mM ASO-005-02 (single dose, gymnotic delivery a

and proximal dendrites, as highlighted by cyan arrowhead in (P) and enlarged (�2.1�) in

with 5 mMASO-005-02 (single dose, gymnotic delivery at plating) show rescue of expres

highlighted by yellow arrowheads in (T) and enlarged (�2.1�) (T0). (U–X0) SPG49 patien

(single dose, gymnotic delivery at plating) show rescue of expression of rare large TECPR

(�2.1�) (X0). (A–X0) Scale bar, 20 mm.
that ASO-005-02 is active and has an acceptable tolerability profile
when administered by intrathecal injection in cynomolgus
monkeys.

DISCUSSION
Here, we report the identification of an ASO therapeutic strategy
suitable for patients with an ultra-rare neurological disorder
(SPG49) resulting from homozygous truncating mutations in exon
8 of the TECPR2 gene. The strategy could also benefit patients
with the exon 8 mutation in compound heterozygous context.
The therapeutic is designed to be administered by intrathecal injec-
tion to address the severe, life-threatening neurological symptoms of
the disease. The mechanism of action is to induce exon 8 skipping
to restore the TECPR2 mRNA reading frame and induce expression
of a form of TECPR2 protein (TECPR2DEx8) that lacks 111 amino
acids of an apparently unstructured central region of full-length
TECPR2.

Following the identification of ASO sequences with TECPR2 exon
8-skipping activity, optimization studies led to identification of a
lead candidate, ASO-005-02, with potent exon 8-skipping activity.
Treatment of patient-derived fibroblasts and neurons with ASO-
005-02 induced expression of TECPR2DEx8 in both patient cell types.
TECPR2DEx8 protein was shown to retain the distinct, punctate
neuronal expression pattern of full-length TECPR2, providing evi-
dence that it is synthesized, folded, and transported to discrete subcel-
lular domains similar to the full-length protein. In addition, prelimi-
nary protein interactome studies in HEK293 cells suggest that
TECPR2DEx8 retains a significant portion of the protein binding in-
teractions of full-length TECPR2. Future interactome studies in hu-
man iPSC-derived neurons will be informative to further evaluate
TECPR2DEx8 in a neuronal context. Based on these observed fea-
tures of TECPR2DEx8, it is anticipated that TECPR2 exon
8-skipping ASOs may at least partially rescue the function of full-
length TECPR2.

Analysis of the effects of exon 8-skipping ASOs in patient-derived
cells to confirm and characterize activity in disease-relevant cellular
contexts was an important aspect of this study. For these experiments,
we utilized dermal fibroblast cells and iPSC-derived neurons from a
single SPG49 patient homozygous for the exon 8 TECPR2 mutation.
We were not able to access cell lines from additional patients as a
result of the rarity of the disease. However, since the ASO leads target
wild-type sequences within the TECPR2 pre-mRNA and not the pa-
tient mutation, we predicted and confirmed exon 8-skipping activity
of the candidate ASO in unaffected control cells from different genetic
backgrounds (Figure S12). Therefore, we anticipate that the effects of
t plating) show rescue of broad puncta pattern of TECPR2 expression within soma

(P0). (Q–T0) SPG49 patient TECPR2-/- iPSC-derived NGN2 neurons (DIV45) treated

sion of small discrete TECPR2-positive puncta in b-III TUBULIN-positive neurites, as

t TECPR2-/- iPSC-derived NGN2 neurons (DIV45) treated with 5 mM ASO-005-02

2-positive puncta in neurites, as highlighted by green arrowhead in (X) and enlarged
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Figure 6. Lead ASO candidate ASO-005-02 is effective in CNS tissues and well tolerated in non-human primates

(A) In vivo ASO tolerability study design. A single 20-mg intrathecal dose of each of the three lead ASOs was delivered to cynomolgus monkeys (n = 2 per ASO). Elliotts B

solution was used as vehicle control to establish baseline conditions for the different assays. Fourteen days after ASO treatment, animals were necropsied, and different CNS

tissues were obtained for pharmacokinetic (PK), pharmacodynamic (PD), and postmortem histopathology analyses. ASO concentrations (ng/g) in the different CNS tissues

were determined using a hybridization ELISA assay and percentage of cynomolgus TECPR2 exon 8 skipping was estimated using a modified version of the patient RT-PCR

