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Therapeutic Restoration of Stathmin-2 RNA Processing in TDP-43 Proteinopathies 

 

by 
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Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2021 

 

Professor Don W. Cleveland, Chair 

 

TDP-43 proteinopathies, including amyotrophic lateral sclerosis (ALS), frontotemporal 

dementia (FTD), and Alzheimer’s disease (AD), commonly share features of nuclear clearance 

and cytoplasmic accumulation of the RNA-binding protein TDP-43 within affected neurons. TDP-

43 suppression in an adult nervous system changes expression and splicing of RNAs encoded 

by hundreds of genes, however, the functional consequences and relevance to 
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neurodegeneration of these changes have proven elusive. Our team recently discovered that 

TDP-43 suppression in human cells drives use of cryptic splice and polyadenylation sites in the 

pre-mRNA encoded by the STMN2 gene (aka SCG10), leading to loss of the stathmin-2 protein 

it encodes, preventing axonal recovery after injury. This discovery provides a new gene target in 

TDP-43 proteinopathy and links dysregulated RNA metabolism to impaired microtubule 

dynamics, two pathways suggested independently without recognized pathophysiologic 

commonality. I here demonstrate that concomitant loss of full length stathmin-2 mRNA and 

accumulation of its cryptically spliced and truncated form is a hallmark of TDP-43 proteinopathy. 

I show that removal of the proposed TDP-43 binding sites within intron 1 of the stathmin-2 pre-

mRNA drives constitutive misprocessing. I determine TDP-43’s role at this site is to sterically block 

cryptic site utilization, as synthetically targeting other RNA binding proteins or RNA-targeted 

CRISPR effectors to this locus restores correct stathmin-2 pre-mRNA maturation. By eliminating 

either cryptic processing site, I determine that cryptic splicing, not cryptic polyadenylation, is the 

primary driver of stathmin-2 pre-mRNA misprocessing. Next, a therapeutic strategy for TDP-43 

proteinopathies is identified using steric binding antisense oligonucleotides (ASOs) to maintain or 

restore stathmin-2 pre-mRNA maturation and rescue axonal regeneration in human motor 

neurons with TDP-43 deficiency. I developed AAV-based experimental approaches to modulate 

stathmin-2 in an adult mammalian central nervous system, including an AAV delivered RNAi 

against the stathmin-2 pre-mRNA that is used to determine the consequences of chronic 

reduction of murine stathmin-2, as well as gene therapy cargos to supplement stathmin-2 

expression selectively in neurons with dysfunctional TDP-43. Finally, the STMN2 gene is 

humanized by knock-in of human exon 2a into the corresponding region of murine STMN2, with 

or without TDP-43 binding sites. I show humanized mice without the STMN2 TDP-43 binding sites 

constitutively misprocess stathmin-2 pre-mRNA, enabling therapy development in TDP-43 

proteinopathies by identification of stathmin-2-restoring ASOs. 
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Chapter 1: Introduction: 

 

A brief description of Amyotrophic Lateral Sclerosis 

First described by neurologist Jean-Martin Charcot in 18691,2, ALS is a fatal 

neurodegenerative disease characterized by the progressive degeneration and death of 1) upper 

motor neurons, which project from the motor cortex to the brainstem and spinal cord, and 2) lower 

motor neurons which project from brainstem and spinal cord to muscles, causing weakness and 

eventually death. ALS typically affects people in mid-to-late life, at a rate of about 5 cases per 

100,000 people in the United States3, and is believed to have similar rates worldwide. While there 

is a slightly higher incidence in men than in women before their mid to late 60s, it thereafter has 

equal incidence. The clinical presentation4 of ALS suggests a focal onset and three-dimensional 

spreading within compartments of upper and lower motor system, with the mixture of upper vs 

lower motor neuron involvement, as well as the location of onset and rate of progression varying 

between patients, though typically resulting in a relatively constant decline (intermittent remissions 

an exacerbations are generally rare)2. Common signs denoting the degeneration of upper motor 

neurons of Brodman area 4, their axons traversing the corona radiata, internal capsule, cerebral 

peduncles, pontine base, medullary pyramids, and lateral corticospinal tracts include: weakness 

with slowness, hyperreflexia and spasticity. Indeed, the “lateral sclerosis” of ALS is so named 

because of the gliotic and hardened (or sclerotic) dorsolateral area of the spinal cord which 

contains these lateral corticospinal tracts. Degeneration of lower motor neurons which project 

from the brainstem and spinal cord to the muscles results in clinical findings of muscle denervation 

including weakness, atrophy or “amyotrophy” (“amyotrophic” is Greek for “no muscle 

nourishment”), and fasciculations5,6 (spontaneous and intermittent fine and fast contractions of 

muscle fibers, which some neurologists call verminosis because they look like worms moving 

below the dermis). Most patients (~80%) present with unilateral limb onset, and will typically (~60% 



 

 
 

2 

of the time) next experience involvement of the contralateral limb, then ipsilateral involvement of 

their other extremity, before onset of contralateral involvement of that body segment2,7. About 20% 

of patients will preset with bulbar onset affecting speech, chewing and swallowing, with weakness 

and fasciculations in the tongue, and progressing more quickly to fatal respiratory involvement. 

Bulbar onset patients are also commonly affected by what is called pseudobulbar affect 

(sometimes colloquially called “emotional incontinence”) with inappropriate laughing, crying or 

yawning that can be incongruent to emotional trigger or mood. Bulbar onset patients most often 

progress to unilateral arm involvement before involving the opposite arm and then the muscles 

involved in respiration (typically resulting in a faster disease course versus limb-onset patients). 

ALS is sometimes accompanied with cognitive impairment of executive function, with language 

impairment, and behavioral disfunction and dementia are increasingly recognized as a component 

of disease in around 15% of patients.  

Though ALS is a motor neuron disease and sensory involvement is not an accepted typical 

feature, mild sensory symptoms (usually tingling) may occur in 20-30% of patients even though 

clinical sensory examinations are usually normal. Electrophysiologic studies can indicate 

amplitude reduction on sensory nerves and slowing of dorsal column conduction8,9 (in one study, 

91% of patients who underwent sural nerve biopsy had pathologic evidence of sensory nerve 

pathology)10. In spite of this, patients usually do not complain of general sensation loss. Indeed, 

to the contrary, pain may be one of the more neglected symptoms of ALS patients even though a 

majority of patients report some type of pain (not from sensory circuit deterioration but from 

secondary causes) with the site and type depending on the mechanism, but including painful 

cramps, nociceptive pain in the shoulders, joint and pressure sores with decreased mobility, and 

neuropathic pain in the feet and lower limbs. Pain can occur at all stages but can be especially 

severe toward the end of life where more than half of patients in their last month of life report 

severe and frequent pain, sometimes requiring sedative analgesic drugs. This is especially true 
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of the minority of patients who opt to be kept alive by invasive ventilation11,12. Autonomic nervous 

system disturbances are not common in ALS, but have been reported in some patients carrying 

rare mutations13,14. 

The final result in all cases of ALS is the same, a progressive paralysis and eventually 

death, typically in 3-5 years, from progressive neuromuscular respiratory failure. Some extremely 

aggressive mutations confer a disease course of less than one year. A minority of patients (5-

10%) opt for permanent ventilation, prolonging their life but leaving them with steadily mounting 

paralysis, until they can only move their eyes and are eventually “locked in”15,16.  

 

Three genes and three decades, with the dawn of a fourth: The explosive gene discoveries 

that have dominated ALS research 

SOD1 

As of early 2021, at least 43 of genes17 have been implicated as causes of (or contributors 

to) Amyotrophic Lateral Sclerosis (ALS) when mutated at the DNA level. However, in diagnostic 

terms only about 10% of incidences of all ALS are known to be explained by an underlying genetic 

variant. The first ALS associated gene was discovered by classical genetic mapping of large ALS 

family pedigrees, revealing in 1993 the Copper Zinc Superoxide Dismutase gene (SOD1)18,19. The 

SOD1 gene explains only as small fraction (about 3-4%) of all ALS20, although more than 180 

different causal genetic lesions in SOD1 have been described in ALS patients. Disease-linked 

SOD1 mutations are scattered broadly across its 153 amino acid gene product, which is 

ubiquitously expressed and normally functions as a cytoplasmic homodimer to catalytically 

convert the free-radical superoxide biproducts of oxidative phosphorylation into water and 

hydrogen peroxide21. Initial proposals that SOD1 might mediated disease might be provoked by 

oxidative damage stemming from the loss of SOD1 catalytic activity were falsified by further 

scrutiny of SOD1 G93A mice, that develop progressive motor neuron disease in spite of their 
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elevated SOD1 enzymatic activity22, along with additional SOD1 mice (G37R23 and G85R24,25) 

bearing mutations which show elevated or unchanged enzymatic activity. Independent of animal 

models of disease, a systematic analysis of human patient mutations in SOD1 found no 

relationship between enzymatic active site perturbations and ALS onset or disease progression 

outcomes26. Further cementing the divergence from an oxidative stress model of ALS pathology 

was an SOD1 knockout mouse, which (unlike the mutant transgenic lines) lives to adulthood 

without signs of overt neurodegenerative disease onset, motor neuron loss, or paralysis27.  

Elevation or knockout of endogenous SOD1 gene expression on a mutant SOD1 transgenic 

background showed no effect on mutant mediated disease28, essentially ruling out major roles for 

normal SOD1 enzymatic function in neurodegeneration in ALS, and demonstrating that the mutant 

phenotype must be due to a toxic gain of function. 

This is not to suggest that knockout of SOD1 has no measurable effect in adult mice, a 

point that is potentially important for therapeutic considerations surrounding SOD1 mediated 

disease if mutant-selective reduction proves technically infeasible (which appears to be the case 

using present technologies). Indeed, the mouse SOD1 knockout model does have some non-

causal neuromuscular indications that suggest loss of normal SOD1 could play a role as a disease 

modifier, including: motor neuron death-rate differences developed after an induced axonal 

injury,27 reduced peripheral nerve myelin thickness and conduction velocity29,30, some denervation 

at neuromuscular junctions31, reduced mitochondrial density in neurons32, and abnormalities in 

gait and tremor33, along with various secondary skeletal muscle pathologies. Many of these 

phenotype observations from the SOD1 knockout mice mimic pathologies found in human 

patients with homozygous SOD1 truncating null mutations34,35, who, perhaps most critically, do 

not develop ALS but instead develop progressive motor deficits starting in childhood. In spite of 

the mouse and human motor phenotypes described in the case of homozygous loss of SOD1, it 

is important to note that heterozygous carriers of these SOD1-null mutations are apparently 
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unaffected by the motor syndromes seen in homozygous individuals, demonstrating that chronic 

2-fold reduction in SOD1 levels is apparently well tolerated in the human context, setting a rough 

threshold guideline for therapeutic reduction of SOD1 level in ALS patients. 

Since the weight of the evidence overwhelmingly favors a gain of toxic function in SOD1 

as primary to the onset of SOD1 ALS, any on-target therapy for mutations in this gene must work 

to reduce the synthesis of the toxic gene product. The tolerability of non-specific reduction of total 

SOD1 levels in this context, while a point of concern, will largely depend mutation-targeting-

specificity as well as overall reductions achieved in specific cell types (see “current and future 

treatments” subchapter).  

 

C9ORF72 hexanucleotide repeat expansion: the most common genetic cause of ALS and 

FTD 

Though a flurry of additional ALS-linked genes were implicated in the years following the 

first drafts of the human genome, for about 15 years after the initial discover of SOD1 in ALS, 

most of the effort to understand ALS pathogenesis focused on that single gene36. As the falling 

cost of DNA sequencing technology enabled larger and larger exome- and genome-wide analysis, 

one significant recurring association to the small-arm of chromosome 9 persistently managed to 

evade capture (to the frustration of geneticists). Indeed, in 2010 at the “7th Annual International 

Conference on Frontaltemporal Dementias”, I had the pleasure of listening to a poster 

presentation by a young geneticist by the name of Dr. Rosa Rademakers, regarding the elusive 

Chromosome 9 genetic association that, by next-generation-sequencing analysis of the linked 

haplotype block, somehow resulted in no obvious genetic abnormality. Dr. Rademakers and her 

then graduate student, Mariely DeJesus-Hernandez, would go on just weeks later to discover the 

causal chromosome 9 linked mutation was actually a hexanucleotide repeat expansion 

(GGGGCC) located in the first intron of a computationally predicted gene, C9ORF7237,38 
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(chromosome 9, open reading frame 72) positioned between two alternative transcription start 

sites for that gene. The next-generation sequencing technology used to interrogate the sequence 

space of the linked haplotype block had been throwing away the disease-causing repeat 

expansion in the first step of analysis because the sequence fragments from the very long repeat 

expansion (commonly numbering in the thousands) did not align to the reference genome. The 

discovery of the C9ORF72 expansion as the most common genetic cause of ALS and 

frontotemporal dementia (FTD)37-39 (sometimes called frontotemporal lobar degeneration FTLD, 

characterized by behavior and personality changes and eventual language skill impairment) was 

not only a landmark discovery because of the sheer number of patient cases it explains (about 

11.5% of all ALS in the United States20 which includes about 34% of familial ALS cases, and 

about 12% of FTD37 overall, including about a quarter of familial FTD cases), it is also perfectly 

illustrative at of an increasingly recognized overlap40 between the two diseases and their genetic 

drivers. In the case of C9ORF72, the same genetic lesion can cause either neurodegenerative 

disorder (or in some very unlucky patients, a combination of both conditions). ALS is now 

recognized to have a cogitative component in at least some patients, and some FTD patients 

meet ALS motor diagnostic criteria, with both categories of overlap occurring at an approximately 

equal frequency around 15%41. Though prior pathological evidence already suggested this 

relationship, the recognition of this clinical and genetic overlap, and mixed involvement in 

individual patients, was broadly accepted after the c9ALS/FTD discovery.  

The hexanucleotide repeat expansion mutation in c9ALS/FTD additionally places both 

conditions squarely among the ranks of at least 22 other inherited neurological repeat expansion 

disorders42, including myotonic dystrophies 1 and 2, FMR1/2, fragile X ataxia tremor associated 

syndrome (FXTAS), Huntington’s disease, Spinal bulbar muscular atrophy (SBMA) and a subset 

of the spinocerebellar ataxias (SCA1,2,3,6-8,10,12, and 17). As is true in other repeat expansion 

diseases, the C9ORF72 hexanucleotide sequences are tolerated in a normal unaffected nervous 
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system at shorter tandem repeat lengths from 2-25 GGGGCC units. Via some as-yet unknown 

expansion mechanism, that presumably involves errors in DNA replication and/or DNA repair 

processes, the repeat sequence expands in ALS and FTD patients to lengths of hundreds or even 

thousands of these tandem repeats37-39,43, with heterogeneity between cell types and 

compartments of the brain suggesting somatic expansion, and with overall repeat length relating 

to disease severity44.  

The function of the C9ORF72 gene product, normally expressed in both the central 

nervous system and periphery, is not understood. Although, it has been proposed by in-silico 

analysis to be a guanine nucleotide exchange factor (GEF) that regulates Rab GTPases45. 

Heterozygous repeat expansion effectively lowers RNA synthesis of total C9orf72 in patients by 

approximately half37, leading some to hypothesize that haploinsufficiency could be a contributor 

to c9ALS/FTD40. This initial hypothesis was very much muddled by a set of experiments in a 

C9ORF72 knockout mouse from the lab of Kevin Eggan, which initially claimed progressive 

deficits and death (though this was walked-back in the final manuscript after scrutiny by other 

laboratories). Eggan and colleagues also claimed that neuronal populations vulnerable in 

ALS/FTD were highest to express C9ORF7246 (a claim our group later falsified47). Follow-up 

experiments by our group and others demonstrated that C9ORF72 is normally expressed broadly 

in the nervous system, and that its partial loss (to 50%) is well tolerated with no neurodegenerative 

signs, while full loss of the gene leads to a peripheral leukemia-like syndrome that includes lymph 

node swelling and splenomegaly, though, again with no behavioral or neuropathologic 

abnormalities in the central nervous system were detected in these mice. Loss of mouse 

C9ORF72 was able to worsen repeat expansion derived phenotypes when the two factors were 

combined in the same animal. This indicates that, while C9ORF72 expression is important in the 

periphery, its loss in the central nervous system is quite tolerable47.  
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Additionally, I48 (and others49), discovered that like other repeat expansion disorders, this 

intronic repeat is bi-directionally transcribed to produce both a sense- and antisense-strand repeat 

RNA transcripts both of which accumulate into RNA foci within nuclei. Both transcribed RNA 

strands, sense and antisense, are abundantly detected in the cultured fibroblast cells of patients 

carrying the repeat expansion, with the antisense foci accumulating (perhaps unexpectedly) at 

nearly twice the number as the sense-strand foci (Figures 1.1 and 1.2). For both strands, most 

cells accumulate small numbers of foci, with occasional cells bearing foci loads in abundance 

greater than 10 per cell. The antisense strand RNA foci are apparent in greater numbers-per-cell 

than the sense strand derived repeat RNA. I additionally demonstrated these nuclear RNA foci 

can be found in the lumbar spinal cord, primarily within neurons, including 25-30% of lumbar motor 

neurons (including those affected by nuclear clearance and cytoplasmic phosphorylation of TDP-

43), as well as lumbar interneurons, but only rarely in GFAP positive astrocytic cells or IBA1 

positive microglia (~1% of cells in both cases). Within the brain, I identified that 30-50% of 

hippocampal neurons of the CA1 region accumulate foci, as do hippocampal dentate neurons 

(similar rates), and cerebellar Purkinje cells (~1/3 of cells) although the foci are rare in the far 

more numerous granular cell type of the cerebellum (found in less than 1% of this cell type) (Figure 

1.1).  
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Figure 1.1 Sense and Antisense Strand RNA Foci Are a Hallmark of C9ORF72 Expansion 
(A) Fluorescent in-situ hybridization reveals nuclear sense-strand RNA foci in 25-30% of lumbar motor neurons in 
affected patients. (B) Motor neuron from an unaffected control patient contains no RNA foci. (C) RNA foci in patient 
lumbar motor neuron nuclei containing phosphorylated aggregated TDP-43 (green). (D) Patient lumbar interneuron 
containing sense-strand nuclear RNA foci. (E) Cortical neuron from Layer 3 of the motor cortex showing nuclear sense-
strand RNA foci common to about half of all cells examined of this type. (F) Cortical neuron from layer 5 of the motor 
cortex (Betz cell) showing nuclear sense strand RNA foci, common to about half of all cells examined of this type. (G) 
Hippocampal neuron from Cornu Ammonis region 1 of the hippocampus of an affected patient showing nuclear sense-
strand RNA foci common to 30-50% of cells of this type and region. (H) Sense-strand RNA foci in a patient granule 
neuron of the hippocampal dentate gyrus, common to 30-50% of cells of this type. (I) Patient cerebellar Purkinje cell 
with nuclear RNA foci, common to 30-50% of these cells. (J) Patient cerebellar granular cell showing multiple sense-
strand RNA foci, this is a rare event in granular cells which appear mostly unaffected. (K) Patient GFAP-positive 
astrocyte with sense-strand RNA foci, this is a rare event in astrocytes which are mostly unaffected. (L) Patient Iba1-
positive microglia cell with nuclear sense-strand RNA foci, this is a rare event in microglia, which are mostly unaffected. 
(M) Patient spinal motor neuron containing nuclear antisense strand RNA foci. (N) Patient spinal interneuron containing 
nuclear antisense strand RNA foci. (O) Non-neuronal cells of a patient spinal cord containing nuclear antisense-strand 
RNA foci.  (Sense or antisense strand targeting in-situ hybridization probes shown in red, DAPI staining shown in blue, 
immunofluorescence staining for indicated targets shown in green) 



 

 
 

10 

 
  



 

 
 

11 

Figure 1.2 Abundant RNA foci are common to C9ORF72 patient fibroblasts and lymphoblasts 
(A) Fluorescent in-situ hybridization detects abundant RNA foci in patient fibroblast cell lines and lymphoblasts, but not 
in unaffected controls. (sense-strand revealing RNA foci probes shown in red, DAPI staining shown in blue).  (B) RNA 
foci quantifications across multiple fibroblast lines from affected patients reveals most lines contain nuclear foci in 
approximately 30% of cells, with no discernable relationship between overall repeat length measured by southern blot 
and apparent abundance. Most cells contain few sense-strand RNA foci with few cells containing many foci, the same 
general distribution is observed for antisense-strand RNA foci, except that they are apparently more abundant per 
affected cell and have a higher prevalence rate. 
 

As to the molecular dysfunction underlying C9ORF72 diseases, it is possible the large and 

persistent RNA foci might sequester crucial RNA-binding proteins40, like in the case of 

muscleblind-like protein 1 (MBNL1) in myotonic dystrophy which binds and is sequestered within 

CUG and CCUG repeats, leading to dysregulated expression and splicing of a number of 

downstream RNA targets that are normal MBNL1 substrates50. While an RNA-binding protein 

sequestration hypothesis has certainly been proposed in the case of c9ALS/FTD, none of the 
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proposed sequestered targets seem to overlap between different publications51-55; so while it 

certainly remains possible, the field is far from a consensus on this model. The GGGGCC repeat 

has also been proposed to form G-quadruplex structures51,56, of unknown significance, based 

primarily on (what I personally consider to be quite weak) in-vitro circular dichroism evidence. 

Whether these proposed nucleotide structures are real or relevant in disease is not established, 

but there could also exist some other undescribed primary toxicities associated with nuclear 

retention or problematic export and clearance of extremely long GC-containing RNA foci. 

Additionally, although the repeat expansion is transcribed from a canonical intron, both 

sense and antisense strands are templates for non-canonical repeat-associated non-ATG 

initiated (RAN) translation (a repeat-RNA associated phenomenon first discovered in the context 

of spinocerebellar ataxia type 857) in which scanning ribosomes initiate translation in the absence 

of an ATG codon (usually, though not always, starting at a close cognate sequence), resulting in 

the production of  five unique di-peptide protein products from six different reading frames49,58,59. 