assay with cynomolgus monkey-specific PCR primers. (B) Diagram of RT-PCR assay for detection of cynomolgus monkey TECPR2 exon 8 skipping, which corresponds to

enrichment of a lower PCR amplicon (�386 bp). (C) DNA gel inverted images showing PCR results for TECPR2 exon 8-skipping assay for different CNS tissues (spinal cord

cervical, lumbar, thoracic, pons, medulla, and frontal cortex) obtained from monkeys treated with each of three ASO leads (ASO-059, ASO-005-02, ASO-066). cDNA sam-

ples from cultured monkey fibroblasts transfected with the same three ASOs were used as positive controls for the assay, andmolecular biology-gradewater (�) was used as

negative control for the PCR assay. Significant enrichment of lower PCR amplicon (�386 bp, indicated by red asterisks [**]) can be easily detected for the two animals treated

with ASO-005-02, which was selected as the therapeutic candidate based on this superior in vivo TECPR2 exon 8-skipping activity profile. (D) PK/PD scatterplot showing

good correlation between the concentration (ng/g) of ASO-005-02 estimated in different CNS tissues (using hybridization ELISA) and the percentage of TECPR2 exon 8

skipping (as measured by RT-PCR) detected in those tissues for the two animals (animals 3001 and 3501) treated with this ASO candidate. SP Lumbar, lumbar spinal

cord tissue; SP Thoracic, thoracic spinal cord thoracic tissue; Fr Cortex, frontal cortex tissue.
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the ASO candidate should generalize to the population of SPG49 pa-
tients harboring the exon 8 mutation, which may include up to a few
hundred individuals globally, based on estimated mutation carrier
frequencies.

Exon-skipping ASO therapeutics that address loss-of-function muta-
tions have been developed for DMD. This strategy led to approval of
eteplirsen22 and golodirsen,11,23,24 which induce skipping of DMD
exons 51 and 53, respectively, rescuing expression of shortened forms
198 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
of dystrophin lacking the exon-encoded sequences. In-frame dele-
tions including exons 51 or 53 were known to result in Becker
muscular dystrophy, a less severe form of muscular dystrophy,
providing genetic validation for the ASO therapeutic concept.25,26

The lack of such genetic concept validation for TECPR2 exon 8 skip-
ping, and the lack of understanding of TECPR2 function and the
SPG49 disease mechanism, present challenges in applying an analo-
gous approach to SPG49. We addressed this by using high-resolution
subcellular localization and proteomics studies to identify surrogate
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measures of TECPR2 functionality. We propose that the full preser-
vation by TECPR2DEx8 of the distinct neuronal subcellular distribu-
tion identified for full-length TECPR2 and the partial preservation of
its protein interactome are valid surrogates for partial functional
restoration.

The distinct neuronal subcellular distribution pattern identified for
TECPR2 and its co-localization with VPS11, a core member of
CORVET (class C core vacuole/endosome tethering) and
HOPS (homotypic fusion and vacuole protein sorting) tethering com-
plexes,27,28 may shed light on TECPR2 functions relevant to SPG49.
Further characterization of the various TECPR2-positive puncta to
define these subcellular compartments and investigate how their
perturbation could lead to pathogenic manifestations of SPG49 is
an important area for future work.

ASO-005-02 employs the same chemical modifications as in nusi-
nersen and was inactive in human peripheral blood mononuclear
cell (PBMC) cytokine release assays, suggesting minimal potential
for immune stimulatory effects (Figure S13). Finally, a single
20-mg intrathecal dose of ASO-005-02 in cynomolgus monkeys
had an acceptable tolerability profile, with some transient non-
adverse behavioral effects with no correlating histopathology. The
ASO distributed throughout the CNS and induced detectable exon
8 skipping in multiple CNS tissues, demonstrating activity in vivo
and the applicability of the cynomolgus monkey for assessing toxi-
cology of the candidate. To our knowledge, this is the first report of
exon skipping induced in the CNS of non-human primates by an
intrathecally administered ASO. Additional long-term toxicology
studies in non-human primates across a range of doses with
comprehensive toxicology evaluation are needed to gain a complete
understanding of the safety profile of this therapeutic candidate and
establish whether the candidate has a sufficient therapeutic window
to support clinical development. In addition, profiling the effects of
the ASO candidate on the transcriptome using RNA sequencing
analysis in relevant cellular contexts will be important to examine
whether the candidate induces off-target effects at a therapeutically
relevant concentration, as potential for off-target effects on tran-
script expression has been reported for splice-switching ASOs.29,30

Given the grave prognosis for SPG49 patients, the potential of
TECPR2 exon 8-skipping ASOs to restore TECPR2 expression
and function, and the relatively safe profile of this drug class, we
expect that this therapeutic approach could ultimately provide clin-
ical benefit to SPG49 patients suffering from TECPR2 exon 8 muta-
tion-induced disease.