Of the five unique frames (sense-strand RNA encoded: poly-Glycine-Alanine and poly-Glycine-

Arginine; antisense encoded: poly-Proline-Alanine and poly-Arginine-Proline; and encoded by 

both strands: poly-Glycine-Proline) (Figure 1.3 A) and six unique full polypeptides if translated to 

completion49 (Glycine-Proline frames are internally identical but have different C-termini 

sequences flanking the repeat), the Arginine containing reading frame products have been 

proposed to be especially toxic60-62. I was able to detect both sense- and antisense- derived 

dipeptide repeat proteins in the hippocampus and cerebellum of patient brain using 

immunofluorescence microscopy, where they co-localized to varying degrees with the ubiquitin 

associated protein p62 (Figure 1.3 B-C). Further effort in post-mortem patient tissue determined 

that among the possible reading frames, sense-encoded poly-GR accumulation was most closely 

correlated to areas of neurodegeneration63.  
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Figure 1.3 Dipeptide repeat proteins translated unconventionally from both sense- and antisense- 
RNAs are detected in affected C9ORF72 patient tissues 
(A) Diagram depicting sense and antisense RNA stands and their respective reading frames and RAN-translation 
dipeptide protein products.  (B) Sense-strand RNA derived poly-GR dipeptide (green) is detected by 
immunofluorescence staining in hippocampal Cornu Ammonis neuron of affected C9ORF72 patient, partially co-
localizing with the ubiquitin-associated protein p62 (red), DAPI DNA stain shown in blue. (C) Antisense-strand RNA 
derived poly-PA dipeptide (green) is detected by immunofluorescence staining in Cerebellar granule neuron of affected 
C9ORF72 patient, fully co-localizing with the ubiquitin-associated protein p62 (red) DAPI DNA stain shown in blue.  
 

In animal model experiments a GGGGCC expressing AAV vector composed of  66 repeats, 

I think quite unsurprisingly, shows ill effects when introduced within the brains of mice via 

intracerebroventricular injection at post-natal day zero (P0-ICV administration) and expressed at 
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such extraordinarily high levels that the resulting dipeptides accumulate to be approximately 2% 

of total brain protein64. One might interpret the relatively mild phenotype seen in such an 

experiment as an indication that the expressed poly-dipeptide protein is actually remarkably non-

toxic, but this point is controversial. The AAV-injected mice accumulate RNA foci and of course 

RAN-translation products, and develop neuron loss and an array of behavior deficits more 

consistent with FTD than ALS, although they do also have a mild motor phenotype (by rotaroad 

analysis) and show pathologic misaccumulation of the RNA-binding protein TDP-43 (a 

phenomenon I will cover in greater detail in its own sub-section). A set of much better controlled 

experiments utilized newly produced transgenic BAC mouse models that harbored either up to 

450 repeats within the authentic human gene, with C9ORF72 transgene expression at a much 

more physiologically relevant 2-fold level. These mice developed age dependent accumulation of 

RNA foci and RAN dipeptides, and similarly suffered from FTD-associated defects primarily 

related to cognition and memory, but without overt signs of TDP-43 pathology47. 

I (in collaboration with my colleague Clotilde Lagier-Tourenne) was also the first to 

demonstrate that the action of antisense oligonucleotide (ASO) drugs designed to target the 

C9ORF72 pre-mRNA within the nucleus of affected patient cells could reduce the levels of the 

RNA isoform containing the expanded repeat (Figure 1.4 A-E). Still better, by targeting the ASOs 

to a section of pre-mRNA immediately upstream of the repeat expansion (or partially overlapping 

the start of the repeat), it is possible to reduce the mutant expansion containing RNA without 

lowering the overall levels of normal C9ORF72 transcribed from exon 1b, a mutant RNA-specific 

knockdown which is the gold standard of such an approach (Figure 1.4 A, B, D). 
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Figure 1.4 Targeted antisense oligonucleotide (ASO) treatment in patient cell lines relieves repeat-
expanded RNA and sense-strand RNA foci accumulations without affecting overall C9ORF72 levels 
(A) Diagram depicting C9ORF72 gene and three predicted isoforms transcribed from alternative transcription start sites 
upstream or downstream of the hexanucleotide repeat expansion, along with locations of targeted ASO binding and 
primers to detect repeat-expansion containing isoforms or total C9ORF72 RNA levels.  (B) Graph depicting qRT-PCR 
quantification of C9ORF72 repeat-containing RNA isoforms in patient fibroblasts with and without transfection of 
targeted ASO drugs. (C) Graph depicting RNA foci accumulation levels in patient fibroblast with and without transfection 
of targeted ASO drugs. (D) Graph depicting qRT-PCR quantification of total C9ORF72 levels from all RNA isoforms in 
patient fibroblasts with or without transfection of targeted ASO drugs, note that ASO 1 and 2 do not reduce total 
C9ORF72 levels. (E) Graph depicting change in RNA foci accumulation rates per cell in patient fibroblasts transfected 
with a non-target control ASO or an ASO targeted to reduce levels of all C9ORF72 RNAs. 
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 As expected, these ASO approaches were capable of substantially decreasing the 

prevalence of RNA foci after only 24 hours, whereas a pool of siRNAs targeting C9ORF72 with 

the primarily cytoplasmic RISC complex could lower overall C9ORF72 RNA levels by 75%, but 

without decreasing the burden of nuclear RNA foci (Figure 1.5 A-C). Extensive work in novel 

C9ORF72 transgenic mouse lines established that these ASO drugs were effective in-vivo in a 

mammalian nervous system to reduce both RNA foci accumulation and (surprisingly) to an even 

greater degree, dipeptide repeat proteins, and critically alleviated the FTD-like phenotypes of the 

mice47. These results established the molecular basis of mutant-specific pre-mRNA targeting 

ASOs in C9ORF72 repeat-expansion carrier patients48, and an ASO drug targeting the same 

sequence (albeit modified by further internal chemistry development) is being administered to 

ALS patients in a currently ongoing clinical trial. 
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Figure 1.5 Pooled siRNA transfection into C9ORF72 patient cells reduces C9ORF72 RNA 
expression without relieving accumulation of sense-stand encoded RNA foci. 
(A) Diagram depicting C9ORF72 gene and three predicted isoforms transcribed from alternative transcription start sites 
upstream or downstream of the hexanucleotide repeat expansion, along with targeting locations of four pooled siRNAs 
against C9ORF72 and primers to detect repeat-expansion containing isoforms or total C9ORF72 RNA levels.  (B) 
Graph depicting qRT-PCR quantification of C9ORF72 RNA levels from all isoforms in C9ORF72 patient cells 
transfected with GAPDH control or C9ORF72 targeted siRNA pools. (C) Graph depicting RNA foci accumulation levels 
in C9ORF72 patient cells transfected with GAPDH control or C9ORF72 targeted siRNA pools.  
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Molecular convergence of most ALS cases on pathological TDP-43 mislocalization, largely 

independent of underlying genetics 

Protein aggregation is a pathological finding common to many neurodegenerative 

diseases, including Huntington’s Disease (HD), the Spinocerebellar Ataxias (SCA), Spinal-Bulbar 

Muscular Atrophy (SBMA), Alzheimer’s disease (AD) Frontotemporal Dementias, Parkinson’s 

disease (PD), prion diseases, and Amyotrophic Lateral Sclerosis (ALS). Pre-dating the SOD1 

discovery by about two years was the pathological identification of poly-ubiquitinated aggregates 

as a histological hallmark in the vast majority (~97%) of ALS cases65, and shortly thereafter a 

similar finding in ALS with dementia (ALS/FTD)66,67, as well as up to half of patients with FTD40 

(termed at the time FTLD-U, or frontotemporal lobar degeneration with ubiquitinated inclusions, 

the second most common cause of dementia aside from Alzheimer’s disease). This nearly 

ubiquitous (pun intended) pathological finding hinted at common physiological processes at play 

in these disorders, before abundant genetic evidence was available to implicate the molecular 

overlap.  

The identity of the “missing-link” protein targeted by this poly-ubiquitination process 

remained mysterious for 15 years, until a seismic shift in our understanding of ALS and FTD was 

precipitated by the biochemical isolation and identification of transactive response DNA-binding 

protein 43 (TDP-43) as the major protein component of the poly-ubiquitinated aggregates68,69. 

TDP-43, encoded by the TARDBP gene, is an RNA-binding protein with a normal function(s) in 

pre-mRNA processing, necessitating its normal localization to the nucleus of the cell, however, in 

~97% of all ALS patients (this includes essentially every patient except those with disease caused 

by mutations in SOD1 or FUS/TLS) and about half of FTD patients70,71, TDP-43 is partially or fully 

cleared from the nucleus69,72-74 and accumulates in cytoplasmic aggregates of the somatic 

compartment (by still unexplained mechanisms) where it is hyperphosphorylated. Similar TDP-43 

pathology has also been found in more than half of Alzheimer’s disease (AD) cases (the most 
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common cause of dementia), dementia with Lewy bodies (DLB)75, and a newly described 

condition termed “Limbic-predominant age-related TDP-43 encephalopathy” (LATE) which is a 

type of frontotemporal lobar degeneration and amnesic dementia that mimics AD in many 

respects.76 

It is notable that the initial discovery/identification process in this case was initiated not by 

traditional genetic techniques, instead utilizing monoclonal antibody generation69 and biochemical 

extraction68 of aggregated protein from patient tissue, followed in both cases by isolation and 

mass-spectrometry to reveal peptides whose sequence uniquely mapped to the known sequence 

of TDP-43. Genetic analysis later revealed that in the ~1% of all ALS patients whose disease is 

attributable to TDP-43 mutation20, most of those mutations are clustered in the intrinsically 

disordered glycine-rich region36 of the protein at its c-terminal end, which is thought to be crucial 

for its interactions with other proteins and for liquid-liquid phase separation (LLPS, a phenomenon 

I will not cover here but is a process presently hypothesized by many groups to be an early step 

in TDP-43 pathology77,78). This minimal genetic contribution of TDP-43 mutation to ALS is perhaps 

surprising given that nearly all patients at a pathologic level show nuclear clearance and 

aggregation of TDP-43 in affected neurons. This indicates that nearly all ALS-causing 

mechanisms (genetic or otherwise) converge at some point on TDP-43 function, though the 

initiating lesion/insult is typically caused by something other than inherited errors in the TARDBP 

gene sequence. 

Direct therapeutic targeting of TDP-43 is highly challenged by the fact that TDP-43 tightly 

autoregulates its own synthesis through binding to the 3’ untranslated region of the pre-mRNA 

that encodes it (likely acting in a dose-dependent manner by steric binding to suppress 

incorporation of a cryptic exon within the untranslated region, the integration of which leads to 

rapid decay of the resulting RNA transcript, though it is important to note that this proposed 

mechanism has not been experimentally demonstrated79), and neither knockout/suppression nor 
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over-expression are well tolerated in an adult animal nervous system. TDP-43 is also an essential 

gene for embryonic development80. Since the exact molecular mechanism leading to TDP-43 

disfunction is unresolved, and targeting TDP-43 at the protein or mRNA level is probably 

unfavorable, significant effort has been put into identifying modifiers of TDP-43 pathology, and 

potential neuronal gene targets of significance whose disfunction is downstream of TDP-43. 

The most significant breakthrough on the first front was achieved by Aaron Gitler’s 

laboratory at Stanford University, leveraging fundamental genetic screening techniques in yeast 

to identify genes capable of acting as modifiers of pathologic TDP-43 aggregation phenotypes 

(this phenotype being proposed as an important early step in its disfunction). From the initial 

identification of the yeast ortholog gene polyA-binding protein Palb1P-binding Protein (PBP1), 

whose dose-dependent gain or loss of expression could enhance or suppress TDP-43 

overexpression toxicity, respectively, they demonstrated that the human ortholog Ataxin-2 gene 

(ATXN2) had a similar effect on TDP-43 toxicity in flies. The human ATXN2 gene contains a 

polyglutamine repeat tract that, when expanded, causes the neurodegenerative disease 

spinocerebellar ataxia type 2 (SCA2) which is marked by cerebellar degeneration followed by 

motor neuron degeneration. Gitler’s team identified that polyglutamine expansions of intermediate 

length (not sufficiently long to trigger SCA2 disease) could be found in about 5% of familial and 

sporadic ALS patients in a cohort of 900 genomic DNA samples, strengthening the association of 

this modifier gene with ALS81. Most importantly though, in the context of the mammalian nervous 

system, Ataxin2 knockout decreases TDP-43 pathology in wild type TDP-43 overexpressing 

transgenic mice, and extends lifespan, improves motor function, and slows disease progression. 

The same study demonstrated that ASOs targeting Ataxin2 mRNA for RNase H mediated 

degradation had reduce accumulation of aggregated TDP-43 with a similar survival-extending 

effect after a single dose82. 
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Given that reversal of RNA metabolism changes in affected neurons requires functional 

nuclear TDP-43, success of the ataxin-2 ASO approach may be dependent also on a cascade 

that includes restoring TDP-43 localization in addition to clearing cytoplasmic aggregation. This 

ASO development effort has transitioned to a full clinical development program at Ionis 

Pharmaceutical which, if successful in humans, would be the first effort to expand therapeutic 

strategies beyond known dominantly inherited causes of disease to potentially benefit “sporadic” 

ALS patients with no known underlying genetic lesion. ASOs to reduce Ataxin-2 levels are, of 

course, also being pursued outside of the ALS context for the treatment of SCA2 where there 

have been promising results in mammalian models of that neurodegenerative disease83. 

Beyond the identification of genetic modifiers of TDP-43 pathology, the second alternative 

strategy of engaging dysregulated downstream TDP-43 gene targets is potentially a more 

challenging and complex route for therapeutic advance, as TDP-43 has been proposed to have 

many roles including pre-mRNA processing, including regulation of RNA-metabolism, microRNA 

biogenesis84, alternative splicing73,85-87, translation88, and RNA transport89. The contribution of 

each possible mechanistic role in disease and its key gene players has not reached such a point 

of maturity that obvious downstream gene targets are readily apparent, a challenge that stymied 

the field for 13 years after the discovery of TDP-43 aggregation in ALS. For example, in work I 

was involved with prior to graduate school, we demonstrated that TDP-43 played an important 

role in the processing of genes with long introns (a set that is enriched for neuronal-associated 

genes), some of which are suppressed in patient neurons affected by nuclear TDP-43 clearance87, 

and additionally that TDP-43 interacts with the RNA of more than six thousand RNA genes (about 

a 30% of the total transcriptome) in the mouse brain by binding UG rich sequence motifs (often in 

introns). Indeed, acute knockdown in the central nervous system using ASOs that degrade TDP-

43 encoding RNA leads to changes in expression (~600 genes) or splicing (~950 genes) of around 

1,500 of those targets73 (while, as expected, also proving quite toxic to the mice). Such an 
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extensive list of downstream TDP-43-affected gene targets in the central nervous system 

presents the field with a truly Herculean task of prioritizing and testing potential leads to identify 

candidates for further clinical modulation. All this is of course assuming the TDP-43 dependence 

of such a target of interest is even conserved between the original mouse models and human 

neurons (or visa-versa).  

Efforts to decode RNA metabolism changes in ALS using the most authentic (human 

patient) “model organism” are even more complex, as nervous system tissues are only available 

for analysis at a single (end-stage) time point, the disease etiology of ALS naturally ablates the 

cell types of presumably greatest interest (motor neurons) by this time, and a loss of RNA quality 

on the time-scale of a routine autopsy typically leaves nothing for examination. I have the great 

pleasure of having worked with Dr. John M Ravits on his patient-centric alternative approach to 

overcome these substantial obstacles and try to identifying RNA targets that are modified in actual 

patient disease. The multi-pronged experimental paradigm that makes such an attempt possible 

in the face of those major challenges is centered around the clinical observation that while the 

site of disease onset from patient to patient is stochastic, the spread of degeneration and 

disfunction is fundamentally focal and contiguous through the three-dimensional anatomy of the 

upper- and lower-motor neuron compartments2 (as can be confirmed by functional clinical testing 

through the disease course). 

With this observation in hand, it is possible to select regions of a post-mortem patient 

spinal cord that not only contain the desired motor neurons, but are relatively spared of late-stage 

pathology. Specifically, by focusing on the alpha- motor neurons of lumbar spinal cords of patients 

who had either a bulbar or arm onset, the anatomical spread of motor neuron disfunction and 

death through the three-dimensional anatomy of the lower motor system would necessarily affect 

respiratory muscle denervation (resulting in death) before totally destroying the motor neurons 

most distal lumbar compartment. This observation, combined with the utilization of a rapid-
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autopsy protocol that isolates specimens within four hours of patient death, and a laser-capture 

dissecting microscope to isolate/enrich the content of the desired motor neurons90, we were able 

to isolate and sequence preserved mRNAs from 13 sporadic ALS patients and 9 controls (ICU 

patients with discontinued life-support). 

With the physical and physiologic challenges thus overcome, the most difficult technical 

aspect remaining in such an experiment (which I was mostly not involved with) is the downstream 

bioinformatic analysis of RNA expression and RNA metabolism changes. By correlating the 

degree of phosphorylated TDP-43 aggregation in these patients to their RNA expression profiles 

one such informatic identification was the differential expression of casein kinase 1 E (CSNK1E) 

which was identified as tightly correlated with the pathologic TDP-43, and was shown in turn that 

TDP-43 regulates expression of this gene, which reciprocally promotes phosphorylation of 

TDP4390.  Given the complexity in TDP-43’s function (in both mice and man) maintaining normal 

RNA metabolism within the transcriptome of the nervous system, it should be no mystery why it 

took 13 years to discover a downstream neuronal gene target that is an appropriate clinical lead 

for TDP-43 proteinopathies and sporadic ALS. 

TDP-43 mediated Stathmin-2 loss-of-function as a key driver of axonal degeneration 

The pioneering discovery of cytoplasmic protein accumulations of the RNA/DNA binding 

protein TDP-43 in affected neurons of almost all instances of ALS (>95%) and at least 50% of 

FTD profoundly changed the direction of research in amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD). Aside from obvious TDP-43 aggregation, nuclear clearance of 

TDP-43 has been widely observed in affected neurons in sporadic ALS69 (Figure 1.6 A-C), 

evidence strongly supporting the proposal that TDP-43 loss of function (and by extension, loss of 

RNA metabolism) is a key aspect of disease mechanisms underlying ALS pathogenesis. However, 

a direct mechanistic link between TDP-43 dependent defects in RNA metabolism and 

neurodegeneration was lacking until Ze’ev Melamed from our team identified that the mRNA 
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encoding stathmin-2 (also called SCG10, transcribed from the STMN2 gene), a neuronal growth-

associated protein involved in microtubule dynamics, is the neuronal gene most affected by 

reduction in TDP-43 function91.   
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Figure 1.6 Nuclear clearance and cytoplasmic aggregation of TDP-43 is a defining pathological 
hallmark of Amyotrophic Lateral Sclerosis (ALS). 
(A) Graphical representation of ALS heritability and pathology depicting apparent 10% familial heritability of cases 
versus 90% of cases with no recognizable pattern of familial heritability, present ASO therapies targeting heritable 
genetic causes of ALS and their combined relative proportion of all disease depicted in orange, proportion of all patients 
carrying SOD1 and FUS mutations which do not show nuclear clearance and aggregation of TDP-43 depicted in yellow, 
proportion of patients with nuclear clearance of TDP-43 depicted in red.  (B) Immunofluorescence staining depicting 
normal nuclear localization of TDP-43. (C) Immunofluorescence staining depicting TDP-43 nuclear clearance and 
cytoplasmic aggregation.  
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Microtubules are essential components of the neuronal cytoskeleton, providing tracks for 

intracellular transport92,93, a structure by which to position organelles94, and essential for neuronal 

migration95. Correct microtubule assembly, organization and remodeling are essential for 

successful neuronal development and maintenance as well as maintaining the stability, shape 

and proper function of the neuron92. Accordingly, microtubule defects have long been implicated 

in a variety of neurodevelopmental and neurodegenerative diseases95, but have never before 

been directly linked to RNA metabolism defects observed in TDP-43 proteinopathies. The 

microtubule core structure is built from α-tubulin and β-tubulin heterodimers, which polymerize in 

a head-to-tail arrangement to form a polarized cylindrical tube of approximately 25nm in 

diameter96. An intrinsic property of microtubules is their “dynamic instability” 97, i.e., the ability to 

switch between rapid polymerization and rapid shrinkage (known as catastrophe) at the “plus-end” 

of the cylinder, in a process that is largely dampened by microtubule-associated proteins98. 

The stathmin gene family, so named from the Greek “stathmos” for relay, was originally 

identified through stathmin-1, a small protein whose phosphorylation in pituitary and insulinoma 

cells was regulated by extracellular factors99-101. Sequence similarity subsequently enabled 

identification of other members of the stathmin gene family, numbering four in total (for 

vertebrates): including the original stathmin-1 (also known in the literature as stathmin or Op18) 

which is ubiquitously expressed with 90.8% identical amino acid sequences between mice (142 

residues) and human (141 residues); stathmin-2 (also known as SCG10) which is 100% identical 

in its 179 amino acids between mouse and man; stathmin-3 (or SCLIP) 96.4% identical between 

the 169 amino acid human version and 180 amino acid mouse copy; and stathmin-4 (or RB3) 

99.4% identical in alignment between mouse and human but with the mouse version containing 

9 additional amino acids past the 167 human gene.  

Stathmin-2, -3, and -4 are almost exclusively expressed in nervous tissue102-104. Among 

these, translating ribosome affinity purification and RNA-sequencing experiments performed in 
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mice revealed that stathmin-2 is by far the highest expressed in neuronal cell types, with 

comparatively low expression in glia and oligodendrocyte cells105. Similarly, RNA-seq from 

isolated human lumbar motor neurons identified stathmin-2 to be among the top 25 highest 

expressed genes in this ALS-critical cell90,91. The human stathmin proteins are characterized by 

conserved “stathmin-like domains” (SLD), which present 65-75% amino acid identity to stathmin-

1 and harbor two tubulin binding regions. Stathmins-2, -3 and -4 present an additional N-terminal 

domain, which is implicated in the membrane targeting of these proteins through two 

palmitoylation sites and a Golgi-targeting sequence106. 

Stathmins were initially described as microtubule destabilizing factors due to their 

inhibition of MT polymerization in vitro107-109, and were later implicated in neuronal differentiation 

and plasticity110. The SLD domains of different stathmin isoforms have been shown in vitro to 

have distinct kinetics and affinities with tubulin heterodimers, properties altered by 

phosphorylation111. Additionally, each isoform presents distinct expression profiles during 

development and throughout the adult nervous system, suggesting these proteins possibly play 

distinct roles in vivo103,104,110,112,113. There is, however, some evidence for functional redundancy 

or compensatory mechanisms as well: homozygous knockout mice for Stmn3 and Stmn4 present 

no significant alterations in anatomy, physiology or behavior (unpublished data from Sobel & 

Devignot)106; stathmin-1 null homozygous mice also develop normally114, but during aging present 

mild axonopathy115. Interestingly, the only stathmin-2 null mice described in the literature are 

reported to die shortly after birth, suggesting stathmin-2 to play a crucial role in the nervous 

system during development106.  