MATERIALS AND METHODS
Derivation and culture of human dermal fibroblast cell lines

Under Institutional Review Board (IRB)-approved protocol and con-
sent forms, we obtained skin punch biopsies from the forearm of an
SPG49 patient (TECPR2-/-) and from healthy control relatives
(TECPR2+/- and TECPR2+/+). Skin biopsies were cultured using
DMEM basal medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (Hyclone FBS Defined (US)-Heat Inac-
tivated) and 1� penicillin:streptomycin solution (Corning), until
dermal fibroblast cells expanded and reached 80%–90% confluency
in a surface area of �3.8 cm2. Fibroblasts were then dissociated
with 0.05% Trypsin EDTA (Corning) and passaged by seeding at
1:3 to 1:5 dilution densities. This process was repeated until establish-
ing cryostocks of fibroblasts at passage (P) 3 to 6. All experiments pre-
sented here were carried out using fibroblast cells at P6 to P10. Cells
were routinely cultured in 96-well Ibidi cell culture clear plates for
RT-PCR and immunocytochemistry assays.

Derivation and culture of human iPSC lines and neuronal

production

Under IRB-approved protocol and consent forms, we obtained pe-
ripheral blood samples (2–4 mL) from an SPG49 patient
(TECPR2-/-) and from healthy control relatives (TECPR2+/- and
TECPR2+/+). PBMCs were then isolated by density gradient centrifu-
gation with Ficoll. PBMCs were reprogrammed into iPSCs using an
established non-integrating method whereby pluripotency-associated
factors (OCT4, KLF4, SOX2, and c-Myc) are transiently expressed via
Sendai virus particles (Cytotune 2.0 kit, Life Technologies). At least
three to five clones per donor were established into iPSC lines, and
these cells were routinely expanded in culture and maintained using
mTeSR1 medium (STEMCELL Technologies) and cell culture sur-
faces pre-coated withMatrigel (Corning) according tomanufacturers’
recommendations. TECPR2+/+, TECPR2+/-, and TECPR2-/- iPSC
lines generated as part of this study are available upon reasonable
request to the Luke Heller TECPR2 Foundation and Q-State Biosci-
ences. iPSC lines were differentiated into cortical excitatory NGN2
neurons using a transcriptional programming approach, as previ-
ously described.17,18 Briefly, iPSC lines were initially transduced
with lentiviral particles expressing the reverse tetracycline transacti-
vator (rtTA) and a tetracycline-responsive (TetOp) construct driving
the expression of the proneuronal transcription factor Neurogenin-2
(NGN2) and a puromycin antibiotic resistance enzyme. These genet-
ically modified iPSC lines were then expanded in mTeSR1 medium
for three to six passages prior to induction of NGN2 expression via
doxycycline. For neuronal production, iPSCs were dissociated with
Accutase (STEMCELL Technologies) according to manufacturer’s
recommendations and plated at a density of 300,000 cells/cm2 using
mTeSR1 medium supplemented with 10 mM Rock Inhibitor (Sigma)
and 2 mg/mL doxycycline (Sigma) to initiate NGN2 overexpression. A
day later, the medium was switched to a 1:1 DMEM/F-12:Neurobasal
Medium (Thermo Fisher Scientific) supplemented with 1�
GlutaMAX (Life Technologies), 1� non-essential amino acids (Life
Technologies), 1� N2 (Gibco), 1� B-27 (Gibco), 2 mg/mL doxycy-
cline (Sigma), and 2 mg/mL puromycin (Sigma). Medium was
exchanged daily with fresh medium for three additional days, which
then resulted in a highly homogenous population of post-mitotic neu-
rons, which were then dissociated with Accutase and plated at a
density of 80,000–100,000 cells/cm2 onto poly-D-lysine/laminin
pre-coated single-well dishes (MatTek) for ASO treatments and
immunofluorescence and RT-PCR assays. Human neuronal cultures
were seeded and maintained for 30 to 45 days in Neurobasal A Me-
dium supplemented with 1� GlutaMAX (Life Technologies), 1�
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non-essential amino acids (Life Technologies), 1� N2 (Gibco), 1�
B-27, 10 ng/mL BDNF (R&D), and 10 ng/mL GDNF (R&D). In order
to allow for neuronal maturation of the differentiated cells, the cul-
tures were supplemented 3 days after the initial seeding with 40,000
cells/cm2 of primary mouse cortical glial cells, prepared as previously
described.31

ASO synthesis and delivery into cultured cells

All ASO molecules used for in vitro studies were synthesized (100–
250 nmol scale) at Integrated DNA Technologies (IDT) using either
20-O-methyl or 20-MOE modified ribonucleosides and phosphoro-
thioate internucleotide linkages. For ASO delivery into human and
non-human primate (cynomolgus) fibroblast cells, we used a lipid-
based transfection system (Lipofectin, Thermo Fisher Scientific) in
which the ASO was incubated with the transfection reagent in Opti-
MEM (Themo Fisher Scientific) for 15–20 min prior to the addition
of this solution to the cultured cells. For these experiments, we routinely
used 0.5 mL of Lipofectin for every 200 mL of cell culture medium, and
serum concentration in the medium was reduced from 10% to 2% for
the duration of the ASO treatment (typically 3–5 days). For ASO deliv-
ery into human iPSC-neuronal cultures, we used gymnotic delivery (no
transfectionagent) asweobserved significant cellular toxicitywith lipid-
based transfectionmethods. For gymnotic delivery, the ASOwas added
to themediumat thedesired concentration (typically 2.5 to5mM)witha
single treatment at the moment of neuronal plating. Medium was
exchanged once a week starting 3 days after plating, and ASO was not
re-plenished with fresh medium additions.

ASO synthesis and intrathecal delivery into non-human primates

For in vivo studies, the top three lead ASOs: ASO-059, ASO-005-02,
and ASO-066, were re-synthesized at the 1.1 g scale at Axolabs (Ger-
many) and additional quality control was carried out on these pro-
duction batches with acceptable endotoxin levels (<0.10 EU/mg).
The new corresponding production identity numbers (IDs) for these
three new batches of ASOs were QS0321489-05 (same sequence as
ASO-059 and also designated in some figures as 89-05),
QS0321490-05 (same sequence as ASO-005-02 and also designated
in some figures as 90-05), and QS0321491-05 (same sequence as
ASO-066 and also designated in some figures as 91-05). ASO in vivo
work was carried out at Charles River Laboratories (Charles River
Laboratories Montreal ULC; Senneville Site) under their Institutional
Animal Care and Use Committee (IACUC)-approved protocols.
Briefly, ASOs as lyophilized powders were dissolved in Elliotts B so-
lution at 20 mg/mL and sterile filtered using a 0.22-mm PVDF mem-
brane. Animals were dosed under general anesthesia in lateral recum-
bency position by direct intrathecal puncture at the lumbar level using
a spinal needle. Dosing volume was 1 mL, followed by a 0.25-mL flush
of Elliotts B solution. The term of the study was 2 weeks, at which
point animals were euthanized, and necropsy and terminal analyses
performed. Endpoints evaluated in the study included mortality, clin-
ical observations, body weights, neurological examinations, cerebro-
spinal fluid (CSF) and tissue bioanalysis for ASO concentration by
hybridization ELISA (samples collected at necropsy), tissue
TECPR2 mRNA splicing analysis by RT-PCR, gross necropsy find-
200 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
ings, and histopathological examinations. At study termination,
CNS tissues, CSF, and liver and kidney tissues were collected for
the pharmacokinetic (tissue bioanalysis) and pharmacodynamic
(TECPR2 exon 8-skipping RT-PCR assay) analyses. ASO concentra-
tions in tissues were determined by hybridization ELISA (HELISA)
using a dual probe capture/detection method as previously re-
ported.32 The HELISA quantification method for ASO-005-02,
ASO-059, and ASO-066 used a capture probe that consisted of
sequence GTCTGGATG linked to biotin at the 30 end and a detection
probe that consisted of sequence TCTGGAGAT linked to digoxige-
nin at the 50 end, and the method was further optimized and validated
as a qualified analytical procedure at Charles River Laboratories
(Montreal). The TECPR2 exon 8-skipping RT-PCR assay for PD an-
alyses is described next.