Stathmin-2 was first detected in the murine nervous system, with a strong presence in the 

developing embryo and in specific regions of adult tissue112,113. More specifically, it was found in 

perinuclear cytoplasm, axons (as puncta), and growth cones of cultured neurons113, and high 
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levels of Stmn2 mRNA expression were found in long-distance projecting neurons (sensory and 

motor) and in neurons with extensive dendritic arbors112. More recently, stathmin-2 was shown to 

be anterogradely transported along axons116 and has been implicated as an essential component 

of axonal regeneration in murine sensory neurons116,117. Critical for the development of a stathmin-

2 restoring therapeutic strategy, the role of stathmin-2 in neurite outgrowth and axonal 

regeneration is apparently contingent upon carefully regulated levels of this protein, as previous 

studies using hippocampal neurons overexpressing stathmin-2 have reported collapsing growth 

cones, with more “moderately” increased expression levels stimulating neurite outgrowth118,119.  

Despite the early identification of strong stathmin-2 expression in motor neurons, our 

current knowledge about the roles of stathmins during aging is very limited, with existing literature 

focusing mostly on development106, with a smaller sub-set focusing on axonal regeneration in 

injured sensory neurons116,117,120,121. A crucial piece of evidence for the potential role of stathmin 

function in the maintenance of motor neuron connectivity and stability came from an experiment 

of the Goldstein laboratory at UCSD wherein loss of function mutations of the stathmin homolog 

(stai) in Drosophila, led to the retraction of motor neurons from previously innervated 

neuromuscular junctions122. 

Ze’ev Melamed started his investigation utilizing two independent unbiased experimental 

strategies: siRNA knockdown of TDP-43 expression in the stably diploid neuroblastoma SH-SY5Y 

cell line of substantial neuronal character123, and homozygous CRISPR-Cas9 knock-in of ALS-

linked N352S TDP-43 mutation into the same line, followed in both cases by RNA-seq to identify 

major RNA changes. In both experiments, in addition to the hundreds of previously described 

mRNAs that were substantially changed in expression or splicing after reduced TDP-43 

expression or function, stathmin-2 was identified as the most affected RNA. Indeed, stathmin-2 

RNA levels changed it from one of the top-expressed genes in that cell line to a 6-fold reduction 
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in overall expression upon TDP-43 suppression, surpassing even the reduction (4-fold) of TDP-

43 encoded RNAs that were targeted by siRNA treatment in the first place. This stathmin-2 

suppression was also true at the protein level, where western blot indicated a near total loss of 

the stathmin-2 protein in cells treated with TDP-43 targeted siRNA pools. Analysis of mapped 

reads along the stathmin-2 gene from the RNA-seq data, followed by extensive cloning and 3’ 

end sequencing of anchored dT-primed cDNA revealed that loss of full-length stathmin-2 mRNA 

in cells with reduced TDP-43 expression or function was the result of truncating premature 

polyadenylation from within a cryptically spliced terminal exon (located within the first intron of the 

stathmin-2 gene), producing a non-functional short RNA with an open reading frame of only 17 

codons (vs the 180 codons of the full-length gene)91. Correspondingly, stathmin-2 is strikingly lost 

from motor neurons in sporadic ALS and inherited disease from GGGGCC expansion in C9orf72. 

I will expand upon this and other human patient evidence in the next chapter where I describe 

stathmin-2 loss as a hallmark of TDP-43 proteinopathy.  

Stathmin-2 is similarly lost from iPSC derived motor neurons in a TDP-43 dose-dependent 

manner, with stathmin-2 reduction levels again far outpacing TDP-43 reduction. To assess the 

functional consequences of stathmin-2 depletion in the axonal regeneration process, motor 

neuron precursors were seeded into the proximal somatic compartment of a microfluidic device 

(Figure 1.7 A). Over a seven-day maturation period, axons extended through micro-groove-

embedded channels (830 µm in length) that exclude neuronal cell bodies but allow axonal 

extension into the distal compartment. Matured motor neurons were treated for 20 days with 

ASOs added to the somatic compartment to reduce synthesis and accumulation of either TDP-43 

or stathmin-2 (Figure 1.7 A, B). Axons were maintained after loss of either protein. After axons in 

the distal compartment were mechanically axotomized, axonal regrowth of motor neurons treated 

with non-targeting, control ASOs initiated within 24 hours. Stathmin-2 appeared in a punctate 

pattern along these regenerating axons and accumulated in the growth cones, consistent with a 
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role in promoting axonal regrowth (Figure 1.7 B, C). Remarkably, following ASO-mediated 

reduction in stathmin-2 or TDP-43, axonal regeneration after axotomy was almost completely 

suppressed, and this regeneration was restored by the restored expression of lentiviral delivered 

stathmin-2 protein coding sequence (Figure 1.7 C, right panels). These data demonstrate a 

reversable increased vulnerability of motor neurons upon reduced accumulation of the neuronal-

growth factor stathmin-2, and establish stathmin-2 restoration as an attractive therapeutic target 

for sporadic ALS and TDP-43 proteinopathy. 
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Figure 1.7 Stathmin-2 expression is essential for axonal regeneration capacity in human cultured 
motor neurons, and its restoration upon TDP-43 depletion restores axonal regrowth. 
(A) Schematic of human iPS-derived motor neurons grown in microfluidic chambers before and after axotomy.  (B) 
Timeline of differentiation in-vitro showing TDP-43 or stathmin-2 targeted ASO reduction starting at day 30, and lentiviral 
transduction of stathmin-2 coding sequence at day 46, with axotomy and 24hr re-growth starting at day 50. (C) 
Immunofluorescence staining of axons emerging from microfluidic channels into distal compartment 24 hours after 
axotomy, depicting stathmin-2 protein in green and neurofilament heavy protein marking mature axons in red, ASO 
treatment and lentiviral stathmin-2 restoration indicated by labels below images.  
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Challenges of drugging inherited diseases of the central nervous system and the promise 

of present and future nucleic acid therapeutics 

Though work by geneticists over the past few decades has identified the genetic basis of 

many inherited (and some aging related) neurodegenerative and diseases, the exact downstream 

mechanisms and molecular drivers of toxicity in these conditions often remain elusive and/or 

controversial, thwarting small molecule (and monoclonal antibody) drug development for these 

conditions, as few agreed upon mechanistic targets mean few practical readouts by which to 

design a drug screen and poor efficacy in those molecules advancing to patient trials. This is 

evidenced by the fact that no effective treatments have been found to date to substantially slow 

disease onset or progression in ALS, though lack of substantial effect has not prevented the US 

FDA from approving two woefully inadequate drugs for use in ALS patients. The first, Riluzole 

(approved in 1995) is not only very costly to patients and their families but is associated with only 

a 2-3 month overall survival benefit124. Still worse, the drug Radicava (edaravone), (approved by 

the FDA in 2017) based upon a claim of modest change in ALS functional rating score125 (ALSFRS) 

is controversial in retrospective analysis of the trial data as to whether it showed any actual benefit 

in the first place126 (and comes with its own risks of infusion-related complications and side effects). 

These drugs are widely seen in the scientific and medical community as a costly false hope for 

patients, who (lacking superior alternatives) also sometimes fall victim to unevaluated or 

anecdotal “snake-oil” treatments or seek out stem cell infusions (of dubious authenticity) or other 

such interventions overseas. There is, however, reason for cautious optimism at the emergence 

of both new gene targets and the application of new technological advancements capable of 

engaging those implicated genetic lesions within the central nervous system. 
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Early first-generation gene silencing using virally delivered shRNAs or microRNAs and 

direct siRNA infusion, though on-target mechanistically, were limited in utility by effecting gene 

expression in only a small vicinity around the site of administration, and (at the time) had limited 

therapeutic utility (without substantial further development127). Initial delivery options via direct 

injection to the brain were both limited in efficiency and risky, and disease pathology is often 

broadly distributed. By comparison, while peripherally infused antisense oligonucleotide (ASO) 

drugs do a poor job of penetrating the blood-brain barrier, intrathecal (IT) administration into the 

cerebrospinal fluid (CSF) via lumbar puncture (quite unexpectedly) results in broad delivery to 

cells throughout the brain and spinal cord128-130. As to whether an IT route of infusion is practical 

and feasible in a clinical context, more than 11,000 patients have been dosed with ASO drugs by 

intrathecal route in clinical trials to date, with minimal occurrence of adverse events. CSF-

sampling time-course data from humans suggest that most of the detectable ASO drug is cleared 

from the spinal fluid within 24 hours of dosing130, indicating that whatever yet unexplained cellular 

uptake pathway being utilized by the drug acts rapidly upon administration. In spite of this 

apparently rapid clearance, ASO molecules can persist within non-dividing cells for weeks or 

months and even very small amounts within the active compartments of a cell can exert a 

sustained and dramatic effect on RNA abundance48,128,131-133. Once taken up into their active 

compartment in a cell, modified Antisense Oligonucleotide drugs (ASOs) utilize Watson-Crick 

base pairing to sterically bind their specific RNA target molecules effect RNA processing, 

maturation, and translation (by denying access to splicing factors, RNA binding proteins and/or 

ribosomal machinery) or by serving as a substrate to activate RNase H recognition of RNA-DNA 

heteroduplexes, leading to catalytic degradation of the RNA molecule. The mechanism of action, 

“steric binder versus substrate” is determined by internal chemistry design considerations 

(discussed below). The ability of ASO drugs to target the product of a primary genetic lesion, 

irrespective of the precise mechanism of downstream underlying toxicity, and to do so broadly 
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and durably across a range of cell types after a single site of administration sets them apart as a 

potential game changing approach for genetic diseases of the central nervous system, especially 

those that display non-cell autonomous onset and progression134.  

Starting with the first proof-of-concept experiments lowering mutant SOD1 in transgenic 

rats starting in 2006135, culminating in a first-in-man trial of ASOs in the central nervous system to 

lower SOD1 levels in patients136, followed by a major effort to lower levels of mutant expanded 

Huntington in animal models and then human patients128, and more recently demonstrating the 

ability to lower repeat-expanded C9ORF72 in an allele-specific manner47,48 (the gold standard of 

such a mutant gene targeting strategy, and an effort that I was heavily involved in), as well as the 

initial proof-of-concept experiments to lower mutant FUS protein with an ASO in the adult nervous 

system (unpublished), and most recently astrocyte-to-neuron conversion with PTB-reducing 

ASOs137, the Cleveland Laboratory has played a central role in the inception and development of 

ASO therapies for use in the central nervous system.  

To date, eight ASO drugs have been approved by the FDA: Formivirsen for viral infection, 

Mipomersen for familial hypercholesterolemia, Eteplirsen for Duchenne Muscular Dystrophy, 

Patisiran and Inotersen for TTR polyneuropathy, Volanesorsen for familial chylomicronemia 

syndrome, Givosiran for acute hepatic porphyria, and finally Spinraza/Nusinersen, which is the 

only currently approved antisense drug with a CNS target. There are presently more than 50 

additional antisense drugs in human trials, including many for central nervous system targets 

(which began on the benches of the Cleveland team)47,48,91,128,138-141 including the culmination of 

this thesis project. This class of nucleic acid drugs is proving to be a powerful tool for combating 

previously incurable inherited diseases of the central nervous system and could revolutionize the 

treatment of neurological disorders.  

ASO drugs require utilization of adaptive internal chemical modifications for durability, and 

tolerability as natural (or unmodified) single-stranded RNA and DNA molecules are susceptible to 
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nuclease cleavage, making them inherently unstable. Peripherally administered unmodified 

nucleic acids are also rapidly excreted by the kidney, rapidly degraded in-vivo by ubiquitously 

expressed endo- and exonucleases, and compete poorly for binding with structured RNA targets. 

While most mammalian cells will readily accumulate single stranded oligos, in most cases the 

nucleic acids do not escape endosomal compartments, and likely end up in lysosomes. Single 

stranded antisense oligonucleotide drugs contain phosphorothioate (PS) modifications in which 

one nonbridging phosphate oxygen is replaced with a sulfur, which allows increased binding to 

plasma proteins when peripherally administered and cell surfaces allowing them to be retained 

and distributed in the body for longer periods.  

Unlike small-molecule drugs, ASOs have a comparatively enormous typical size (usually 

18-20 bases) around 4,500-18,000 Da, and high formal charge (-19) rendering them incapable of 

free diffusion across a lipid bilayer142,143. Surprisingly, single-stranded PS oligonucleotides make 

it into the cytoplasm and nucleoplasm of some cell types in the absence of transfection reagents144, 

even though under current paradigms of size and charge constraints, these molecules ought not 

gain entry into the cytoplasmic compartment143,145, as is seen in a wide variety of cell types and 

tissues144,146  including all neurons tested thus far129. Indeed, all ASO strategies involving central 

nervous system targets rely upon free cellular uptake of 18-20mer single-stranded 

oligonucleotides48,128,136,139,140.   

Phosphonothioate modifications to the oligo backbone, critical for uptake and durability, 

are certainly not the only site of chemical enhancement utilized in the design of ASOs. Just as 

important are chemical modifications made to the ribose sugar ring, as the location and number 

of these 2’ modifications are carefully chosen to determine the ultimate mechanism of action of 

the ASO on the target RNA molecule (steric binding or catalytic RNA degradation). Sugar 

modifications increase nuclease protection and binding affinity while decreasing inflammation-

inducing interactions within the cell, and most commonly involve methoxy-ethyl (MOE) additions 
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to the 2’ position of the sugar ring, but can also include constrained ethyl (cEt), locked nucleic 

acid (LNA), 2-O-methyl modifications (especially at the second base of the 2’ unmodified deoxy-

nucleotide span147) to reduce toxicity related to off-target protein binding, or 2-fluoro additions 

(less common, but sometimes used in drugs like Eteplirsen are sugar-phosphate morpholino 

modifications)147,148. Since 2’-positions are not compatible with RNase H recognition, ASOs 

designed to catalytically degrade their target molecules leave a “core” of 8-10 base pairs free of 

2’ modifications (typically using normal deoxynucleotides at these positions) to retain this 

enzymatic recognition capacity, while “wings” of 2’-modified bases are included but restricted in 

location to the outer 4-6 bases at the 5’ and 3’ ends, respectively. ASOs designed to act via steric 

binding, by contrast, may contain modifications to the 2’ position of the ribose sugar at all bases, 

as enzymatic recognition is undesirable in these applications. 

To illustrate these different uses and design pathways in the context of two inherited 

nervous system disorders, consider FDA-approved Spinraza splice modifying ASO versus the 

Ionis-C9RX ASO0 (presently in trial to degrade repeat-expanded C9ORF72). Spinraza was 

designed for the treatment of spinal muscular atrophy (SMA), an autosomal recessive disorder 

that is the most common genetic cause of infant death, caused by inherited homozygous loss of 

function mutations in the SMN1 gene which encodes the 294 amino-acid “survival of motor neuron” 

protein on chromosome 5. As would be logically suggested by inverse-eponym, a lack of SMN 

protein leads to early-life (though not congenital) death of the motor neurons of the spinal cord, 

leading to atrophy of the voluntary muscles of the limbs and trunk, and what is described clinically 

as a “failure to thrive” as infants fail to reach developmental motor milestones (self-support of the 

head and neck, ability to sit unassisted, crawl or walk). 

The longevity for these patients depends largely on the copy-number of a modifier gene 

(SMN2, discussed momentarily) with “Type 0 and 1” patients dying before 1 year of age of 

respiratory failure (like ALS, SMA is a truly sinister disease), Type 2 mostly living beyond 25 years, 
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and Type 3/4 being unaffected in lifespan but affected by weakness or dystrophy. The genetic 

modifier of disease, and key to the ASO rescue strategy, is an inverted duplication of the SMN1 

gene, SMN2, which (freed from evolutionary selective pressure post-gene duplication) has 

acquired a C to T mutation in the sixth position of exon 7. This mutation, though translationally 

silent in terms of resulting polypeptide sequence, is necessary to maintain proper splicing and 

inclusion of exon 7 to the full-length transcript. The C to T mutation reduces proper splicing 

frequency by approximately 90%. As tandem duplications of SMN2 are common, the 10% of 

functional transcripts produced by each duplicated allele gene encode a polypeptide that 

compensates for the loss of the SMN1 protein, setting the stage for a dose- and thus SMN2 copy-

number dependent gradient of disease severity in the affected kids. 

Spinraza, an 18-mer full phosphonothioate modified, and critically, full 2’-methoxy-ethyl 

modified (full, meaning modified at every available base or backbone phosphate position) of 

sequence 5’-UCACUUUCAUAAUGCUGG-3’, which binds a complementary splice repressor site 

starting 9 bases into intron 7. Since the Spinraza ASO drug is designed with 2’ sugar modifications 

throughout its length, it is not a substrate for RNase H mediated RNA cleavage, and therefore 

simply binds and sterically blocks the access and coordination of normal RNA binding proteins on 

the pre-mRNA. In this case ASO binding sterically blocks the normal binding site for hnRNPA1 

and hnRNPA2 proteins which mediate the exclusion of Exon 7 from the SMN2 pre-mRNA. The 

result is a mature mRNA product that, instead of excluding exon 7 at a rate of 90%, now 

conversely includes exon 7 at that rate, encoding a functional SMN polypeptide130,148,149. 

By contrast, the patient-facing version of the Ionis-C9RX ASO (as opposed to “research 

grade” oligos used in proof-of-concept experiments in c9ALS/FTD cell lines I described previously) 

contains far greater internal complexity, taking significant advantage of “Generation 2.5” 

combinational chemistries pioneered by Ionis medicinal chemists. Allele specific targeting is 

achieved with an ASO whose 18 base sequence is 5’- GCCCCTAGCGCGCGACTC -3’ allowing 
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the oligo partly bind the 5’ end of the repeat expanded GGGGCC(n) (though, critically, not targeting 

the repeat sequence exclusively and directly as this has significant off-target toxicity). While the 

basic “rough-draft” RNase H recruiting ASO design principles remain, such as restricting 2’ sugar 

modifications to 4-6 bp on the 5’ and 3’ flanking ends for sustained RNase H recognition of a 

deoxynucleoside core sequence, and including phosphorothioate modifications especially at 

either end for exonuclease resistance and in the deoxy-core for endonuclease protection, the 

combinational chemistry compositions applied in this case incorporate novel strategies regarding 

how phosphorothioates, methylcytosines, and constrained methoxyethyls, and normal 

phosphodiesters are utilized throughout the molecule along with (occasionally) other 

modifications to maximize target engagement and tolerability, with the final compound used in 

human trials being an asymmetric 4-8-6 MOE gapmer with phosphodiesters at linkages 2, 3, 13, 

14, 15, and irregularly interspersed constrained MOEs in the wings. This is a truly chaotic looking 

molecule compared with the relative internal simplicity of Spinraza. 

Of course, as antisense technology has advanced, so have the technological 

underpinnings of competing gene silencing techniques, especially the “gene therapy” field 

centered around Adeno-Associated Virus (AAV) delivery of gene replacement and RNAi-

activating cargos. In the central nervous system these gene therapy advances have been driven 

recently primarily by improvements in administration150,151, production, and payload design152-155. 

Additionally, the field is positioned to gain substantially in the coming 5-10 years from the advent 

of discovery pipelines for the identification of novel viral capsids156, capable of greater cell or 

tissue targeting specificity and efficiency157. 

This ASO-AAV duality of nucleic acid drug advance is perhaps best exemplified by the 

examples of Spinraza vs Zolgensma (Onasemnogene abeparvovec). Spinraza, already covered 

in detail, was the first ASO drug approved by the FDA for use in the central nervous system130 
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and the first FDA-approved treatment for Spinal Muscular Atrophy. Zolgensma is an AAV-

transduced single-dose gene-replacement approach targeting the same condition, delivering a 

replacement copy of the SMN1 gene administered at 1.1x10^14 vector genomes per kilogram of 

body weight into infants via intravenous infusion (along with a regimen of immune-suppressing 

corticosteroids). Compared with the dosing schedule of Spinraza, which is (12mg [5ml] per 

administration via lumbar puncture into the cerebral spinal fluid starting with four loading doses 

and then a maintenance dose once every 4 months for the entire life of the patient), it is clear that 

there is a significant advantage to a one-shot cure. By contrast, the fact that Spinraza is reversable 

means that should toxicity arise there is an option to discontinue treatment, the same cannot be 

said of an AAV approach, where overexpression toxicity is a realistic concern158. In terms of cost, 

both drugs have been widely criticized for their exorbitant price tags, with Spinraza costing about 

$750,000 for the first year of treatment and around $375,000 per year after, and Zolgensma 

holding the record for the costliest drug in the world at a price of $2,125,000 for that one shot 

infusion. 

 Correspondingly for ALS caused by mutant SOD1, there is competition in the nucleic acid 

therapy space between Torfersen (BIIB067 or formerly IONIS-SOD1Rx, but could just as 

rationally be called UCSD-Rx1) the original application of ASO use in the central nervous system 

to silence mutant SOD1 by RNase H recruitment135,136,138, versus an AAV-delivered small RNA to 

silence mutant SOD1 synthesis159. Although Novartis (who purchased Avexis, the company 

developing the AAV approach) has decided, to the disappointment of much of many in the 

scientific community involved in the development process, to discontinue pursuit of that approach 

or undisclosed reasons. (I might speculate it may have to do with a combination of anticipated 

dosing complexity with anticipated incomplete administration by a simple intrathecal or cisternal 

infusion, the total cost associated with an adult-scale viral vector dose versus the relative ease of 

intravenous administration for Zolgensma, or perhaps contributing could be a failed similar 
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approach160.) Phase 3 data from Torfersen are not disclosed yet, but widely reported anecdotal 

evidence is positive thus far, including stabilization of disease for three carriers of the most 

aggressive mutation in SOD1 (A4V), and media coverage of an open-label extension patient with 

apparently stabilized bulbar onset disease (the normal course of which would have killed him 

about 1 year prior to the report). 