RT-PCR (TECPR2 exon 8 skipping) assays

For RT-PCR exon 8-skipping assay, two different methods were used
for RNA and cDNA preparations, depending on the initial source
(cultured cells versus in vivo tissues). For cultured fibroblasts, total
RNA was initially prepared 3–5 days after ASO treatment using the
RNA lysis reagents from the Cell-to-CT kit (Thermo Fisher Scienti-
fic), following manufacturer’s recommendations, and a total of
50 mL of lysis solution (containing DNase I) per cell culture well.
cDNA for these RNA samples was prepared in a 50-mL volume using
the RT reagents of the same kit, 10 mL of lysed sample, and following
manufacturer’s RT protocol (37�C 1 h, 95�C 5min). cDNA was then
diluted 1:2 to 1:10 in molecular biology-grade nuclease-free water
prior to setting up PCR assays. For tissue samples from the in vivo
study, tissue was homogenized, and total RNA was obtained using
the RiboPure RNA Purification kit (Thermo Fisher Scientific). For
this particular set of samples, RNA was quantified using a Nanodrop
and was diluted to 10 ng/mL in nuclease-free water prior to cDNA
synthesis. This purified total RNA was reverse transcribed to cDNA
using iScript Reverse Transcription Supermix (Bio-Rad Laboratories)
with 100 ng (10 mL) of the RNA template and combined oligo(dT)
and random primers according to the manufacturer’s protocol: prim-
ing at 25�C for 5 min, RT at 46�C for 20 min, and RT inactivation at
95�C for 1 min. The resulting cDNA was then diluted 1:2 to 1:10 in
nuclease-free water. All PCR assays were carried out in 96-well plates
using a Mastercycler Pro S Thermocycler 6325 (Eppendorf). PCR-
based TECPR2 exon 8-skipping assays used a 25-mL reaction contain-
ing KOD Hot Start Master Mix (Sigma), 400 nM solutions of each of
two primers, and 10 mL of diluted cDNA sample. The following
primer pairs were used on human and non-human primate samples,
respectively: human TECPR2 forward primer #25 (GGGACTGTT
CAAGCCACGTTTATC) and human TECPR2 reverse primer #30
(AAATTCGGAGCAGGGTGTCGATTC); cynomolgus TECPR2 for-
ward primer #96 (AGATGCTTTTGCCGGGGGAGTC) and cyno-
molgus TECPR2 reverse primer #97 (GGGGACTGTCCCCAGGA
AAT). PCR amplification protocol consisted of the following steps:
95�C for 2 min, 35� (95�C for 20 s, 58�C for 10 s, 70�C for 30 s),
and 70�C for 5 min. RT-PCR products were resolved using electro-
phoresis with 1% agarose gel stained with SYBR Safe DNA Gel Stain
(Thermo Fisher Scientific) and visualized with a Chemidoc Touch
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Imaging System (Bio-Rad Laboratories). A 1-kb DNA ladder (New
England Biolabs #N0550S) was loaded into each gel row to serve as
a marker for the size of the TECPR2 PCR products. A PCR sample
showing successful TECPR2 exon 8 skipping appears as enrichment
of a lower-molecular-weight PCR product (reduced by 333 bp) in
comparison with the upper PCR band, which includes exon 8 (wild
type or full-length TECPR2 product). In order to quantify the per-
centage of TECPR2 exon8-skipped product and wild-type TECPR2
product, the intensities of the PCR bands were evaluated using Image
Lab software (Bio-Rad Laboratories). The output of this algorithm is
designated as “adj volume” and represents the adjusted volume of
each band after background subtraction. After adjusted volumes are
calculated for the PCR bands present on a gel, the sum of the total
adj volume for all PCR bands in a sample is designated as 1.00 and
the contribution of the two PCR bands (full-length TECPR2 versus
TECPR2DExon8) to this sum is expressed as percentages, by dividing
the adj volume for each PCR band by the sum and then multiplying
by 100.

Immunocytochemistry assays

Immunocytochemistry (ICC) assays were carried out as previously re-
ported.18 Briefly, fibroblast and neuronal cultures were fixed using
4% paraformaldehyde diluted in 1� PBS from a 16% aqueous
solution (Electron Microscopy Sciences) for 20 min and then permea-
bilized with 0.2% Triton X-100 (Sigma). Cell culture dishes were
blocked with 10% donkey serum in 0.1% PBS-Tween for 1 h and
then incubated with primary antibodies overnight at 4�C. After five
washes with 0.1% PBS-Tween, dishes were treated with secondary
(Alexa -conjugated) antibodies for 1 h at room temperature. Cell nuclei
(DNA) were stained with Hoechst 33342. Primary antibodies used in
this study were the cytoskeletal pan-neuronal markers MAP2 (Abcam;
ab5392, 1:3,000) and b-III TUBULIN (TUJ1, BioLegend; #801202,
1:1,000), custom rabbit polyclonal antibody against TECPR24 1:300
(produced in the laboratory of Dr. Christian Behrends), VPS11 (Santa
Cruz; sc-515094, 1:300). For fibroblast cultures in 96-well Ibidi plates,
images were acquired as maximum-intensity Z-projections using the
automated confocal microscope GE Healthcare IN Cell Analyzer
6000 with 20� (0.75NA) objective. Single-cell TECPR2 expression in
fibroblasts was estimated using a custom automated microscopy pipe-
line. Briefly, cell nuclei were first identified via histogram splitting on
preprocessed images from the Hoechst33342 channel, with a second
pass via a local watershed algorithm to split nuclei detected as possibly
fused. Nuclear segmentations for each field were manually appraised
and rejected in cases of gross proliferation or poor segmentations.
Individual nuclei were then subjected to algorithmic quality criteria
assessing size, eccentricity, snowiness, solidity, and average
Hoechst33342 brightness (to catch fluorescent artifacts). As the
TECPR2 staining pattern was expected to be punctate, fluorescence
values from the TECPR2 channel were captured using a 20-pixel
halo that was drawn around each annotated cell nucleus, with duplicate
claims on specific pixels resolved via nearest neighbors. For statistical
analysis, we carried out a one-way ANOVA followed by pairwise t tests
to evaluate differences between the five groups. p values were false dis-
covery rate (FDR) corrected to account for multiple hypothesis testing.
Analysis was performed in R (version 3.6.3). For human neuronal cul-
tures treated with ASOs, ICC images were acquired using the LSM880
confocal microscope with 60� objective.

Autophagy and immunoblotting assays

Autophagy assays with Bafilomycin A1 were carried out as previously
described.33 For detection of protein levels using immunoblotting as-
says, protein concentrations were determined using BCA assay on a
Nanodrop, and 10–30 mg of protein sample were loaded and sepa-
rated using SDS-PAGE. After protein transfer onto membranes, these
were incubated with primary antibodies overnight and corresponding
HRP-conjugated secondary antibodies for 1–2 h prior to developing
and measuring protein signal. Primary antibodies and dilution used
were MAP1LC3B (Cell Signaling Technology 2775, 1:500 dilution),
SQSTM1 (Cell Signaling Technology 5114S, 1:500 dilution),
GAPDH (Abcam ab9484, 1:2,000 dilution), and custom rabbit poly-
clonal antibody against TECPR24 1:300 (produced in the laboratory
of Dr. Christian Behrends).

Human PBMC assays

Human PBMC assays were carried out at Axolabs (Germany).
Starting material for human PBMCs was buffy coat blood corre-
sponding to 500 mL of full-blood transfusion units. Each unit
was obtained from healthy volunteers, and glucose-citrate was
used as anti-agglutinant. Initial buffy coat volume was 28–
32 mL, and the sealed bag was opened about 40 h after blood
donation, when isolation of human PBMCs was carried out via Fi-
coll gradient centrifugation. PBMCs were resuspended in 10 mL of
RPMI1640 complete medium (1� L-glutamine, 1� penicillin-
streptomycin (Pen/Strep), and 10% fetal calf serum). PBMCs
were seeded at 100,000 cells/well of 96-well cell culture plates in
100 mL of complete medium and maintained inside a 37 �C/5%
CO2 incubator. ASO molecules (ASO-005-02, ASO-059, and
ASO-066) were delivered at three different concentrations
(50 nM, 150 nM, 300 nM) using lipid-based transfection via
OptiMem and Lipofectamine 2000 (0.5 mL/well). Twenty-four
hours after transfection and incubation (37�C/5% CO2), multiple
cytokines (interferon [IFN]-a2a, IFN-b, interleukin [IL]-1b, IL-6,
tumor necrosis factor [TNF]-a) were measured and analyzed via
the MSD platform. Multiple positive controls (inflammatory stim-
uli) were used, including a TLR7/8 agonist (XD-01024, a choles-
terol-conjugated ApoB siRNA); a TLR9 agonist (ODN2216, a
20-mer CpG oligo containing unmethylated CpG); a TLR7/8
agonist (XD-00366, a 25-mer double-stranded, unmodified,
blunt-ended LacZ RNA duplex); and a TLR3, RIG-I/MDA5, and
PKR agonist (low-molecular-weight polyinosinic-polycytidylic
acid [LMW poly(I:C)]). A chemically modified siRNA (XD-
03999) against factor VII (FVII) was used as negative control.