Not all applications of nucleic acid drugs in the central nervous system have seen positive 

outcomes. One report (with only 2 patients) of a microRNA mediated SOD1-suppressing AAV 

resulted in one patient with no clinical benefit, and another with substantial chronic post-operative 

pain160. A long-anticipated phase 3 ASO trial for Tominersen to lower synthesis mutant Huntington, 

despite quite positive phase 2 data showing good target engagement and tolerability, was also 

recently discontinued by recommendation of an independent data monitoring board after review 

of ongoing trial data showed an apparent worsening of the treated group versus control (final data 

still being analyzed)161. 

That ASO drugs enjoy some yet-unknown (and unexpected by first-principles) path into 

cells of the central nervous system vs their nucleic acid drug contemporaries is a double-edged 

sword: fortuitous if targeting a cell population and structure that enjoys robust free-uptake from 

the cerebral spinal fluid129, but also inherently difficult to steer levels of target engagement in 

specific cell types of the central nervous system by rational design, and difficult or impossible (in 

the event of a trial failure) to determine directly what dose of drug arrived at the active 

compartment of an affected cell to determine molecular failure modes or possible paths forward. 

Conversely AAV-mediated gene therapy approaches, while understood in their pathways of 

targeting and delivery (with target cell tropism options well positioned to expand in the coming 

years), remain irreversible in their action and are not presently amenable to the possibility of re-

dosing. 
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Chapter 2: Stathmin-2 RNA Misprocessing is a Hallmark of TDP-43 Proteinopathies 

 

Abstract: 

Amyotrophic lateral sclerosis, frontotemporal dementia, dementia with Lewy bodies and 

limbic-predominant age-related TDP-43 encephalopathy are all associated to with mislocalization 

of the RNA binding protein TDP-43. Ze’ev Melamed identified that the most consequential 

downstream RNA change within a neuron upon loss or mutation of nuclear TDP-43 was aberrant 

splicing and premature polyadenylation of the pre-mRNA transcript encoding stathmin2, a gene 

essential for normal axonal regeneration and neuromuscular junction maintenance. Here I utilize 

reverse-transcriptase polymerase chain reactions, RNA chromogenic in-situ hybridization, and 

laser-capture microdissection RNA-sequencing to establish that stathmin-2 pre-mRNA 

misprocessing and truncation are hallmarks of amyotrophic lateral sclerosis in both the upper and 

lower motor neuron compartments or patient post-mortem tissues. 

 

Introduction: 

Fifteen years ago, Neumann and Arai discovered that the normally nuclear RNA binding 

protein TDP-43 was the key polyubiquitinated component of cytoplasmic protein aggregates 

common to 97% of ALS and about half of FTD68,69, a fundamental discovery that changed the 

field of neurodegenerative disease research, particularly for those two diseases. Today it is 

accepted that nuclear clearance of functional TDP-43 is a key point of pathophysiologic 

convergence for nearly all forms of ALS, and remains the primary finding that links inherited and 

sporadic forms of the disease. In spite of this pathology observation, perhaps the most important 

question in the field – or at least the one with the greatest potential to shape new therapeutic 

advances – the identification of a direct mechanism linking TDP-43 nuclear loss to a disruption in 
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neuronal homeostasis and axonal degeneration at the molecular level, has proven elusive for 

thirteen of those fifteen years since that founding discovery. Since TDP-43’s central function is in 

RNA processing activities including transport, splicing and transcription, with thousands of 

nascent RNA targets, it is anticipated that nuclear TDP-43 loss in disease drives processing 

perturbation in many genes.   

A discovery initiated in July of 2017 (published in 2019) by Ze’ev Melamed identified that 

siRNA suppression or homozygous mutation of TDP-43 in a human neuron-like cell line resulted 

in the near total loss of expression of the typically five-exon mRNA that encodes an alpha-beta 

tubulin heterodimer binding protein, stathmin-2. Stathmin-2 plays a critical role in microtubule 

dynamics, as microtubules are key components of the cytoskeleton that allows large motor 

neurons to maintain their enormous axonal projections (up to a meter). Microtubule associated 

proteins dampen the dynamic instability of microtubule structures, which normally switch between 

rapid catastrophe and polymerization. The only essential mammalian stathmin, stathmin-2 is one 

such protein that is primarily neuronally expressed, and (though still unclear) is thought to be 

important of neuronal outgrowth by affecting microtubule dynamics at growth cones either by 

sequestering tubulin to prevent microtubule assembly or by directly promoting catastrophe. 

Melamed identified that loss of the mRNA encoding stathmin-2 was due to the 

incorporation of a short cryptic exon within the normal first intron of the stathmin-2 gene, which, 

when spliced into the elongated transcript utilized an alternative polyadenylation signal to truncate 

the RNA, resulting in a short mRNA encoding only 16-amino acid (vs 179). I here use various 

methodologies and rapid-autopsy acquired patient post-mortem tissues to determine that the 

accumulation of truncated stathmin-2 RNA with a cryptic truncating exon in both upper and lower 

motor neuron compartments is a hallmark of TDP-43 proteinopathy-driven ALS cases, but is not 

detected in the small fraction of non-TDP-43 driven cases or in unaffected control individuals. This 

hallmark of TDP-43 proteinopathies is an important emerging molecular biomarker of early TDP-
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43 disfunction in disease and establishes stathmin-2 pre-mRNA misprocessing as a general 

disease feature. 

 

Results: 

RT-PCR analysis using primers spanning the splice junctions of normal stathmin-2 exon-

1 and the cryptic exon2A in RNAs extracted from anterior horn grey matter in thoracic spinal cord 

from 13 sporadic ALS patients and three familial ALS patients carrying inherited hexanucleotide 

GGGGCC expansion in C9orf72 revealed in all cases robust cryptic exon incorporation and 

premature polyadenylation of stathmin-2 mRNA in all cases. This RNA signature was notably 

absent from eight healthy individuals and three familial ALS patients with SOD1 mutations (Fig 

2.1 A,B), consistent with premature polyadenylation of stathmin-2 mRNA being triggered by TDP-

43 dysfunction, as TDP-43 pathology is found in sporadic-ALS of unknown origin as well as both 

sporadic- and familial-ALS linked to C9orf72 expansion64,162  but not SOD1-mediated ALS163. This 

indicates that loss of stathmin-2 expression by cryptic exon splicing and polyadenylation is a 

marker specific to TDP-43 dependent neuronal disfunction, as opposed to a general biomarker of 

neurodegenerative disease. 
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Figure 2.1 TDP-43 dependent stathmin-2 RNA truncation by cryptic splicing and polyadenylation in 
affected patient nervous system tissues is a hallmark of TDP-43 proteinopathy. 
(A) Schematic of human gene encoding stathmin-2, depicting normal constitutive five exons in grey and cryptic exon in 
red along with the normal and truncated RNA products.  (B) RT-PCR of RNA isolated from the grey matter of human 
patient thoracic spinal cord using primers specific to misprocessed truncated RNA containing cryptic terminal exon2a 
reveals accumulation of truncated RNA in the lower motor compartment of patients with TDP-43 proteinopathy, but not 
in control patients or ALS patients with mutations that precipitate disease without TDP-43 disfunction. (C) RT-PCR of 
RNA isolated from human patient motor cortex grey matter using primers specific to misprocessed truncated RNA 
containing cryptic terminal exon 2a reveals accumulation of truncated RNA in the upper motor compartment in most 
sporadic and familial ALS patients, but not in unaffected control patients. (D) RT-PCR of RNA isolated from frontal 
cortex grey matter of patients with clinical frontotemporal dementia using primers specific to misprocessed truncated 
RNA containing cryptic terminal exon 2a reveals accumulation of truncated RNA in that tissue, but not in unaffected 
control patients. (E) Schematic of tissues isolated for this experiment. 
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Analysis of the RNA sequencing reads mapping to the stathmin-2 gene from sets of human 

motor neurons, which I isolated by microscopic laser microdissection from the Rexed laminae 9 

of lumbar spinal cords of sporadic ALS patients who met the El Escorial criteria for definite ALS, 

and were followed in their clinical course of disease. The tissues were selected from patients who 

had either an arm or bulbar onset of disease with a caudally progressing phenotype thus 

preserving lumbar motor neurons for post-mortem isolation), or from unaffected control patient 

tissues identically collected. Examination of aligned sequencing reads revealed a clear 

segregation between the two phenotypes at a locus within the normal stathmin-2 intron 1. All 

analyzed sporadic ALS patients (n=13) contained an included cryptic exon 2a (Figure 2.2 C) as 

the chief terminating exon (with polyadenylation apparent at the individual read level). By contrast, 

RNA-seq reads aligning within the same exon 2a locus were absent in all tested (n=7) non-ALS 

individuals (Figure 2.2 B). The sporadic ALS patients showed an overall loss of full-length 

stathmin-2 expression of about two-fold compared with the unaffected control group, while ranked 

overall gene expression in the lumbar motor neurons of control individuals placed stathmin-2 

expression among the top-20 most expressed genes of this cell type (proximal in ranking to the 

hyper-abundant neuronally expressed neurofilament genes). 
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Figure 2.2 RNA-seq reads mapping to cryptic exon2a perfectly delineate spoadic ALS patients from 
unaffected controls in laser-capture microdissected lumbar motor neurons. 
(A) Schematic of human gene encoding stathmin-2, depicting cryptic exon2a expanded view. (B) RNA-seq reads 
mapping to cryptic exon2a region are absent in lumbar motor neuron enriched isolated RNAs of unaffected control 
individuals. (C) RNA-seq reads mapping to cryptic exon2a are detected in lumbar motor neuron enriched isolated RNAs 
all 13 sporadic ALS patients examined. 
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Having established that stathmin-2 is cryptically spliced and polyadenylated in the lower 

motor neuron compartments of ALS patients with TDP-43 pathology, I next examined RNA 

isolated from grey matter of the upper motor neuron compartment within Brodman area 4. Using 

RT-PCR I detected the truncated stathmin-2 RNA in six out of nine sporadic ALS motor cortex 

samples examined (correlating with upper motor neuron dysfunction), and both of two familial 

C9orf72, but not in aged controls, again consistent with TDP-43 pathology in these patients 

(Figure 2.1 C). Since TDP-43 is also known to be mislocalized from the nucleus and aggregated 

in about half of frontotemporal dementia cases, I next examined the frontal cortex samples of four 

unlucky sporadic ALS patients who also experienced clinical symptoms of dementia during the 

course of their ALS (as is common to about 15% of ALS patients41,164) along with one patient 

carrying a familial C9orf72 expansion who presented with frontotemporal dementia. Three of the 

four sporadic ALS patients with FTD symptoms and the one C9orf72 FTD patient showed clear 

expression of truncated stathmin-2 RNA by RT-PCR, which was not detected in frontal cortex 

from an unaffected control (Fig2.1 D). Intriguingly, I was able to detect the misprocessed RNA in 

one patient that would typically be considered a “non-neurologic control”, but who had been 

undergoing ionizing radiation therapy prior to his death for the treatment of a brain tumor.  

Although the histologic samples were not available for this patient tissue to confirm TDP-43 

abnormalities by immunostaining, the appearance of the cryptically spliced stathmin-2 mRNA in 

this individual probably reflected loss of function of nuclear TDP-43 probably arising from the 

extreme stress of DNA damage in his course of treatment. 

To determine the extent of stable accumulation of truncated stathmin-2 RNA at the 

individual neuron level, I next utilized chromogenic in-situ hybridization in matched serial pairs of 

thinly cut (7 micron) tissue sections. Serial sectioning of large neurons including the Betz cells of 

motor cortex Layer V and the gigantic alpha motor neurons within Rexed lamina IX of the spinal 
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cord (both primary motor neuron types affected in ALS) allowed for examination of different cross-

sections of the same neuron using two different hybridization probes. By probing motor cortex 

and spinal cord sections with highly specific locked-nucleic acid probes designed to hybridize to 

either the stathmin-2 exon2A sequence or the 3’ untranslated region of the mature full length 

stathmin-2 mRNA (Fig 2.3 A), I was able to evaluate slide scans of the resulting stained tissues 

as an observer blinded to the phenotype of the individual, prior to decoding phenotype 

information. As expected, probes hybridizing normal stathmin-2 mRNA were highly enriched in 

neurons of both the motor cortex and spinal cord in all normal unaffected controls examined, while 

probes hybridizing exon2A of truncated stathmin-2 were nearly undetectable above background 

in those serial sections (what little signal is present is likely attributable to binding the elongating 

stathmin-2 pre-mRNA) (Fig 2.3 B, C left panels). In agreement with prior RNA analysis by laser 

microdissection and bulk RNA RT-PCR, the opposite staining result was readily apparent in all 

five sporadic ALS patients examined, where normal full-length stathmin-2 encoding mRNA was 

nearly undetectable above background, but serial section hybridization for truncated stathmin-2 

RNA produced striking signals in all neurons examined from both motor cortex and spinal cord 

(Fig 2.3 B, C right panels). Hybridization of the truncated stathmin-2 RNA in sporadic ALS patient 

neurons also revealed that it was robustly detectable in the somatic compartment of the neuron, 

consistent with the truncated stathmin-2 mRNA to be capped, cryptically spliced and 

polyadenylated and exported from the nucleus. 
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Figure 2.3 Chromagenic In-situ Hybridization reveals disease-dependent loss of full-length stathmin-
2 RNA accompanied by robust accumulation of truncated RNA. 
(A) Schematic of human gene encoding stathmin-2 depicting probe locations. (B) Motor cortex hybridizations of thin-
cut serial sections showing matched neurons and full-length or truncated probe staining in controls and ALS tissue. (C) 
Lumbar spinal cord hybridizations of thin-cut serial sections showing matched neurons with full-length or truncated 
probe staining in controls and ALS tissue. 
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Discussion: 

Melamed originally uncovered in a neuronal cell line that direct reduction or mutation of 

TDP-43 leads to a loss of full length stathmin-2 and accumulation of a truncated cryptically spliced 

and prematurely polyadenylated RNA transcript. I have extended this finding into ALS and FTD 

patients using three different approaches: 1) bulk grey matter RNA extraction and RT-PCR with 

tissues from upper and lower motor neuron compartments of sporadic and familial ALS and FTD 

patients and unaffected controls, 2) cell acquisition and analysis of RNA-seq from laser-capture 

micro-dissected lumbar motor neurons of sporadic ALS patients with bulbar or arm onset versus 

unaffected controls, and 3) chromogenic RNA in-situ hybridization of histologic sections from both 

upper and lower motor neuron compartments in sporadic ALS patients and controls. With these 

approaches I demonstrated that this RNA misprocessing event is a genuine hallmark of the 

majority of ALS and FTD disease (with TDP-43 proteinopathy), including all tested sporadic ALS 

patients (who make up the largest fraction of all ALS patients), and in patients harboring the most 

common genetic cause of ALS or FTD: inherited expansion in C9orf72. Of critical 

pathophysiologic relevance, I demonstrated that stathmin-2 pre-mRNA misprocessing is not a 

feature of the minority of familial ALS patients who carry SOD1 mutations known not to provoke 

TDP-43 pathogenesis. Thus, misprocessing and loss of full length stathmin-2 RNA is a specific 

hallmark of TDP-43 proteinopathy and not a generic result of neurodegeneration. 

TDP-43 dysfunction and nuclear clearance is hypothesized to be an early event in disease 

pathogenesis, and logically so, since the protein cannot aggregate in the cytoplasm without either 

a failure to import newly synthesized TDP-43 protein into the nuclear compartment, and/or a 

clearance of existing TDP-43 from the nucleus. Irrespective of the precise chronological order 

and mechanism of TDP-43 nuclear clearance and aggregation in the lead-up to symptomatic ALS 

and FTD, it is uncontroversial that this pathologic dysfunction must necessarily precede neuronal 
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death. By simple inspection then, TDP-43-dependent stathmin-2 pre-mRNA misprocessing by 

cryptic splicing and polyadenylation, must also precede neuronal death. 

This pathophysiologic chronology stands in contrast to the pharmaceutical and biomedical 

community’s current standard prognostic biomarkers for neuron loss use in clinical trials: the 

intermediate filament proteins neurofilament-light and neurofilament-heavy. The neurofilament 

proteins are useful neuronal biomarkers thanks to their extreme abundance in large caliber 

myelinated axons that are so commonly affected in neuromuscular degenerative disorders, and 

their detectable levels within the cerebrospinal fluid and blood proportionally increase as these 

axons are damaged. However, because the release of these proteins into the CSF and blood are 

a direct consequence of physical degeneration, they are downstream of the primary sources of 

pathology and are lagging indicators of damage that has already occurred, not direct readouts of 

underlying molecular disfunction. Like the genes encoding neurofilament proteins, stathmin-2 

RNA is one of the most abundantly expressed transcripts within normal human motor neurons, 

but unlike the neurofilament genes, stathmin-2 is entirely dependent upon functional TDP-43 for 

correct processing of its pre-mRNA. The same is true of exon2A mapped reads in the RNA-seq 

dataset, which were also a perfect indicator of disease in all thirteen sporadic ALS patients 

examined.  

Misprocessed stathmin-2 RNA has since been validated by other research groups165 as a 

post-mortem marker of TDP-43 dysfunction in FTD, but the next key conceptual advance as a 

prognostic biomarker of TDP-43 status in living patients would require the detection of stathmin-

2 truncated RNA or its translation product within blood or cerebral spinal fluid. Preliminary 

unpublished data from multiple groups using a very limited number of patient spinal fluid samples 

has already indicated that the abundant truncated RNA can be recovered and detected by 

quantitative reverse-transcriptase polymerase chain reaction from exosomes in patient cerebral 

spinal fluid. However, the reported detection efficiency currently does not match the known 
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prevalence in post-mortem tissues, perhaps indicating that 1) the purported exosomes are not a 

common export feature of these neurons, 2) their isolation is not efficient using current techniques, 

or 3) heterogeneity in sample handling may contribute to instability and detection issues (or a 

combination of the above). Significant additional research is necessary to determine whether 

truncated stathmin-2 RNAs can serve as an earlier indicator of molecular pathology than 

neurofilament proteins. 

In case of both laser-capture microdissection RNA-seq and chromogenic RNA in-situ 

hybridization, the presence and specificity of exon2a-terminated RNAs to delineate disease vs 

non-neurologic controls in sporadic and familial ALS is truly striking, allowing an otherwise blinded 

observer to perfectly delineate ALS patient tissues using only the presence of the truncated RNA. 

The persistence of the cryptically spliced and polyadenylated stathmin-2 RNA, which is not 

predicted to be a substrate for nonsense-mediated decay because of a lack of downstream exons 

beyond the terminal exon2a), within the cytoplasm of affected neurons raises the serious question 

of whether its 16-amino acid coding sequence is abundantly translated in the cytoplasm of cells 

with TDP-43 abnormalities. The small predicted size of this peptide would make it impossible to 

detect by traditional SDS-PAGE, and thus far unpublished efforts by multiple teams to raise a 

successful antibody against the peptide for efficient detection (either by ELISA or immunostaining) 

have failed. In terms of molecular pathology, the 16 amino acid peptide would be free to diffuse 

between nuclear and cytoplasmic compartments, potentially accumulating and interfering with 

any number of critical compartmented systems along the way. Additional efforts beyond the 

standard antibody-based techniques will be necessary to determine whether such a peptide is 

produced, and what influence it might have on disease progression. 

 
Methods: 

Patient Tissue Acquisition:  
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All nervous systems were acquired through a process approved by the Investigational 

Review Board and in compliance with the Health Insurance Portability and Accountability Act 

compliant process. Brain and spinal cord of ALS patients who met El Escorial criteria for definite 

ALS4 and were followed during the clinical course of their illness were collected rapidly upon 

death, usually within 4 hours and processed for immediate embedding and freezing for RNA or 

fixed in 10% formalin for immunohistochemistry and cytology with later embedding in paraffin wax 

for sectioning, with alternating sections going to each respective process. For laser-capture 

experiments frozen embedded lumbar spinal cord sections were selected from patients who had 

bulbar or arm onset of disease, caudally progressing. Consented control nervous systems were 

processed identically and acquired from patients from the hospital’s intensive care unit when life 

support was withdrawn. 

 

Bulk spinal cord grey matter and motor cortex grey matter RNA extraction: 

Frozen human spinal cord samples were freed of embedding OCT material by washing 

three times in 50ml of room-temperature sterile phosphate buffered saline, before scalpel excision 

of grey matter was performed under a dissection microscope. White and grey matter were 

separated into labeled tubes and immediately homogenized in Trizol, using an Omni International 

mechanical tissue homogenizer, and RNA was chloroform extracted and ethanol precipitated 

according to the Trizol reagent instructions. RNA was quantified on a Nanodrop (Thermo). Upper 

motor strip samples were collected at autopsy by region and flash frozen with liquid nitrogen in 

pre-labeled pathology cassettes before being transferred to storage at -80ºC. For RNA extraction, 

tissue samples were thawed at room temperature and similarly dissected to obtain grey matter 

sections which were placed directly into an appropriate volume of Trizol reagent and 

homogenized with a mechanical tissue homogenizer. Grey matter dissection was performed in 

both cases to prevent overloading of lipid fractions within the trizol reagent, and to enrich for the 
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desired neuronal somatic cellular compartments.  For cDNA synthesis, 1-5 micrograms of 

recovered total RNA was reverse transcribed using MMLV-RT derived Superscript III (Invitrogen) 

according to the manufacturers’ instructions. RT–PCR reactions were performed using Q5 High-

Fidelity DNA polymerase (NEB) in a T100 thermocycler PCR machine (Bio-Rad). For splicing 

analyses, RT–PCR products were separated on 1.8% or 2.0% polyacrylamide gels and then 

incubated with SYBR gold (Invitrogen) for ultraviolet imaging and analysis. Quantitative real-time 

PCR was carried out in triplicates, using iTaq Universal SYBR green (Bio-Rad) in a CFX384 real-

time PCR machine. mRNA expression of transferrin receptor protein-1 (TFRC) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as endogenous control genes. 

 

Laser capture microdissection and RNA isolation: 

Thirty-five to fifty-five sections of frozen OCT-embedded human lumbar spinal cord were 

cut at a thickness of 9-11 µm in a -18C cryotome and placed onto uncharged glass slides. The 

sections were returned immediately to dry ice and maintained at that temperature for a minimum 

of three hours to aid proper adhesion in downstream processes. Staining with cresyl violet acetate 

was accomplished in a 10-step, timed, nuclease-free immersion process. Motor neurons were 

laser-microdissected from each slide using a Pixcell IIe Laser Capture Microdissection (LCM) 

System (Arcturus Bioscience) and CapSureTM Macro LCM Caps (Applied Biosystems). Each 

LCM session took no greater than 2.5 hours in order to preserve RNA from endogenous 

nucleases. RNA isolation was carried out in each using an RNeasy Micro kit (Qiagen) and RNA 

pools were quantified and analyzed for quality on a Bioanalyzer RNA Pico microfluidic chip 

(Agilent) such that only samples of sufficient quality were advanced to library preparation with 

random priming using the Ovation® RNA-Seq System (NuGEN) before RNA-sequencing. 

 

In situ hybridization of STMN2 RNA isoforms: 
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Short locked nucleic acid (LNA) probes with 5′-digoxigenin detection labels were designed 

by QIAGEN. The LNA base positions are not disclosed, but the probe sequences utilized were as 

follows: Truncated Exon2A isoform probe: TCACACAGAGAGCCAAATTCTT; Normal STMN2 

mature mRNA probe binding the 3′UTR region: ATCCTGATATCGCATGATCCAT). For each 

tissue, two serial FFPE tissue sections (7 μm) were cut onto charged glass slides for comparison 

of adjacent sections from the same cells. Each of the two sections was hybridized with one of the 

STMN2 probes using standard ISH protocols and revealed with a commercial anti-DIG antibody 

and NBT developer kit. Slides were inspected under brightfield microscopy and serial sections of 

individual neurons were identified and imaged at ×40 magnification on a Keyence BZ-X700 

fluorescent microscope. For quantification, spinal motor neurons were identified by their large 

cytoplasm and/or nucleus, the presence of lipofuscin, and their position within Rexed lamina IX 

of the spinal cord. Neurons of the motor cortex were identified by their shape and relative size 

and position within cortical layering, with special attention to layers 3 and 5. 

Chapters 2, 3, 4, and 5 were supported in part by an institutional award to the UCSD 

Genetics Training Program from the National Institute for General Medical Sciences, T32 

GM008666. 
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Chapter 3: Normal Stathmin-2 pre-mRNA Processing is Primarily Determined by 

Steric Blockage of a Cryptic Splice Acceptor Site via TDP-43 

 

Abstract: 

Reduced nuclear TDP-43 drives abnormal use of cryptic splice and polyadenylation sites 

in the stathmin-2 pre-mRNA, leading to loss of stathmin-2 protein (also known as SCG10, 

transcribed from the STMN2 gene), which is required for axonal recovery after injury. I here 

demonstrate that removal of three TDP-43 GU binding motifs within intron 1 of the stathmin-2 pre-

mRNA drives constitutive use of cryptic splicing and polyadenylation sites, demonstrating this as 

the normal site of TDP-43 interaction. TDP-43 binding to the stathmin-2 pre-mRNA sterically 

blocks usage of both cryptic sites, as synthetically targeting other RNA binding proteins, including 

MCP or dCasRx, to (or near to) the TDP-43 binding locus restores correct stathmin-2 pre-mRNA 

maturation. Genome editing to eliminate either cryptic processing site is used to determine that 

cryptic splicing, not cryptic polyadenylation, primarily drives abnormal stathmin-2 pre-mRNA 

processing.  

 

Introduction: 

The extreme sensitivity of normal stathmin-2 pre-mRNA maturation upon normal nuclear 

TDP-43 presence and function was discovered and described in previous work from our group91. 

Although a site for predicted TDP-43 interaction was proposed in our initial report (based on the 

presence of a cluster of GU binding motifs), the precise locus of TDP-43 binding was never directly 

confirmed by experiment. Also unresolved was determination of how TDP-43’s interaction with 

the stathmin-2 pre-mRNA determined the pathway of RNA maturation. Although we initially 

hypothesized polyadenylation to be the key component, these unresolved questions are of critical 



 

 
 

58 

importance for devising a mechanistically “on target” therapeutic intervention, to replace TDP-

43’s normal molecular role on the nascent stathmin transcript and correct endogenous stathmin-

2 pre-mRNA processing in neurons affected by TDP-43 proteinopathy. I here apply sophisticated 

molecular techniques to address these questions and determine how TDP-43 controls stathmin-

2 levels. 

The breakthrough discovery of CRISPR-Cas9 genome engineering, applying the central 

molecular nuclease machinery of bacterial immunity to modify sequences encoded in human 

cells, enables precise DNA editing in cellular models with greater speed and efficiency than ever 

before. This technique allows for direct molecular hypothesis testing by comparing the RNA 

processing outcomes from edited and wildtype diploid human cell lines harboring precisely 

selected and engineered changes in their genomic sequence (which can differ by as little as a 

single nucleotide out of their approximately six billion bases of a diploid human genome). Applying 

this technique to the human diploid neuron-like cell line (SH-SY5Y) that we had utilized in the 

initial discovery effort for the stathmin-2 gene as an ALS target gene, I here demonstrate that 

removal of a hypothesized TDP-43 GU binding site from the first intron of stathmin-2 results in 

constitutive misprocessing of the stathmin-2 pre-mRNA, even though TDP-43 levels remain 

normal, demonstrating this as the authentic TDP-43 binding locus. By replacement of this TDP-

43 binding site with a hairpin sequence bound by a bacteriophage RNA-binding protein (the MS2 

coat protein [MCP]), I demonstrate that the tethering of an MCP-TDP-43 fusion-protein or simply 

MCP alone relieves constitutive misprocessing of stathmin-2 pre-mRNA. I confirm that simple 

steric binding is sufficient to rescue stathmin-2 misprocessing in an SH-SY5Y cell line harboring 

a homozygous disease causing TDP-43 N352S/N352S mutation by targeting the cryptic exon 

sequence with a large nuclease-inactivated RNA-targeted CRISPR effector dCasRx. These 

findings demonstrate that TDP-43 binding to the stathmin-2 pre-mRNA acts to sterically block 
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utilization of cryptic splice and polyadenylation site (or the binding of other RNA processing 

proteins that act in RNA splicing or polyadenylation).  

To determine whether the cryptic splice-acceptor or cryptic alternative polyadenylation 

signal is the primary determinant of stathmin-2 misprocessing upon reduction in functional TDP-

43, I again utilize CRISPR-Cas genome engineering to mutate each cryptic element individually, 

converting each into a non-functional sequence. Ablation of the cryptic splice acceptor, but not 

the cryptic polyadenylation site fully blocks utilization of both cryptic sites upon TDP-43 reduction, 

establishing that misprocessing is primarily driven cryptic pre-mRNA splicing. 

 

Results: 

Recognizing that reduced levels or mutation in TDP-43 drive aberrant splicing91,166 and 

polyadenylation91 within the first intron of the stathmin-2 pre-mRNA, I used CRISPR-Cas9 

genome engineering to mechanistically test whether TDP-43 binding to the stathmin-2 pre-mRNA 

blocks use of either cryptic misprocessing site, and if so whether this requires its direct RNA 

binding at the three predicted GU-rich TDP-43 binding motifs 91. To this end, I first replaced the 

three GU-motifs with the 19 nucleotide MS2 aptamer sequence that adopts an RNA stem-loop 

structure which can be bound with high affinity (Kd = 2 x10-10 M 167) by the MS2 coat protein (MCP) 

(Fig 3.1 A-C). In human neuronal SH-SY5Y cells carrying the MS2-binding site replacement in 

one allele and expressing normal levels of functional TDP-43, steady state stathmin-2 RNA levels 

were reduced by 50%, accompanied by appearance of abundant truncated, prematurely 

polyadenylated stathmin-2 RNA (Fig 3.1 B), thus demonstrating that the GU motif is the site of 

TDP-43 interaction on the stathmin-2 pre-mRNA.  
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Figure 3.1 Human GU-motif removal and MS2-directed tethering demonstrate TDP-43 binding locus 
within stathmin-2 exon2a, while cryptic site mutaitons identify TDP-43 dependent misprocessing is 
primarily driven by cryptic splicing 
(A) Schematic of CRISPR-engineering strategy for conversion of GU motif in exon2a to MS2 aptamer sequence in SH-
SY5Y neuroblastoma cells. (B) qRT-PCR demonstrating that SH-SY5Y cells carrying heterozygous GU to MS2 
conversion misprocess stathmin-2 RNA from edited allele, leading to 50% loss of full-length gene product compared 
with wildtype cells, and simultaneously accumulate truncated RNA. (C) Schematic depicting MS2:MCP directed 
strategy  to replace MCP-tethered cargos at normal TDP-43 binding locus. (D-F) Plots showing qRT-PCR measurement 
of (D) truncated stathmin-2 RNA, (E) full-length stathmin-2 RNA, (F) endogenous TDP-43 RNA levels, with and without 
induction of MCP-fusion protein expression in SH-SY5Y cells carrying heterozygous MS2 aptamer knock-in. GAPDH 
expression used as an endogenous control gene. (G-I) Plots showing qRT-PCR measured expression of TDP-43, full-
length stathmin-2, and truncated stathmin-2 RNAs 96 hours after siRNA treatment with a control siRNA pool or TDP-
43 targeting pool in (G) wildtype SH-SY5Y cells, (H) SH-SY5Y cells harboring a homozygous mutation of the human 
exon2a cryptic premature polyadenylation sequence to the murine sequence AGGAAA, and (I) SH-SY5Y cells 
harboring homozygous mutation of the human exon2a cryptic 3’ splice acceptor site. GAPDH expression was used as 
an endogenous control gene. 
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To further determine whether steric TDP-43 binding to exon 2a is sufficient to prevent use 

of either the cryptic splice acceptor or polyadenylation site, I transduced the MS2-knockin cells 

with a lentivirus encoding a human TDP-43 RNA binding deficient variant [missing both RNA-

recognition motifs (DRRM)] and fused to an MS2 coat protein (MCP-TDP-43DRRM) with the fusion 

construct expressed from an inducible promoter (Fig 3.1 C). The MCP (enhanced with an N55K 

mutation enabling increased affinity 167 to direct binding of the fusion construct to the MS2 aptamer) 

is the natural binding partner of the bacteriophage-derived, 19 base MS2 RNA aptamer that was 

substituted for the 24 base GU rich TDP-43 binding site(s) in the stathmin-2 pre-mRNA (Fig 3.1 

C).  

Within 24h of doxycycline induction, levels of truncated stathmin-2 RNA were reduced by 

90% (Fig 3.1 D, left), demonstrating that TDP-43 binding within exon 2a prevents cryptic splicing 

and polyadenylation. To test whether the observed repression of cryptic elements is mediated by 

simple steric interaction, I alternatively induced expression of MCP without fusion to TDP-43 (Fig 

3.1 C, right), which resulted in comparable suppression of the truncated stathmin-2 RNA (Fig 3.1 

D). Levels of full-length stathmin-2 mRNA (measured by quantitative real-time PCR (qPCR)) 

confirmed near complete restoration of correct stathmin-2 RNA processing mediated by either 

MCP-TDP-43DRRM or MCP alone (Fig 3.1 E), while endogenous TDP-43 RNA levels were 

unaltered (Fig 3.1 F). This evidence provides strong support for a simple steric model in which 

TDP-43 binding to exon 2a of the stathmin-2 pre-mRNA blocks utilization of cryptic splicing and 

polyadenylation. 

Having determined that steric occupancy within exon 2a at the normal TDP-43 binding 

locus is critical for stathmin-2 pre-mRNA processing, I sought to determine which of the two cryptic 

cis-regulatory sequences are responsible for initiating misprocessing when TDP-43 levels were 

reduced. To that end, I again used genome editing in SH-SY5Y cells to eliminate either the 
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alternative polyadenylation motif or the 3’ splice acceptor site within exon 2a. In cells 

homozygously edited to carry a non-functional premature polyadenylation signal [by converting 

the ATTAAA sequence to AGGAAA (Fig 3.1 H)], a 92% reduction of TDP-43 levels by siRNA 

resulted in suppression of properly processed stathmin-2 mRNA by 73%. By comparison, a 70% 

reduction in TDP-43 in wildtype SH-SY5Y cells resulted in 85% reduction of normal stathmin-2 

(Fig 3.1 G), suggesting that elimination of the normal premature polyadenylation signal was not 

protective against pre-mRNA misprocessing. However, downstream within Intron 1 in stathmin-2 

pre-mRNA, I identified twenty-two AUUAAA sequences and thirty-nine occurrences of the more 

commonly utilized sequence AAUAAA, which – if utilized – could explain the continuous 

suppression of full length stathmin-2 mRNA.  

I homozygously CRISPR-edited the 3’ splice acceptor sequence of the cryptic splice site 

within intron 1 of the stathmin-2 pre-mRNA from a functional AG/GA to a non-functional AAAA 

sequence. In this cell line, siRNA reduction of TDP-43 levels by 84% resulted in no significant 

loss of full-length stathmin-2 mRNA compared with non-targeting siRNA treatment (Fig 3.1 I) and 

a cryptically polyadenylated stathmin-2 RNA remained undetectable, indicating that simply 

blocking the exon1-2a splice recognition/resolution is protective against altered processing of 

stathmin-2 pre-mRNA when TDP-43 level is reduced. 

The ability of a relatively small 29 kDa RNA-binding protein of bacteriophage origin (MCP) 

to restore normal human stathmin-2 pre-mRNA processing through simple steric occupancy of 

the TDP-43-binding locus raised the possibility that engineered RNA binding protein strategies 

may have broad therapeutic utility in TDP-43 proteinopathies. To test this idea, I utilized a recently 

identified RNA-targeting CRISPR effector of bacterial origin RfxCas13d (CasRx)168. Mutation of 

the two RNase-activity conferring higher eukaryotes and prokaryotes nucleotide-binding (HEPN) 

domains of CasRx produces a “nuclease-dead” (dCasRx) protein that retains its RNA-binding (but 
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not enzymatic cleavage) capacity and can be targeted to pre-mRNA molecules to affect 

alternative splicing168. Given the reported versatility of dCasRx-binding to its RNA target, 

independent of a typical protospacer adjacent motif (PAM) requirement, I designed twelve 

separate guide RNAs that tile across the exon2A region of the stathmin-2 intron (Fig 3.2 A). 

SH-SY5Y cells carrying a homozygous TDP-43 N352S/N352S mutation in the gene encoding 

TDP-43, which results in 50% reduction of the normal stathmin-2 levels91 (Fig 3.2 B), were 

transduced to stably express dCasRx with individual gRNAs, and RNA was collected after one 

week of puromycin selection to eliminate non-transduced cells. Expression of four of the twelve 

gRNAs demonstrated marked reduction in the levels of prematurely polyadenylated stathmin-2 

RNA relative to the no-guide control (Fig 3.2 C, D). Consistent with the CRISPR genome 

engineering results (Figure 3.1 H), direct dCasRx targeting of the premature polyadenylation site 

(Fig 3.2 C-D, Guide 4) was not sufficient to restore normal processing of full-length stathmin-2 

mRNA, although a reduction in levels of truncated stathmin-2 RNA was detected. Instead, direct 

targeting of dCasRx to the 3’ splice acceptor site of exon 2a (Fig 3.2 C-D, Guide 2) showed partial 

stathmin-2 mRNA restoration. Less pronounced outcome was achieved by targeting an adjacent 

upstream intronic sequence (Fig 3.2 C-D, Guide 1), whereas full dCasRx mediated rescue of 

normal stathmin-2 mRNA processing was achieved by targeting an RNA sequence approximately 

equidistant between the TDP-43 binding sites and the canonical 3’ end of exon 2a (Fig3.2 C-D, 

Guide 3).  
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Figure 3.2 Exon2a binding by nuclease-inactivated RNA-targeting bacterial CRISPR effector protein 
dCasRx is sufficient to alleviate misprocessing of stathmin-2 in cells carrying mutated TDP-43 
(A) Schematic of the guide RNA design approach, tiling dCasRx guides across the stathmin-2 intron 1 and exon2a 
regions. (B) qRT-PCR shows SH-SY5Y cells carrying homozygous TDP-43 N352S disease causing mutations 
misprocess stathmin-2 mRNA leading to a 50% loss of total gene product compared with wildtype cells. (C) Plot showing 
qRT-PCR expression of full-length stathmin-2 RNA levels for each guide RNA expressing cell line, in SH-SY5Y cells 
with a homozygous TDP-43 mutant background, relative to a no-guide control expressing only the untargeted CRISPR 
effector protein. GAPDH used as an endogenous control gene. (D) Plot showing qRT-PCR expression measures of 
truncated stathmin-2 RNA levels for each guide RNA-expressing cell line in SH-SY5Y cells with a homozygous TDP-
43 mutant background, relative to a no-guide control expressing only the untargeted CRISPR effector protein. GAPDH 
used as an endogenous control gene. 
  



 

 
 

66 

SH-SY5Y cells carrying an homozygous TDP-43 N352S/N352S mutation in the gene encoding 

TDP-43, which results in 50% reduction of the normal stathmin-2 levels 91 (Fig 3.2 B), were 

transduced to stably express dCasRx with individual gRNAs, and RNA was collected after one 

week of puromycin selection to eliminate non-transduced cells. Expression of four of the twelve 

gRNAs demonstrated marked reduction in the levels of prematurely polyadenylated stathmin-2 

RNA relative to the no-guide control (Fig 3.2 C, D). Consistent with the CRISPR genome 

engineering results (Figure 3.1 H), direct dCasRx targeting of the premature polyadenylation site 

(Fig 3.2 C-D, Guide 4) was not sufficient to restore normal processing of full-length stathmin-2 

mRNA, although a reduction in levels of truncated stathmin-2 RNA was detected. Instead, direct 

targeting of dCasRx to the 3’ splice acceptor site of exon 2a (Fig 3.2 C-D, Guide 2) showed partial 

stathmin-2 mRNA restoration. Less pronounced outcome was achieved by targeting an adjacent 

upstream intronic sequence (Fig 3.2 C-D, Guide 1), whereas full dCasRx mediated rescue of 

normal stathmin-2 mRNA processing was achieved by targeting an RNA sequence approximately 

equidistant between the TDP-43 binding sites and the canonical 3’ end of exon 2a (Fig3.2 C-D, 

Guide 3).  

 

Discussion: 

Two key questions for the development of stathmin-2 corrective strategies in TDP-43 

proteinopathy are identification of the essential cryptic elements that govern TDP-43 binding and 

function in stathmin-2 pre-mRNA maturation, and how does TDP-43 binding interact with these 

elements to direct pre-mRNA processing? We previously determined that reduction or mutation 

in TDP-43 promotes truncation and premature polyadenylation within the first intron of the 

stathmin-2 encoding pre-mRNA, leading to a striking loss of the normally encoded stathmin-2 

mRNA and protein product within affected cells. We had proposed in that initial report that this 

process is mediated chiefly through co-transcriptional utilization of a cryptic polyadenylation signal 
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that is normally blocked by TDP-43 binding at a suggested trio of GU-rich sites that lie 127 bases 

5’ to the site of premature polyadenylation91. Utilizing CRISPR-mediated genome editing to 

introduce three sets of individual targeted mutations into the human stathmin-2 intronic sequence 

of neuron-like SH-SY5Y cells, I have identified that suppression of cryptic splicing within intron 1 

is the dominant determinant of the TDP-43 mediated processing of stathmin-2 pre-mRNA.  

The removal of the 24 base GU-rich motif from the human stathmin-2 gene leads to 

constitutive misprocessing while TDP-43 levels are normal, solidifying this locus as the authentic 

site or TDP-43 interaction with stathmin-2. This result was not unexpected, as RNA binding 

protein cross-linking immunoprecipitation and sequencing by another group using the same cell 

line had identified TDP-43 binding peaks in the vicinity of Exon2A74,91, and the site I targeted for 

modification was the only sensible GU-rich motif for use as a probable binding locus. In order to 

extend this experiment, I replaced the 24 base GU stretch with a 19 base MS2 aptamer sequence 

to allow forced tethering of factors to this locus via fusion with the MS2 natural binding partner 

MCP (the MS2 coat protein).   

With this approach, I discovered that forced binding to this site by a 29 kDa RNA binding 

protein of bacteriophage origin is largely sufficient to restore normal pre-mRNA processing, with 

or without direct fusion to a TDP-43 variant. The TDP-43 fusion variant utilized in this case 

contained a large deletion of the RNA recognition motifs, the resulting sequence comprising only 

256 amino acids of the normal 414 encoded in normal human TDP-43, making its interaction with 

RNA molecules completely dependent on the MS2:MCP system (Fig. 3.3 A-C). The design was 

chosen to prevent induced TDP-43 fusion protein expression from inducing acute toxicity by 

interactions with thousands of normal TDP-43 RNA targets in the transcriptome. The design was 

successful, as endogenous TDP-43 RNA levels are not altered by induced expression of the 

mutant fusion protein, despite known autoregulation functions (Figure 3.1 F). While more 

sophisticated RNA binding null mutants of TDP-43 that convert specific RNA-critical residues 
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while retaining the authentic polypeptide length have since emerged from our laboratory78, the 

RRM deletion mutant was conceptually the simplest and most self-evident version.  

The MCP tethering fusion protein was designed as a head-to-tail dimer of N55K high-

affinity binding mutants to ensure robust binding at a stoichiometric ratio of one RNA molecule 

per one MCP-TDP-43 or MCP-only binding partner (Fig. 3.3 C). Since two monomeric MCPs can 

simultaneously bind either side of the MS2 stem loop, utilization of a dimer accounts for and 

prevents a scenario where multiple TDP-43 fusion molecules would be directed to the same locus. 

The functional equivalence of MCP- and MCP-TDP-43 to divert stathmin-2 pre-mRNA from 

misprocessing strongly supports a steric blinding role for normal TDP-43 at this locus. 

 

 
Figure 3.3 TDP-43 RNA Recognition Motif deletion prevents inducible MCP fusion protein from 
binding normal TDP-43 RNA targets 
(A) Schematic wildtype TDP-43 with normal RNA-Recognition Motif (RRM) domains intact. (B) Schematic of inducible 
head-to-tail dimeric MCP protein with N55K high-affinity binding mutation. (C) Schematic of MCP-TDP43 fusion 
construct with deleted RRM domains to prevent normal RNA interactions and govern RNA tethering by MCP binding. 
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Recognizing that the TDP-43 mediated cryptic element suppression mechanism within 

Exon2A may involve additional cis-regulatory elements in addition to the GU rich TDP43 binding 

sites, I screened the approximately 350 nucleotide region for additional elements with a cutting-

edge CRISPR-effector approach. While the bacterial Class 2 CRISPR-Cas adaptive immunity 

system has sparked a revolution in genomic research, enabling the types of (comparatively) fast 

and inexpensive genome editing experiments I describe in this very chapter testing functions of 

genomic elements, or toward investigating disease-causing mutations like the founding work 

identifying dysregulation of stathmin-2 by a disease-causing mutant TDP-43, the therapeutic 

application of this system to correct disease causing mutations has faced challenges related to 

its overall size (~1200 amino acids) and cellular deliverability and tolerability, plus recent reports 

of off-target genomic editing rates that are higher than originally anticipated169-173.  