TECPR2 interactome studies in HEK cell lines

HEK293 TECPR2-/- cells were generated by CRISPR-Cas9 gene
editing followed by clonal selection. A stable TECPR2-/- HEK293
line was generated and shown to have no TECPR2 protein expression
by immunocytochemistry with the anti-TECPR2 antibody. The
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TECPR2-/- HEK293 cell line was separately transfected with expres-
sion constructs for hemagglutinin (HA)-tagged TECPR2 and HA-
tagged TECPR2DEx8, and stable clones selected and expanded. The
following four resulting cell lines were used for the pull-down
experiment: (1) TECPR2-/- HEK293-HA-TECPR2 (TECPR2/- stably
expressing full-length HA-TECPR2), (2) TECPR2-/- HEK293-HA-
TECPR2DEx8 (TECPR2-/- stably expressing HA-TECPR2DEx8),
(3) TECPR2-/- HEK293-non-transfected (negative control for
anti-HA pull-down), (4) TECPR2+/+ parental HEK293-non-trans-
fected (negative control for anti-HA pull-down). Eight replicates of
each of the four cell lines were used for pull-down experiments for
a total of 32. The combination of the stable HA-tagged bait expression
protocol with the large number of replicates provided an optimal
design and well-powered experiment for detecting potential interac-
tors of the two forms of TECPR2 in the HEK293 cellular background.
Cells were grown to 75% confluency, and protein lysates were gener-
ated. Pull-downs were performed using beads conjugated to anti-HA
antibody, followed by extensive washing of beads. Pulled down pro-
teins were eluted by adding an excess of HA-tagged peptide to the
beads and isolating the supernatant. The eluted protein samples
were analyzed by mass-spectrometry-based proteomics analysis. Pro-
teome informatics results and protein database FASTA files including
spectral count data were provided to A2Idea (Ann Arbor, MI) for sta-
tistical analysis to define significant interactors. Prior to statistical
analysis, proteins commonly observed in affinity-purification coupled
to mass spectrometry (AP-MS) experimental blanks were identified
in and removed from all comparisons. These proteins represent
non-specific binding to the assay antibody used (anti-HA-tag) and
must be removed from any label-free analysis as they do not represent
a true interaction. The non-specific binding proteins were identified
using a public database resource for AP-MS (crapome.org) that en-
ables users to download lists of common contaminants in AP-MS ex-
periments.34 Four replicate experiments using the HA-tag were
downloaded from crapome. All proteins found in common among
these four experiments were taken to be contaminants. Any occur-
rence of these proteins was removed from the spectral count data
prior to running significance analysis. Significant interactors were
identified using the significance analysis of interactome (SAINT) al-
gorithm,35 a computational tool that assigns confidence scores to pro-
tein-protein interaction data generated using AP-MS. The method
utilizes label-free quantitative data (i.e., spectral counts). Using spec-
tral counts, SAINT constructs separate distributions for true and false
interactions to derive the probability of a bona fide protein-protein
interaction. A stringent Bayesian FDR (BFDR) of 0.01 statistical
threshold was used to define interactors. Log of odds ratios (LORs)
of 40, 30, and 20 were applied to the identified interactors to define
likely significant interaction candidates over a range of statistical
thresholds.

Data availability

The most relevant datasets generated and analyzed as part of this
study are included in this published article (and its supplementary in-
formation files). Additional data analyzed in the study are available
from the corresponding authors on reasonable request. Custom
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code used for the automated microscopy pipeline is restricted from
outside use.
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