Recently, Cas13d, part of a new class of CRISPR Cas system (type VI-D) which targets 

RNA instead of DNA, was computationally identified and characterized in human iPS 

neurons168,174. RNA targeting CRISPR systems allow gene product targeting while eliminating the 

risk of unintended permanent genome mutagenesis175. One such Cas13d enzyme, CasRx, at 972 

amino acids is the smallest Class 2 CRISPR yet identified. CasRx processes its own guide arrays, 

has no flanking protospacer-adjacent sequence requirements (making it targetable to any 

arbitrary single-stranded RNA sequence), and has reportedly exquisite target-specificity versus 

comparable RNAi systems achieving better than 90% target reduction with no detectable off target 

effects measuring across the entire transcriptome (versus hundreds of significant unintended 

changes detectable from a comparable shRNA)168. Importantly, cis-element targeting of a 

nuclease-inactive mutant dCasRx has been demonstrated to manipulate pre-mRNA processing 

and alternative splicing in the context of 3- and 4-repeat Tau168.  

My thinking with dCasRx in the stathmin-2 context was that this system might enable a 

platform for targeting of specific pre-mRNA sequences to explore their cis-regulatory roles in RNA 
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(mis)processing and trans-element binding. This idea relies heavily on the somewhat naive 

assumption of uniform on-target activity of every possible guide RNA (from first principles, even 

considering RNA accessibility and secondary structures, this is certainly not the case) (Fig 3.4 C-

D).   
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Figure 3.4 dCasRx tiling to probe cis-regulatory elements by steric inhibition and binding of an RNA-
targeted CRISPR effector 
(A) Schematic of guide tiling approach to identify sequence regions of cis-regulatory relevance within the exon2a region 
(B) qRT-PCR results for each guide RNA expressing line, showing normal and truncated stathmin-2 RNA levels vs a 
no-guide control line, for all 12 guides tested. GAPDH was used as an endogenous control gene. (C-D) Graphical 
representation of in-silico ranked guide activity predictions versus guide position along exon2a for top 25 (C), and all 
possible (D) guide designs, guides with in-vitro activity are shown in red and cluster near predicted active sites. 
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Even so, I leveraged the dCasRx system, targeting the nuclease-inactivated Cas enzyme 

to the STMN2 pre-mRNA using a collection of unique 22-nucleotide guide sequences distributed 

across the pre-mRNA region starting 50bp upstream of Exon 2A’s splice acceptor site and 

spanning to 50bp downstream of the AUUAAA polyadenylation sequence (an approximate 350bp 

span for a total of 12 tiled custom dCasRx guide RNAs) (Fig 3.4 A,B). While the experiment clearly 

successfully corroborated the MCP-binding data indicating that TDP-43’s likely role on the 

stathmin-2 pre-mRNA is mediated by simple steric binding, this success is somewhat limited in 

scope. However, the site of dCasRx rescue I identified may not actually be the locus for additional 

cis-regulatory elements or trans-acting factors that govern use of the cryptic sites, as a post-hoc 

in-silico analysis ranking all potential guides across the exon2A region for their predicted in-vitro 

Cas13 activity scored the only fully restorative guide at the top of the list. I interpret this to mean 

the tiling assay I employed in this case was perhaps most efficient at simply identifying efficient 

Cas13 guide RNAs.  

Additionally, I can say with great certainty that this experiment did not serve, as I initially 

envisioned, an alternate role to identify potential antisense oligonucleotide targeting sites of 

interest. Having seen the precise placement of hits from the exhaustive single nucleotide 

resolution rescue antisense oligonucleotide lead candidate screen from exon 2A all the way 5’ to 

exon 1, there exist excellent oligo rescue hits densely populating most of the exon 2a region 

(particularly on its 5’ end, but also from the site of the most active dCasRx guide) that do not 

correspond to sites of any notable dCasRx rescue (exact data withheld here out of respect for 

trade secrets). It is clear that ASO and Cas13 guide kinetics differ for this pre-mRNA molecule, 

with ASOs winning the day in every respect for their broad efficacy of rescue at many loci (ASOs 

favored in a ratio of at least 33:1, with >14 ASOs demonstrating accompanying in-vivo tolerability 

profiles to be useful in clinical development, vs only one active dCasRx guide identified). 
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That TDP-43’s action on the stathmin-2 pre-mRNA is largely interchangeable with such 

highly dissimilar steric binding factors as MCP and dCasRx indicates that TDP-43’s normal 

binding within exon2A functions primarily to deny occupancy by components of the 

splicing/polyadenylation machineries that would otherwise drive usage of cryptic splicing and 

polyadenylation sites. Correspondingly, I propose that stathmin-2 pre-mRNA processing is likely 

amenable to rescue using a wide array of potential trans-acting interventions that interact with 

nucleic acids, including small molecules, synthetic RNA binding proteins, RNA-targeted CRISPR 

effector systems, and steric binding antisense oligonucleotides. 

I identified that removal of the exon2a cryptic splice acceptor site (but not the cryptic 

polyadenylation site) provided significant protection against aberrant pre-mRNA processing when 

TDP-43 is suppressed, proposing cryptic splice resolution as the primary factor suppressed by 

TDP-43 binding (Fig 3.1 G-I). This result overturned an initial the model that the cryptic exon 

truncation of stathmin-2 is primarily driven by the uncovered polyadenylation site. By contrast to 

the splice acceptor mutation outcome, removal of the alternative polyadenylation sequence had 

only a weak protective effect, visible mostly by comparing the relative rate of reduction of TDP-43 

(targeted directly by siRNA treatment) versus stathmin-2 (Fig 3.1 G, H). In every other case 

examined with wildtype cells stathmin-2 loss ought to be more profound than TDP-43 reduction. 

The reversal in the polyadenylation signal mutant suggests a slight protective effect of the full-

length stathmin-2 allele, but in any case, the results are broadly suggestive that although 3’ 

cleavage/polyadenylation and splicing are co-transcriptionally coupled176,177, within this stepwise 

process splicing is required and presumably precedes 3’ cleavage and polyadenylation, which 

are potentially resolved by use of additional downstream sites. 

 

Methods: 

SH-SY5Y cell culture 
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ATCC derived neuroblastoma cells were cultured in DMEM/F12 (Gibco) supplemented 

with 10% v/v fetal-bovine serum except for during FACS sorting and recovery when twice this 

fraction was utilized (Omega), and 1% v/v penicillin-streptomycin (Gibco) except for one week 

prior to electroporation when antibiotic-free media was utilized. Cells were grown in a 37ºC 

incubator with 5% carbon dioxide. For knockdown experiment conditions see siRNA conditions 

below. 

CRISPR genome editing 

A plasmid expressing a single guide RNA alongside an RNA encoding Cas9-T2A-GFP 

(based upon the backbone plasmid Addgene plasmid# 48138) was linearized by digestion with 

BbsI-HF enzyme to completion and purified after gel electrophoresis. Software-designed  

protospacer motif sequences were cloned into the linearized plasmid from annealed commercial 

DNA oligonucleotides and the resulting plasmids verified by Sanger sequencing to produce: 

Plasmid MB-sgRNA-133-134 (guide protospacer sequence: GGCTTGTGGCACAGTTGACA, off-

target score: 88, activity score: 66, PAM: AGG, 1150ng/ul, overall length 9289bp) for editing of 

the polyadenylation signal sequence and TDP-43 binding site, and Plasmid MB-sgRNA-143-144 

(guide protospacer: TATATTCATATTGCAGGACT, off-target score: 85, activity score: 53, PAM: 

CGG) for editing of the 3’ splice acceptor site of exon2A. The activity of each guide was confirmed 

by transfection into 293T cells followed by gDNA isolation, PCR, and Surveyor nuclease assay 

with PCR primers Fw: 5’-CAATACATCTGGCTTGAGGCAGAC-3’, Rev: 5’-

AAAGGTGGTAATGGCTGCATGG-3’ (795bp product) (Fig 3.5 A). 
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Figure 3.5 Surveyor assay validating activity of Cas9 guides for engineering exon2a 
(A) Lanes showing surveyor-assay digestion products versus undigested PCR product controls indicate activity of all 
sgRNA designs tested. 
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A single homology directed repair (HDR) double-stranded donor template of 1630bp in 

length was designed from sequence spanning the region of the stathmin-2 intron including all of 

cryptic exon2A, with an EcoRI restriction site added to the 5’ end and a NotI restriction site added 

to the 3’ end. The double stranded DNA was ordered as a gBlock gene fragment from Integrated 

DNA technologies, however the manufacturer was unable to complete the assembly successfully, 

so the component fragments were provided free-of-charge and were ultimately joined using 

overlap-extension PCR with a Q5 high-fidelity DNA polymerase. The fragment was cloned into a 

bacterial plasmid backbone for production and mutagenized by site-directed mutagenesis with 

phosphorylated primers to incorporate either the cryptic polyadenylation site mutation ATTAAA to 

AGGAAA (plasmid MBSP10) with screening for converted clones based on the deletion of a 

BtsCI-HF type II restriction enzyme cut site within Exon2A (50ºc incubation temperature), or the 

TDP-43 binding site to MS2 aptamer conversion TGTGTGAGCATGTGTGCGTGTGTG to 

ACATGAGGATCACCCATGT (plasmid MBSP11), with screening for converted clones enabled 

by direct PCR assay with a reverse primer located within the MS2 stem loop knock-in sequence 

(Figures 3.6- 3.8). 
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Figure 3.6 Knockin strategy for large homology repair template variants with difficult distal cut site 
targeting  
(A) Precise schematic outlining CRISPR-engineering to replace GU motif with MS2 aptamer sequence. (B) Precise 
schematic outlining CRISPR-engineering to mutate human alternative polyadenylation sequence. 
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Figure 3.7 Outline of screening process to identify CRISPR-engeineered alternative polyadenylation 
mutants 
(A) Schematic diagramming normal cis-regulatory elements of polyadenylation and the desired mutation of the 
alternative polyadenylation site. (B) Representative electrophoresis gel of bulk-sorted SH-SY5Y cells after Cas9 and 
guide transfection identifying the sorted populations amenable for single-cell screening to identify mutants. (C) 
Schematic of PCR and restriction digest-based assay to identify positive clones before TOPO cloning and Sanger 
sequencing to confirm genotyping. 
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Figure 3.8 Outline of PCR screening strategy to identify GU-to-MS2 engineered SH-SY5Y clones 
(A) Schematic of knock-in straddling PCR with internal primer in MS2 sequence and external primer placed outside 
homology repair template to identify successfully edited clones. (B) Representative PCR of positive and negative 
screening result using bulk-sorted cells (step before single clone screening) confirming efficient knock-in events. 
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After Sanger sequencing of completed HDR plasmids, 30 micrograms of each homology 

template plasmid were linearized to remove the bacterial gene portion by digestion with NotI-HF 

and EcoRI-HF enzymes for 4.5 hours at 37C. The digestion was stopped with an SDS containing 

DNA loading dye and size-separated on an agarose gel. The band was cut and gel purified. The 

linear template DNA is frozen at a concentration of 1336ng/ul (1607bp overall length). MBSP19 

TDP to MS2 homology directed repair final concentration of 690ng/ul. These templates were 

designed for use with the CRISPR plasmid MB-sgRNA-133-134. The Cas9/guide plasmid is about 

5.7 times larger than the HDR template, so to exceed the guideline ratio of guide plasmid to HDR 

template (1:10), an electroporation ratio of 1000ng CRISPR plasmid to 10,000ng template was 

selected for these two templates. 

By contrast, the 3’ splice acceptor mutant homology directed repair template was prepared 

as a commercial single-strand oligo of sequence: 

5’CGAACTCATATACCTGGGGATTTTATTACTCTGGGAATTATGTGTTCTGCCCCATC

ACTCTCTCTTAATTGGATTTTTAAAATTATATTCATATTGAAAAACTCGGCAGAAGACCTTCG

AGAGAAAGGTAGAAAATAAGAATTTGGCTCTC3’ from Integrated DNA Technologies (ordered 

as a 4nmole “Ultramer” format) with the 5’- and 3’- direction selected to be the negative DNA 

strand so as to be incompatible with direct identification by the Cas9+sgRNA complex (Fig 3.9 A-

B). Additionally, the induced mutation encoded by this oligonucleotide disrupts the protospacer 

seed region of the single guide RNA, and is not predicted to enable cutting of the repair template 

or repaired edited allele (Fig 3.9 B). Clones successfully edited with this construct are lacking the 

normal HinfI restriction site located directly adjacent to the edited splice acceptor site and can be 

screened by PCR across the region followed by digest with HinfI enzyme to identify enzymatic 

digest-resistant PCR products that retain their full length (Fig 3.9 B-E). The resulting 4nmole of 

dried 100 base oligonucleotide was resuspended in 100ul of PBS, and 2ul of this was utilized 

directly for electroporation with 1ug of MB-sgRNA-143-144 (guide protospacer: 
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TATATTCATATTGCAGGACT, off-target score: 85, activity score: 53, PAM: CGG) in a 100ul 

reaction volume of Lonza Kit V electroporation reagent in a 2mm cuvette and an equivalent of 

one 100mm plate of SH-SY5Y cells (ATCC)  
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Figure 3.9 Knock-in CRISPR engineering strategy to mutate cryptic 3’ splice-acceptor sequence in 
SH-SY5Y cells 
(A) Schematic highlighting functional location of desired knock-in relative to other cis-regulatory elements of splicing. 
(B) Nucleotide-specific schematic of CRISPR engineering edit strategy, including disruption of a restriction for 
identification of edited clones. (C) Technical outline of engineering steps utilized. (D) Representative PCR and DNA gel 
electrophoresis image demonstrating the presence of restriction-digest resistant clones in a bulk population before 
single-cell isolation and sequencing. (E) Representative Sanger sequencing result from homozygous clone with two 
edited splice acceptor alleles. 
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For editing in the target cell line, one 150mm plate of early passage (7) ATCC-sourced 

Wildtype SHSY-5Y cells grown without antibiotic treatment  to ~70% confluence was detached by 

DPBS wash and brief treatment in 0.05% trypsin, half of the cells were taken for electroporation, 

replating the rest. Cells were pelleted by centrifugation and resuspended in 350ul Lonza Kit V 

electroporation solution (100ul per electroporation, or about 2/3 to 1 full confluent plate per 

electroporation). 100ul of cells resuspended in this mix were added to the premixed homology 

repair template and Cas9+guide plasmid DNA combination required for each respective edit, and 

pipetted directly into a sterile electroporation cuvette (2mm). Electroporation with Nucleofector 2b 

program A-023 was performed and cells were immediately resuspended in 1ml of fresh media 

and placed in a 15ml tube with 5 ml of normal media. To increase viability, cells were then re-

pelleted by centrifugation once again to remove media containing trace amounts of 

electroporation solution. Pellets were resuspended in 3ml of fresh media, and cells were plated 

in one well of a 6-well dish per electroporation condition. 

The following day the cells were checked for bright GFP fluorescence (which appeared 

approximately equivalent across electroporation conditions) and cells were passaged to allow 

further proliferation. 72 hours post-transfection cells were sorted by GFP fluorescence by 

Fluorescence-Activate Cell Sorting on a SONY SH800 cell sorter. Sorting parameters were 

devised using a wildtype SH-SY5Y non-fluorescent control cell sample, and sorting gates were 

set at a minimum of 10-fold higher fluorescent gating over the wildtype background signal level. 

Sorting to single-cells was performed into 6x 96 well plates per condition, plated with 100ul per 

well of 20% FBS containing media completed with 1%AA and 1% PenStrep. The remaining GFP 

positive cells were then bulk-sorted into 15ml conical tubes (14,000 cells per condition, or as 

allowed by total cell number allowed, and about 5,000 cells for lines where cells ran out while 

sorting). The bulk-sorted cells were centrifuged and re-plated in a 24 well plate. Between 5-15% 

of the cells in the parental CRISPR electroporated populations were positive for GFP fluorescence 
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at 72 hours, with the lowest was the 3’ Splice acceptor mutation cells at 5%, indicating an 

inefficient electroporation process overall for all lines. A sample of bulk-sorted GFP+ cells for each 

respective edit were replica plated and one replicate lysed for PCR and restriction digest analysis 

(as indicated for the edit detection protocol) to confirm desired edits were available to find at the 

bulk-population level before proceeding to individual clone screening, using the screening 

paradigm previously described. 

The day after sorting (after attachment was confirmed by brightfield microscopy), the 100ul 

of initial media per well was supplemented with another 100ul of 1:1 v/v mixed fresh:sterile-filtered 

SHSY5Y cell conditioned media. Media was changed (100ul out 100ul conditioned media in) twice 

a week until colonies filled their wells. (Our incubator evaporates media very quickly on my top 

shelf assigned position, so I added an additional water dish to the rear side of the shelf where the 

gas outlets are and change media often to prevent death by osmotic stress.) 

Proliferating cells (approximately one third of all wells) were consolidated to new plates to 

remove gaps wells between proliferating colonies, and during the process were simultaneously 

replica-plated to new plates during passaging to new 96-well dishes. One replicate plate was 

seeded with higher density cells for genomic DNA extraction and screening, and the other lower 

density plate maintained for eventual expansion and characterization. Genomic DNA was 

extracted from the high-density replicate plate by direct lysis and isolation in a 96-well format 

gDNA column kit from Zymo research (Cat# D3011). gDNA was eluted in 12ul nuclease free water 

for direct loading into previously described PCR assays utilizing a Q5 high-fidelity polymerase 

(New England Biolabs Cat# M0491). A handful of negative clones at this step were selected as 

isogenic control lines for continued passaging and use, and positive clones from the first 

screening step were passaged into larger culture plates for an independent genomic DNA 

isolation and secondary screening by  PCR across the edited region with validated primers and 

the same Q5 polymerase, the resulting PCR product was TOPO cloned into a TOPO blunt kit 
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(processive polymerases like Q5 leave blunted ends). 10 colonies from each plated TOPO 

product were grown by bacterial plasmid mini-prep and sent to Sanger sequencing to confirm 

hetero- vs homo-zygosity calls made in the initial screening. Secondary screening by TOPO 

cloning was crucial to identify false-positives. Positive heterozygous and homozygous clones and 

their respective isogenic controls were further characterized for their endogenous expression of 

overall stathmin-2 and TDP-43 by qRT-PCR, and clones with levels closest to the parental 

wildtype line were selected for characterization in downstream experiments. 

 

Lentiviral transduction of tetracycline activated expression vectors 

MS2 knock-in cells, once identified, were transduced with lentivirus stably expressing the 

doxycycline-binding Tet3g transcriptional activator from an EF1alpha promoter, along with an 

internal ribosome entry site and aminoglycoside phosphotransferase gene for selection. A stable 

expressing population of cells was then split and further transduced with lentivirus carrying a 

construct under control of the tetracycline responsive element third generation promoter 

controlling either MCP-dimer expression or the dimer fused to the described TDP-43 (Fig 3.3 B-

C). It is notable that no homozygous knock-in clones were recovered from the GU to MS2 

conversion CRISPR editing effort, which may indicate that a double knockout of exon 2A TDP-43 

binding is non-viable (at least under the selective pressure of FACS sorting stress). With this 

possible viability constraint in mind and given that MCP expression can rescue stathmin-2 pre-

mRNA processing, an alternative future approach to obtain homozygous clones would be to first 

transduce the parental wildtype line with these two lentiviruses and induce expression with 

doxycycline for the duration of CRISPR genome engineering to alleviate stathmin-2 related 

cellular stress. 

 

siRNA transfections 
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50nM of siRNA “smart pools” from Dharmicon targeting either human TDP-43 (Cat# L-

012394-00-0020) or control sequences (Cat# D-001810-10-20) were reverse-transfected into 

each well of a 50% confluent 12 well plate with RNAiMax transfection reagent following 

manufacture instructions, and then forward-transfected with a second dose of the same 

concentration 24 hours later, with cells collected for analysis 96 hours after the initial 

transfection. 

 

RNA extractions and qRT-PCR: 

Cells were collected in Trizol reagent (Invitrogen) and RNA was chloroform extracted per 

manufacturers protocol, with RNA pellets resuspended in water and evaluated on a NanoDrop 

machine (Thermo). 1-5ug of RNA (depending on the experiment) was loaded into a 20ul 

SuperScript-III first-strand cDNA synthesis reaction (Invitrogen) to generate cDNA. cDNA was 

diluted 1:50 or 1:100 in water and loaded in technical triplicates into 10ul reactions of Bio-Rad 

iTaq Universal Probes Supermix (Cat# 1725134) and evaluated on a 384 well Bio-Rad C1000 

qPCR thermocycler. Primers were as follows: 

Full-length stathmin-2:  Fw 5’-AGCTGTCCATGCTGTCACTG, Rev 5’- 

GGTGGCTTCAAGATCAGCTC, Probe 5’-FAM-

ATTTGCTTCACTTCCATATCATCGTAAGTATAGATG 

GAPDH: Fw 5’- GAAGGTGAAGGTCGGAGTC, Rev 5’- GAAGATGGTGATGGGATTTC, Probe 

5’-FAM- CAAGCTTCCCGTTCTCAGCC 

Truncated stathmin-2: Fw 5’- CTTTCTCTAGCACGGTCCCAC, Rev 5’- 

ATGCTCACACAGAGAGCCAAATTC, Probe 5’-FAM- CTCTCGAAGGTCTTCTGCCG 

TDP-43: Fw 5’- TCATCCCCAAGCCATTCAGG, Rev 5’- TGCTTAGGTTCGGCATTGGA, Probe 

5’-HEX- TCCTCTCCACAAAGAGACTGC 
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Expression analysis was performed with delta-delta-CT calculations utilizing GAPDH as 

an endogenous control gene. 

Chapters 2, 3, 4, and 5 were supported in part by an institutional award to the UCSD 

Genetics Training Program from the National Institute for General Medical Sciences, T32 

GM008666. 

Chapters 3, 4, and 5, in part, are being prepared for publication as “Therapeutic restoration 

of stathmin-2 expression in TDP-43 proteinopathies.” 2021, and also include co-authored 

unpublished work. Other authors are: Zevik Melamed, Jone Lopez-Erauskin, Mariana Bravo-

Hernandez, Haiyang Yu, Melinda Beccari, Melissa Mcalonis, John Ravits, Karen Ling, Paymann 

Jafar-nejad, Frank Rigo, Aamir Zuberi, Max Presa, Cat Lutz, C. Frank Bennett, Martin Marsala, 

Clotilde Lagier-Tourenne, Don W. Cleveland. The dissertation author was the primary investigator 

and author of this material. 
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Chapter 4: Steric Antisense Oligonucleotide Binding Restores Endogenous 

Stathmin-2 Expression and Rescues Axonal Re-Growth in Human Neurons 

 

Abstract: 

Previous work demonstrated the vulnerability of motor neurons upon reduction in 

stathmin-2, a factor we established to be essential for axonal recovery after injury. However, our 

earlier efforts relied upon AAV to drive additional synthesis of stathmin-2, an approach with 

multiple practical hurdles that limits its practicality for use as a disease therapy in ALS or FTD, 

including the potential damage from overexpression of stathmin-2. Recognizing this, I now 

demonstrate a therapeutically feasible approach through use of ASOs to correct stathmin-2 pre-

mRNA splicing. I show that ASO-mediated therapy can restore normal stathmin-2 pre-mRNA 

processing and protein levels in cells with dysfunctional or depleted TDP-43, thereby restoring 

axonal regeneration in those cells without exogenous gene transfer.  

 

Introduction: 

Antisense oligonucleotide (ASO) therapy for neurodegenerative disease, established by 

the Cleveland laboratory and developed in collaboration with Ionis Pharmaceuticals, leverages 

either catalytic RNA degradation (with ASOs formulated for RNase H substrate recognition) or 

steric alteration of pre-mRNA splicing (with ASOs formulated for RNase H incompatibility). Trials 

to degrade disease-causing mutant genes with the RNase H strategy are currently underway in 

SOD1-ALS, C9orf72-ALS (initiated in September, 2018 for targeting hexanucleotide-containing 

RNAs, see also Fig 1.4), and Alzheimer’s disease (initiated October, 2017 for reducing tau). The 

already FDA-approved ASO therapy Spinraza utilizes the steric binding mechanism of action to 
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correct pre-mRNA processing in the SMN2 gene, effectively curing the developmental motor 

neuron disease spinal muscular atrophy (SMA) by preventing degeneration of motor neurons. 

Recognizing these precedents for successful use of ASOs for therapy in a 

neurodegenerative disease context, including by reversal of aberrant splicing, and our evidence 

establishing stathmin-2 pre-mRNA misprocessing as a new hallmark in ALS mediated by loss of 

TDP-43, I now identify rescue ASOs (rASOs) capable of restoring stathmin-2 pre-mRNA 

maturation and stathmin-2 protein levels. Critically, these rASOs restore axon regeneration 

capacity of cultured human motor neurons when TDP-43 level is suppressed, establishing the 

use of such rASOs as an attractive translational approach for sporadic ALS and TDP-43 

proteinopathies.  

 

Results: 

Antisense oligonucleotides (ASOs) chemically formulated to correct RNA processing 

defects have become an attractive and promising therapeutic approach for neurodegenerative 

diseases 130. Such ASOs and constitute the first FDA-approved use in the central nervous system. 

More than 50 additional ASO applications are currently in clinical trials. Based on my preliminary 

success using rescue ASOs (rASOs) that bind the stathmin-2 pe-mRNA and induce its processing, 

200 ASOs tiling across the exon 2a region were designed. Each was electroporated into SH-

SY5Y cells harboring a homozygous ALS-causing TDP-43N352S mutation. More than 34 were 

identified to increase correct stathmin-2 pre-mRNA processing. From this initial screen, I further 

validated the four most efficacious rASOs, establishing their capacity to restore normal stathmin-

2 mRNA expression (Fig 4.1 A).  Assay (by qRT-PCR) of RNA collected 24 hours following rASO 

introduction (by lipid transfection) demonstrated dose-dependent reduction in levels of the 

accumulated truncated stathmin-2 RNA variant (Fig 4.1 B) and restoration of stathmin-2 mRNA 

levels comparable to that of wildtype cells (Fig 4.1 C).  
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Figure 4.1 Rescue antisense oligonucleotide (rASO) screening identifies steric binding ASOs that 
suppress missplicing and restore full-length-stathmin-2 RNAs in a dose-dependent manner in cells 
carrying homozygous N352S mutaiton of TDP-43 
(A) Schematic representation of the exon2a region of the human stathmin-2 gene, with the identified locus of TDP-43 
binding and 4 representative rASOs that show splice-modifying activity. (B) Graph showing truncated stathmin-2 RNA 
dose-dependent suppression compared with untreated wildtype and TDP-43 mutated SH-SY5Y cells, as measured by 
qRT-PCR using GAPDH as an endogenous control gene, each dot is one independent biological replicate. Error bars 
plotted as SEM. (C) Graph showing stathmin-2 mRNA dose-dependent restoration upon ASO treatment by qRT-PCR 
using GAPDH as an endogenous control, each dot is an independent biological replicate. Error bars plotted as SEM. 
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Motor neurons were then induced from pluripotent stem (cells as previously described91) 

matured in cell culture for 30 days followed by rASO addition to culture media for 20 days, followed 

by TDP-43 depletion (by addition of an ASO targeting TDP-43 mRNA through RNase H-

dependent catalytic RNA degradation (Fig 4.2 A). In motor neurons not treated with rASOs, 

reduction of TDP-43 for 20 days resulted in reduction in stathmin-2 mRNA level to 25% of the 

original level (Fig 4.2 A, left bar) and accumulation of the cryptically spliced and polyadenylated, 

truncated RNA variant (as measured with qPCR) (Fig 4.2 B, left bar). Of the four tested rASOs, 

rASO-3 yielded the greatest (70% of normal) restoration of stathmin-2 mRNA (Fig 4.2 A), 

accompanied by the corresponding suppression of accumulation of the truncated stathmin-2 RNA 

(Fig 4.2 B). In agreement with our previous report91, partial reduction in TDP-43 (by addition of an 

RNase H active ASO targeting TDP-43 mRNA) resulted in a larger degree of suppression of 

stathmin-2 RNA and protein level (Fig 4.2 C). Stathmin-2 mRNA levels were fully reversed by 

addition to neuronal culture media of either rASO-3 or rASO-4 (Fig 4.2 C), demonstrating the 

therapeutic potential of the splice-rescuing ASO approach for the restoration of endogenous 

stathmin-2 processing in TDP-43 proteinopathies.  

To determine the functional consequence(s) of rASO-mediated endogenous stathmin-2 

correction on the axonal regeneration capacity of motor neurons challenged with chronic TDP-43 

suppression, we utilized an iPSC-motor neuron axotomy and regrowth assay within microfluidic 

chambers, as previously described 91. Sustained lowering of TDP-43 levels in the somatic 

compartment was achieved for 20 days via addition of targeted RNase H recruiting ASOs to the 

cell media (Fig 4.2 D). The corresponding loss of stathmin-2 produced complete inhibition of 

axonal regeneration capacity after mechanically induced axotomy, compared with motor neurons 

treated with non-targeting control ASOs (Fig 4.2 E, left and middle panels). Importantly, rASO-3 

added by free uptake to the somatic compartment 5 days after addition of ASOs to reduce TDP-

43 level (Fig 4.2 D), was sufficient to restore expression of stathmin-2 protein (Fig 4.2 E). As 
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importantly, rASO-3 also reversed the inability of motor neurons to regenerate into the distal 

compartment.  

These results provide evidence supporting the potential of stathmin-2 splice-rescuing 

ASOs to restore the regenerative capacity of motor neurons that have been damaged as a direct 

molecular consequence of TDP-43 proteinopathy. 
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Figure 4.2 Restoration of axonal regeneration capacity using rASOs that alleviate pre-mRNA 
missplicing and rescue stathmin-2 levels in iPSC-derived motor neurons under conditions of 
sustained TDP-43 reduction 
(A) Stathmin-2 mRNA restoration analyzed by qRT-PCR after treatment with 4 representative rASOs in iPSC-derived 
motor neurons depleted of TDP-43. Expression of TFRC mRNA was used as endogenous control gene. (B) qRT-PCR 
analysis of truncated stathmin-2 RNA levels after treatment with 4 representative rASOs in iPSC-derived motor neurons 
depleted of TDP-43. Expression of TFRC mRNA was used as an endogenous control. (C) Immunoblotting of TDP-43 
and stathmin-2 in iPSC-derived motor neurons treated with TDP-43 suppressing ASO and stathmin-2 rASOs by dose-
response. GAPDH blotting is shown as an endogenous loading control. (D) Timeline of iPSC-derived motor neuron 
maturation, and ASO/rASO treatment and axotomy. (E) Immunofluorescence images of distal microgrooves (left of 
dotted line) and distal compartments (right), 24 hours post-axotomy. Axonal regeneration and growth cones observed 
b immunofluorescence of stathmin-2 (green) and NF-H (red) in terminals of motor neurons. 
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Discussion: 

Cytoplasmic accumulation coupled with nuclear clearance of the RNA binding TDP-43 is 

found in affected neurons of most ALS patients68,69,163, strong evidence that nearly all ALS-causing 

mechanisms converge on TDP-43 loss of function. However, direct therapeutic targeting of TDP-

43 at the protein or mRNA level is challenged by many factors, including 1) unresolved primary 

molecular mechanisms that provoke its initial misaccumulation and altered intracellular 

localization, 2) apparently exquisite sensitivity to TDP-43 expression changes in healthy neurons, 

and 3) an autoregulatory mechanism that is proposed to gate TDP-43 levels by TDP-43 

dependence in processing the its own pre-mRNA. These challenges have given rise to two 

alternative approaches: 1) the targeting of genetic modifiers of TDP-43 pathology and 2) 

identification of targetable genes and processes downstream of TDP-43 primary dysfunction.  

Currently, the major therapeutic effort for the first of these approaches is ASO-mediated 

suppression of the gene encoding ataxin-2, an ALS risk factor gene and potent modifier of TDP-

43 pathology, whose reduction decreased TDP-43 aggregation and extended lifespan in 

transgenic mice overexpressing human TDP-43 82. Success of the ataxin-2 ASO approach to 

reverse RNA metabolism changes in affected neurons may require a cascade of events 

downstream of ataxin-2 reduction, including restoring nuclear TDP-43 localization and clearance 

of cytoplasmic aggregation. Therapy efforts for the second approach are complicated by TDP-

43’s prolific role in the transcriptome, with thousands of binding sites affecting thousands of 

identified mRNA targets upon TDP-43 pathologic dysfunction, the identification of viable gene 

targets has proven elusive 73,74,87. Correspondingly, our identification of stathmin-2 1) to be an 

essential factor for axonal regeneration after injury, 2) to be one of the most abundantly expressed 

genes in human spinal motor neurons, and 3) to undergo sustained loss when nuclear TDP-43 

levels fall TDP-43-dependent loss, has made it perhaps the most attractive gene target for therapy 

in sporadic ALS 91.  
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The use of a non-RNase active ASO to alter pre-mRNA splicing has been proven to be a 

viable strategy in neurodegenerative disease, exemplified by the FDA-approval of Spinraza 

(Nusinersen) for spinal muscular atrophy. Spinraza was formulated to bind the pre-mRNA of the 

SMN2 gene, simultaneously blocking binding of splice-suppressing proteins hnRNPA1 and 

hnRNPA2 so as to promote inclusion of exon 7 into the final SMN2 mRNA and production of a 

final mRNA encoding the SMN protein to compensate for inherited loss SMN1 130,148,178. From this 

founding example, I and my colleagues have developed non-RNase H active rescue ASOs 

(rASOs) whose Watson-Crick base pairing within or near to “exon 2a” of the stathmin-2 pre-mRNA 

can sterically block utilization of a cryptic splice site that at the 5’ border of exon 2a. Our approach 

enables restoration of normal level of stathmin-2 in neurons affected by TDP-43 pathology.  

I note that the rASO approach can restore stathmin-2 without any possibility of a potentially 

adverse effect of stathmin-2 overexpression, making it a much more therapeutically attractive 

approach to alternative approaches, including AAV-mediated gene delivery which is likely to 

overexpress stathmin-2 in neurons (and non-neurons) regardless of TDP-43 status (or bolster 

expression in non-neuronal cells). Moreover, with my colleague Dr.  Erauskin-Lopez, we have 

established that in human motor neurons a rASO therapy rescues axonal regrowth after injury, 

demonstrating proof of principle for rASO utilization as a safe, durable, reversible method for 

correcting TDP-43 pathology-induced stathmin-2 loss in human ALS/FTD. The approach to 

rescue stathmin-2 using ASOs may also have relevance in a broader spectrum of TDP-43 

proteinopathies.  

Further validation of the attractiveness of rASO-mediated restoration of stathmin-2 

expression in ALS is needed to determine 1) how chronic reduction or loss of stathmin-2 affects 

an otherwise normal adult nervous system and 2) whether chronic loss of stathmin-2 is sufficient 

to initiate the age-dependent neurodegeneration seen in ALS, FTD, and other TDP-43 

proteinopathies. I undertake efforts to answer these two points in Chapter 5.  
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Methods: 

SH-SY5Y cell culture 

ATCC derived neuroblastoma cells were cultured in DMEM/F12 (Gibco) supplemented 

with 10% v/v fetal-bovine serum except for during FACS sorting and recovery when twice this 

fraction was utilized (Omega), and 1% v/v penicillin-streptomycin (Gibco) except for one week 

prior to electroporation when antibiotic-free media was utilized. Cells were grown in a 37ºC 

incubator with 5% carbon dioxide. For ASO transfection experiments Xfect transfection reagent 

(Clontech) was utilized. Stock ASO concentrations were confirmed by Absorbance at 260 

nanometers on a Nanodrop (Thermo) and known extinction coefficient, dilutions were made 

based on the final transfection concentration desired and ASO was added to supplied Xfect 

dilution buffer and mixed by vortexing (50ul total volume of buffer + ASO + transfection reagent 

per well of a 12 well plate, scaled for the number of biological replicates per concentration), 1.05ul 

transfection reagent was used per 50ul total transfection volume added directly to the ASO and 

dilution buffer mix and vortexed again. Volume was collected at the bottom of the tube by brief 

centrifugation and allowed to stand at room temperature for 15 minutes before being added 

dropwise to the 12-well plate. Plates were agitated side-to-side before being placed in the 

incubator. 24 hours post transfection media was removed from all wells and cells were lysed in 

Trizol reagent (Invitrogen) for 10 minutes at room temperature. Trizol reagent was then diluted 

1:1 v/v in ethanol, mixed by pipetting and added directly to a DirectZol-96 column plate (Zymo 

Research) for direct isolation of RNA and on-column DNase I digestion before being eluted in 

nuclease free water. RNA concentrations were measured with a NanoDrop (Thermo) and one 

microgram of cDNA synthesized with SuperScript-III using manufacturer’s instructions on a 384-

well plate using a C1000 thermocycler (BioRad) for temperature control. cDNA was diluted 1:100 
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and 4 microliters loaded per 10 microliter reaction for qPCR with hydrolysis probes (as previously 

described in prior chapters). 

 

Induced pluripotent cells (iPSC) and motor neuron differentiation 

The iPSC line was derived from peripheral blood mononuclear cells donated by a 58-year-

old healthy male, by introducing episomal DNA expressing Oct4, Sox2, Klf4, L-Myc, Nanog, and 

shRNAs against p53. The selected clone was fully characterized and demonstrated normal 

karyotype with normal self-renewal and differentiation capacity comparable with H9 human 

embryonic stem cells. Next generation sequencing data shows that no modifications occurred in 

ALS related genes. iPS cells were then differentiated into motor neurons using the proprietary 

differentiation protocol patented by iXCells Biotechnologies (see provisional application 14359-

001-888 for further details). 

 

Antisense Oligonucleotide treatments 

All ASO molecules were from Ionis Pharmaceuticals (some manufactured at Ionis and 

others at Integrated DNA Technologies, Inc under license from Ionis) ASOs mediating RNase H 

dependent degradation of TDP-43 encoding mRNA: (5’-AAGGCTTCATATTGTACTTT),  

stathmin-2 encoding mRNA: (5’-GGTCTTAGTCAAGCTCAGAG),  murine MALAT1 long-

noncoding RNA as a control ASO: (5’-GGGTCAGCTGCCAATGCTAG) were all designed as 5-

10-5 gapmers with methoxy-ethyl 2’ sugar modifications on the outer 5 bases on either end and 

2’deoxynucleotides in the 10 core bases, along with full phosphorothioate modifications at every 

position throughout with the exception of the stathmin-2 targeting ASO which has phosphodiester 

linkages in the wings of the ASO and 5’-methylcytosines at all cytosine residues. These ASOs 

were added to the iPSC motor neuron culture media at day 29 of maturation. Media was changed 

every 3-4 days with additional ASO added. RNA was collected after 12 days of treatment (day 41 
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total). The rescue ASOs (rASOs) each were 18-mer oligonucleotides which had 

phosphorothioates at every linkage and methoxyethyl modifications at the 2’ position of every 

ribose sugar, the sequences were as follows: rASO1 (5’-AGCCAAATTCTTATTTTC), rASO2 (5’-

CACACAGAGAGCCAAATT), rASO3 (5’-ATTCATTTCTTCTTAGGC), rASO4 (5’-

TCACATTCATTTCTTCTT). 

 

Compartmentalized microfluidic chamber devices and axotomy 

Master molds for microfluidic devices were fabricated by photolithography by the 

Bioengineering Department at the University of California San Diego Nano3 cleanroom facility. 

Two compartment devices were molded by soft lithography using Sylgard 182 (Ellsworth 

Adhesives, Germantown WI). Each compartment of the device was 108 microns tall, separated 

by microgrooves that are 3.1 microns tall, 16.28 microns wide and 830 microns long. The proximal 

compartment contained one hole on either end 8 millimeters in diameter cut by a biopsy punch 

while distal holes were 4 millimeters in diameter. After curing the cut devices were bath sonicated 

in water, then washed in 70% ethanol and sterilized under ultraviolet lamps before being mounted 

onto glass coverslips. The devices were coated in Matrigel (Corning 356230) for an hour at 37ºC 

and rinsed with DMEM before plating cells. Five hundred thousand iPSC-derived motor neuron 

precursor cells were plated in the proximal comatic compartment and axonal growth to distal 

compartments was achieved during eight days of maturation. ASOs were then added to the 

somatic compartment for 20 days of treatment, with half the media changed every 4 days and a 

second dose of ASO added at day 12. For aspiration axotomy media was simultaneously 

aspirated from one side of the distal compartment and added back to the opposing distal 

compartment side to create shear forces that removed axons (the process was completed until 

the distal compartment total axotomy was confirmed. 
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Genetics Training Program from the National Institute for General Medical Sciences, T32 

GM008666.  

Chapters 3, 4, and 5, in part, are being prepared for publication as “Therapeutic restoration 

of stathmin-2 expression in TDP-43 proteinopathies.” 2021, and also include co-authored 

unpublished work. Other authors are: Zevik Melamed, Jone Lopez-Erauskin, Mariana Bravo-

Hernandez, Haiyang Yu, Melinda Beccari, Melissa Mcalonis, John Ravits, Karen Ling, Paymann 

Jafar-nejad, Frank Rigo, Aamir Zuberi, Max Presa, Cat Lutz, C. Frank Bennett, Martin Marsala, 

Clotilde Lagier-Tourenne, Don W. Cleveland. The dissertation author was the primary investigator 

and author of this material. 
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Chapter 5: Mouse and Adeno-Associated Virus Models of Stathmin-2 

Misprocessing and Loss 

 

Abstract: 

My colleagues and I have previously demonstrated in humans that the pathological loss 

of function and/or nuclear localization of the RNA binding protein TDP-43 that is observed in ALS 

and other age-associated TDP-43 proteinopathies leads to misprocessing and profound loss of 

the mRNA encoding neuronal stathmin-2, a protein essential for axonal regeneration. However, 

even though the human and mouse protein products are 100% identical, I have identified that the 

genomic elements mediating the TDP-43 dependence of stathmin-2 in humans are not conserved 

in mice. The impact of sustained stathmin-2 loss in an aged adult mammalian nervous is unknown. 

Here using novel AAV9 RNAi vectors I designed and produced, loss of murine stathmin-2 has 

been achieved within neurons of the lumbar spinal cord of adult animals after delivery by subpial 

administration150,151. Chronic loss of stathmin-2 produces loss of neuromuscular junctions and 

onset of progressive motor and sensory phenotypes that are specific to the targeted lower limbs. 

These efforts provide powerful support for rescue ASO-mediated restoration of stathmin-2 as an 

attractive therapeutic approach in sporadic and C9orf72-mediated ALS. 

As the endogenous mouse stathmin-2 pre-mRNA does not contain the TDP-43 binding 

sites found in human exon2a, nor the cryptic elements that mediate pre-mRNA misprocessing, 

and is thus not processed in a TDP-43-dependent manner, with my colleagues at the Jackson 

Laboratory I demonstrate a strategy to “humanize” intron 1 of the murine stathmin-2 gene by 

introduction of a 394bp segment of the human sequence containing the cryptic exon 2a resulting 

in a successfully TDP-43 state-sensitized murine stathmin-2 gene in-vivo. Indeed, my RNAi AAV 

vectors were then delivered to deplete TDP-43 in the nervous system of mice with the humanized 
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stathmin-2 gene and I verified that addition of this human cryptic exon is sufficient to confer 

sensitivity of mouse stathmin-2 to TDP-43 loss of function. Finally, for the clinical development of 

stathmin-2 splice-rescuing antisense oligonucleotides (ASOs), I designed and executed a second 

“humanization” strategy in which I combined the exon 2a humanization with inactivation of the 

TDP-43 binding site demonstrated in Chapter 3. With this strategy and my colleagues at Jax, I 

produced a mouse that constitutively misprocesses stathmin-2 pre-mRNAs from the humanized, 

TDP-43-binding-null allele. This mouse line provides an essential in-vivo screening platform for 

identification of lead rescue ASOs that will have the highest in-vivo potency and the lowest toxicity 

in therapy development for sporadic ALS. 

 

Introduction: 

ALS is marked by premature denervation and death of upper and lower motor neurons, 

leading to fatal paralysis, and has clinical, genetic, and pathological overlap with the 

neurodegenerative disorder FTD, which involves neuron loss affecting changes in behavior and 

language. While motor neuron death is one feature of ALS, the loss of neuromuscular junctions 

is widely recognized as one of the earliest clinically measurable pathological events in both 

sporadic and familial forms of ALS15,179,180. Neuromuscular junctions are the sophisticated 

synapses formed between motor neuron terminals and the muscle cells they innervate, and their 

disruption occurs prior to disease onset and eventual motor neuron degeneration179-182.  

The landmark discovery in 2019 of stathmin-2 disruption as a hallmark of these TDP-43 

proteinopathies91 has opened new avenues for understanding the mechanisms by which TDP-43 

dysfunction can initiate a disease cascade leading from neuromuscular junction disruption to 

axonal degeneration and neuronal loss. Upon axonal injury, stathmin-2 is upregulated and 

recruited to growth cones of regenerating axons117 where we have demonstrated it plays an 

indispensable role in regrowth91. Microtubule destabilization is known to mediate axon branch 
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loss in neuromuscular synapse elimination during development183, and stathmin-2 is thought to 

directly affect this process either by directly promoting catastrophe184 or preventing tubulin 

assembly106. Additionally, immunofluorescence staining in adult animals reveals that stathmin-2 

localizes to neuromuscular junctions in mice, and evidence from Drosophila shows the only 

stathmin ortholog of that organism is required for neuromuscular junction stability122. Of the four 

mammalian stathmin proteins, the contribution of stathmin-2 toward long term maintenance and 

stability of adult neuromuscular junction synapses is unknown. 

As first direct link between RNA metabolism defects and impaired microtubule dynamics, 

stathmin-2 has emerged as arguably the most relevant therapeutic target in sporadic ALS91 and 

FTD91,165, with additional unexplored potential in dementia with Lewy bodies and Alzheimer’s 

disease. Indeed, multiple ongoing efforts by both academic and industry groups seek to restore 

normal stathmin-2 levels or pre-mRNA processing in TDP-43 proteinopathy. Having established 

in human motor neurons that splice-correcting antisense oligonucleotide drugs can restore normal 

stathmin-2 expression and reverse axonal regeneration defects brought on by TDP-43 loss or 

mutation, our team is well positioned to develop an ASO-based stathmin-2 restorative therapy. 

However, because in-vivo efficacy is indispensable to the success of a clinical development 

program, and murine stathmin-2 is not conserved in cryptic elements necessary for misprocessing 

of the stathmin-2 pre-mRNA, the advancement of this strategy now requires the creation of new 

and innovative in-vivo animal models. 

Constraining this advance, it is not established whether the identified cryptic elements 

mediating stathmin-2 mis-splicing and premature polyadenylation in humans will translate to the 

machinery of the mouse transcriptional environment. Even if such a “humanized” stathmin-2 

mouse carrying these cryptic elements were to perfectly recapitulate the profound TDP-43 pre-

mRNA processing dependence of the human gene, mouse TDP-43 levels are notoriously difficult 
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to modulate without inducing severe acute toxicity, casting serious doubt on the ultimate utility of 

a TDP-43 gated stathmin-2 mouse model for ASO drug development. 

Here, to first determine the functional consequences of chronic stathmin-2 loss from the 

adult mammalian central nervous system, I design and build a series of novel adeno-associated 

virus (AAV) vectors leveraging RNA polymerase II-regulated microRNA-based RNA interference 

techniques185 to profoundly suppress murine stathmin-2 RNAs. Together with Drs. Jone Erauskin-

Lopez and Mariana Bravo-Hernandez, stathmin-2 suppression is achieved focally within the 

lumbar spinal cord following subpial surgical AAV administration150,151, achieving chronic 

reduction of stathmin-2 lumbar expression to only 6% of its initial level and triggering 

neuromuscular junction loss along with focal, progressive, sensory and motor phenotypes. 

I next designed AAV-RNAi vectors to modestly reduce brain TDP-43 levels in newborn 

transgenic mice containing a murine stathmin-2 gene “humanized” by a 394-base knock-in 

fragment containing the human stathmin2 cryptic exon 2a. With these, I determine that the human 

cryptic elements when inserted into the mouse gene are sufficient to mediate murine-TDP-43-

dependent disruption in stathmin-2 pre-mRNA (in support of stathmin-2 humanized mouse 

models for the study of TDP-43 molecular pathogenesis). Finally, based upon the corpus of 

molecular evidence presented in previous chapters presented here, we develop a proof-of-

concept murine neuron-like cell line carrying an approximately three kilobase segment of the first 

intron of human stathmin-2, but with the human TDP-43 binding locus replaced by an MS2 

aptamer sequence, and demonstrate this produces constitutive misprocessing and a chimeric 

truncated RNA product. Utilizing this platform and my colleagues at the Jackson Laboratory, we 

build a knock-in stathmin-2 misprocessing mouse model for rescue ASO drug clinical 

development which I demonstrate can be utilized without upstream modulation of TDP-43 

expression.  
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Results: 

Recognizing that expression of mutant stathmin has been reported to cause retraction of 

motor neuron axons from innervated neuromuscular junctions in Drosophila122, I utilized a non-

traditional RNA polymerase II regulated RNAi system185 based on the structural elements of a 

microRNA (normally processed from the third intron of a novel long non-coding RNA186 mir30a) 

to develop adeno-associated virus (AAV) vector that, by targeting its 3’ untranslated region, could 

efficiently reduce mouse stathmin-2 levels in neuron-like N2A cells (Figure 5.1 A-C). 
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Figure 5.1 Design and in-vitro testing of an RNA polymerase II driven RNAi system to reduce murine 
stathmin-2 expression 
(A) Schematic of human stathmin-2 gene with cryptic exon 2a and mouse stathmin-2 gene without cryptic element 
conservation, RNAi target within 3’ untranslated region of mouse stathmin-2 indicated at right. (B) Schematic of AAV 
transfer vector payload encoding a ubiquitin pol II promoter, a clover fluorescent protein coding sequence, followed by 
the microRNA precursor sequence with embedded stathmin-2 targeting hairpin, followed by an SV40 polyadenylation 
sequence. (C) Proof of concept testing of stathmin-2 RNA suppression using simple payload transfection into mouse 
neuron-like N2A cells and measuring RNA levels by qRT-PCR with mouse GAPDH as an endogenous control gene. 
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To determine the consequences of chronic, focal, specific and profound reduction of 

stathmin-2 levels in an adult mouse, I packaged this viral vector and a control vector targeting the 

non-expressed gene beta-galactosidase into AAV9n capsids which is capable of efficiently 

transducing spinal neurons187, and our team administered the vectors into the lumbar spinal cord 

of aged (1 year old) mice via surgical sub-pial administration150,151 (beneath the inner-most layer 

pia mater) to allow focal administration to deep gray matter cells of that spial cord region, but 

importantly, without targeting cells of the upper spinal cord that control motor function of forelimbs 

or respiratory muscles (Figure 5.2 A, B).  
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Figure 5.2 Subpial lumbar administration of AAV9 stathmin-2-targeting RNAi system in adult animals 
results in focal, chronic, and specific depletion of mouse stathmin-2 within neurons of the lumbar 
spinal cord and dorsal root ganglion cells 
(A) Schematic of mouse stathmin-2 gene without cryptic element conservation, RNAi target within 3’ untranslated region 
of mouse stathmin-2 indicated at right. (B) Schematic of focal AAV administration to via subpial injection to transduce 
cells of the lumbar spinal cord controlling hindlimb function, but spare cervical spinal cord controlling forelimbs. (C) 
Measurement of mouse stathmin-2 levels in non-target control AAV and stathmin-2 reducing AAV injected animals at 
cervical, thoracic, and lumbar levels at 4- and 32-weeks post-administration. Measurements made on extracted RNA 
by qRT-PCR using GAPDH as an endogenous control gene. Each data point is an individual mouse. Error bars are 
plotted as SEM. (D) Measurement in lumbar spinal cord segments at 32 weeks post injection of control or stathmin-2 
targeting AAV of RNA expression by qRT-PCR with a panel of genes including mouse stathmin1-4 and potential off-
target genes confirms focal stathmin-2 suppression is specific to the intended RNAi target. GAPDH used as an 
endogenous control gene. Each data point is an individual mouse. Error bars are plotted as SEM. (E) Measurement of 
stathmin-2 RNA levels in dorsal root ganglion 32 weeks post-injection comparing uninjected animals, control non-target 
RNAi injected animals and animals injected with RNAi targeting stathmin-2. GAPDH is used as an endogenous control 
gene. Each data point is an individual mouse. Error bars plotted as SEM. 
  



 

 
 

108 

 
  



 

 
 

109 

My expression analysis by qRT-PCR on RNA extracted from cervical, thoracic, and the 

targeted lumbar spinal cords collected 4- and 32-weeks after subpial administration showed a 

robust reduction of murine stathmin-2 at both time points, with an average of 80% reduced 

expression after 4-weeks versus the non-targeting control virus injected animals, and an average 

of 90% reduction by 32-weeks with some animals with reduction to only ~6% of the normal murine 

lumbar stathmin-2 level (Figure 5.2 C-D). Of key importance to this surgical administration 

strategy, the murine stathmin-2 reduction remained almost entirely focal at both time points with 

no indication of knockdown in the cervical spinal cord level, and only four animals at 32-weeks 

showing knockdown at the thoracic cord level (probably due to virus leaking up into this 

compartment after administration) (Figure 5.2 C). Lumbar spinal cord RNA from the 32-week 

timepoint was further analyzed to detect either potential off-target effects of the RNAi system or 

endogenous compensatory expression changes in the other murine stathmin genes, with no 

expression differences found (aside from the targeted murine stathmin-2) between targeting- and 

control-AAV injected groups (Figure 5.2 D).  

This outcome demonstrates efficient, focal, and specific depletion of stathmin-2 was 

achieved using this system. In contrast to typical reports wherein AAV administered via lumbar 

intrathecal or cisternal injection results in high levels of dorsal root ganglion transduction but 

relatively poor targeting of deeper grey matter cells150, qRT-PCR analysis of RNA from dorsal root 

ganglion at the 32-week time point indicated only 50% reduction of murine stathmin-2 (Fig 5.2 E). 
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Figure 5.3 Subpial lumbar administration of AAV9 RNAi system results in focal, targeted, and 
specific depletion of mouse stathmin-2 within neurons of the lumbar spinal cord and dorsal root 
ganglion cells 
(A) Time course of measurements of hindlimb grip strength in 12-month-old animals treated by subpial administration 
of AAV9 encoding stathmin-2 reducing or non-target control RNAi payloads. (B) Time course of measurements of 
forelimb grip strength in 12-month-old animals treated by subpial administration of AAV9 encoding stathmin-2 reducing 
or non-target control RNAi payloads. (C) Time course of measurements scoring hindlimb clasping in 12-month-old mice 
treated by subpial administration of AAV9 encoding stathmin-2 reducing or non-target control RNAi payloads. 
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Consistent with the lumbar-targeted stathmin-2 reduction, phenotypic analysis showed no 

detectable changes in grip strength to the forelimbs (Fig 5.3 B), but apparent hindlimb grip 

strength loss began starting 8 weeks post-injection and progressed slowly for the duration of the 

experiment (Fig 5.3 A). This was accompanied by early and progressive indications of hindlimb 

clasping (Fig 5.3 C), which is a common early indicator in mouse models of ataxic 

neurodegenerative disease188,189 including TDP-43 mouse models 80. These motor phenotypes 

were accompanied by an apparent loss of protective sensation response (touch and pain) in the 

hindlimbs, which was evaluated by Von Frey tactile sensitivity testing. Von Frey testing utilizes 

individual calibrated plastic filaments with bending forces ranging from 0.02 grams to 2 grams are 

applied to the plantar surface of the hind paw to determine the amount of force required on the 

filament for the mouse to retract their paw. Increasing control mouse response to increasing 

filament force is attenuated upon stathmin-2 suppression, indicating reduced touch sensitivity in 

this group (Fig 5.4). 

 

Figure 5.4 Chronic suppression of stathmin-2 by subpial AAV9 RNAi results in reduced touch 
sensitivity in affected hindpaws 
(A) Von Frey hair testing of AAV9 subpial lumbar stathmin-2 RNAi depleted animals indicates a reduced sensitivity to 
touch in the plantar surface of the hind-paw, indicated by a lower frequency of hindpaw withdrawal responses compared 
with non-target and uninjected control animals. Testing was performed 30-32 weeks post AAV administration. 
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To determine whether the human-specific cryptic elements contained within the stathmin-

2 exon 2a region of intron 1 are sufficient to confer TDP-43 sensitivity in the context of an 

otherwise murine stathmin-2 gene and transcriptional environment, I modified the AAV RNAi 

vector backbone from the murine stathmin-2 reduction experiment for targeted reduction of the 

gene encoding mouse TDP-43. I designed and tested five new microRNA elements targeting 

elements against the 3’ untranslated region of TARDP and selected the two elements that showed 

the greatest activity in mouse neuron-like N2A cells to produce two new AAV9 viral vectors (Fig 

5.5 A-B). To test the activity of these vectors in the mouse central nervous system a dose-

response experiment was performed in P0 pups with delivery (by ICV injection) of either undiluted 

virus or dilutions of 1:10 or 1:100, in phosphate buffered saline, and measuring cortical TDP-43 

RNA levels versus a set of three control animals (Fig 5.5 C). The dose response reflected the 

relative effectiveness seen in the N2A cells, although the in-vivo efficacy of the vectors was greatly 

diminished compared with the in-vitro result (Fig 5.5 B). This may reflect that in-vivo TDP-43 

reduction is complicated by tight autoregulatory mechanisms involving processing of the targeted 

3’ untranslated region. It is possible that coding exon targeted microRNA vectors would have 

shown greater effect, but this was not attempted. Given the limited knockdown capacity of these 

vectors in-vivo, I additionally packaged the same transfer vectors into AAV-PHP.eB serotype 

capsids157, which have a slightly higher transduction efficiency in-vivo by P0 ICV administration190. 
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Figure 5.5 Design and testing of AAV9 RNAi vectors targeting mouse TDP-43, in-vitro and in-vivo 
(A) Schematic of AAV transfer vector payload encoding a ubiquitin pol II promoter, a clover fluorescent protein coding 
sequence, followed by the microRNA precursor sequence with embedded TDP-43 targeting hairpin, followed by an 
SV40 polyadenylation sequence. (B) Proof of concept testing of two TDP-43 RNA suppression vectors using simple 
payload transfection into mouse neuron-like N2A cells and measuring RNA levels by qRT-PCR with mouse GAPDH as 
an endogenous control gene. (C) Proof of concept testing of two TDP-43 RNA suppression vectors in-vivo utilizing P0 
ICV injection into newborn pups with a 1:1 1:10 and 1:100 dose response of each vector or a no-virus control, measuring 
RNA levels from cortex collected at 4 weeks post-transduction by qRT-PCR with mouse GAPDH as an endogenous 
control gene. Each data point is an individual mouse. 
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Next, CRISPR-Cas9 genome engineering was used to cut at two adjacent loci within the 

first intron of the murine stathmin-2 gene, removing 479 bases of mouse sequence and inserting 

a 394-base segment of human sequence (not counting mouse sequence homology arms used 

for homology-directed repair), with the human sequence containing the full 227 base exon 2a 

element. With this strategy, the insertion site positioned the human sequence starting 5466 bases 

into the murine intronic sequence (producing the same positioning of the human cryptic element 

as it is in the human gene) (Fig 5.6 A).  

Homozygous lines of stathmin-2 “humanized” mice carrying this minimalist human exon 

2a stathmin-2 insertion were generated and pup cohorts injected at birth with AAV9 with 1) a non-

targeting RNAi control sequence, 2) vehicle control (phosphate buffered saline), 3) the top 

preforming TDP-43 reducing vector, or 4) a no-injection control cohort (to detect whether cellular 

stress induced by injections caused TDP-43 disruption) (Fig 5.6 B-F). AAV-PHP.eB capsid 

vectors were identically administered but without the no-injection control cohort (Fig 5.6 B-C, G-

I). qRT-PCR analysis that I performed on RNA extracted from cortical tissues 4 weeks post-

injection revealed that despite very modest reductions in mouse TDP-43 expression achieved by 

both virus serotypes (Fig 5.6 E, H), a truncated chimeric RNA containing mouse exon 1 ligated to 

the humanized exon 2a was detectable exclusively in the animals dosed with TDP-43 disrupting 

RNAi (Fig 5.6 D, G).  

Thus, the mouse stathmin-2 pre-mRNA, when humanized with a small fragment of human 

sequence (containing the cryptic elements I identified and characterized in previous chapters), is 

rendered exquisitely sensitive to TDP-43 dependent misprocessing. No overall reduction of total 

full-length mouse stathmin-2 RNA was detected (Fig 5.6 F, I), probably due to the very modest 

level of TDP-43 dysregulation.  
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Figure 5.6 Mice with stathmin-2 humanized by knock-in of a small human exon 2a fragment show 
high sensitivity in pre-mRNA processing to very modest TDP-43 suppression 
(A) Schematic showing knock-in of a small human exon 2a fragment inserted into the first intron of the mouse stathmin-
2 gene. (B-C) Schematics showing AAV payload design and P0 ICV route of administration. (D) Measurement of 
chimeric RNA consisting of mouse exon-1 spliced to human exon-2a in mice injected with non-target control RNAi 
vector, naïve mice, mice injected with a vehicle (PBS) control treatment, and mice injected with a TDP-43 targeting 
RNAi vector, 4-weeks post administration by P0 ICV injection with AAV9 serotype capsid. Measurements made on 
extracted RNA extracted from cortex by qRT-PCR using GAPDH as an endogenous control gene. Each data point is 
an individual mouse. Error bars are plotted as SEM. (E) Measurement of endogenous TDP-43 encoding RNA in mice 
injected with non-target control RNAi vector, naïve mice, mice injected with a vehicle (PBS) control treatment, and mice 
injected with a TDP-43 targeting RNAi vector, 4-weeks post administration by P0 ICV injection with AAV9 serotype 
capsid. Measurements made on extracted RNA extracted from cortex by qRT-PCR using GAPDH as an endogenous 
control gene. Each data point is an individual mouse. Error bars are plotted as SEM. (F) Measurement of full-length 
mouse stathmin-2 RNA in mice injected with non-target control RNAi vector, naïve mice, mice injected with a vehicle 
(PBS) control treatment, and mice injected with a TDP-43 targeting RNAi vector, 4-weeks post administration by P0 
ICV injection with AAV9 serotype capsid. Measurements made on extracted RNA extracted from cortex by qRT-PCR 
using GAPDH as an endogenous control gene. Each data point is an individual mouse. Error bars are plotted as SEM. 
(G) Measurement of chimeric RNA consisting of mouse exon-1 spliced to human exon-2a in mice injected with non-
target control RNAi vector, mice injected with a vehicle (PBS) control treatment, and mice injected with a TDP-43 
targeting RNAi vector, 4-weeks post administration by P0 ICV injection with AAV-PHP.eB capsid. Measurements made 
on extracted RNA extracted from cortex by qRT-PCR using GAPDH as an endogenous control gene. Each data point 
is an individual mouse. Error bars are plotted as SEM. (H) Measurement of mouse TDP-43 RNA levels in mice injected 
with non-target control RNAi vector, mice injected with a vehicle (PBS) control treatment, and mice injected with a TDP-
43 targeting RNAi vector, 4-weeks post administration by P0 ICV injection with AAV-PHP.eB capsid. Measurements 
made on extracted RNA extracted from cortex by qRT-PCR using GAPDH as an endogenous control gene. Each data 
point is an individual mouse. Error bars are plotted as SEM. (I) Measurement of mouse full-length stathmin-2 RNA in 
mice injected with non-target control RNAi vector, mice injected with a vehicle (PBS) control treatment, and mice 
injected with a TDP-43 targeting RNAi vector, 4-weeks post administration by P0 ICV injection with AAV-PHP.eB capsid. 
Measurements made on extracted RNA extracted from cortex by qRT-PCR using GAPDH as an endogenous control 
gene. Each data point is an individual mouse. Error bars are plotted as SEM. 
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Existing models of TDP-43 depletion (by Cre recombinase induced gene deletion) are 

severely toxic80,191. Moreover, since our success in lowering TDP-43 (at least by P0 ICV 

administration) was extremely limited (even when utilizing the same RNAi system that was 

extremely efficient against the murine stathmin-2 gene target by subpial administration), the 

directly humanized stathmin-2 mouse had little to no utility as an in-vivo model for advancing 

splice-rescue antisense oligonucleotide (rASO) clinical development or other stathmin-2 

restorative therapeutics. Recognizing this, I designed a more aggressive approach to producing 

a mouse model of induced stathmin-2 pre-mRNA misprocessing in which I removed TDP-43 

binding dependence altogether. To accomplish this, I leveraged a strategy I described in Chapter 

3, replacing the normal human TDP-43 GU binding motif with an MS2 aptamer, an edit that I 

demonstrated in the human context leads to constitutive misprocessing of the stathmin-2 pre-

mRNA by outright eliminating TDP-43 interaction. Having already demonstrated with the previous 

humanized mouse experiment that the core pre-mRNA determinants of stathmin-2 misprocessing 

from the human gene can functionally transfer to the mouse stathmin-2 genomic context, it was 

plausible that such a system could work.  

Testing was first carried out in mouse neuron-like N2A cells (Fig 5.7 A-F). CRISPR-Cas9 

knock-in of a 3 kilobase fragment of human stathmin-2 with homology arms each around 800 

bases in length into the corresponding intronic coordinates of the mouse gene (Fig 5.7 B). Knock-

in to the non-diploid N2A cell line resulted in multiple clones confirmed to carry the correct 

insertion by PCR screening (representative clones shown in Fig 5.7 C), resulting in a knock-in 

copy-number-dependent reduction of full-length endogenous stathmin-2 by qRT-PCR (Fig 5.7 D) 

including near total loss of stathmin-2 in clones with knock-in at all alleles, and corresponding 

reduction of total stathmin-2 protein by immunoblot (Fig 5.7 E). This was accompanied by robust 

RT-PCR detection of a chimeric RNA containing mouse exon 1 ligated to human exon2A (Fig 5.7 

F). As hoped for in my initial design, after production of mice heterozygous for my humanized 
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allele, in both brain and spinal cord (compared with wildtype littermate controls), half of the 

stathmin-2 RNAs made from the two endogenous alleles are misprocessed (Fig 5.7 I), generating 

truncated chimeric stathmin-2 RNAs from utilization of exon 2a cryptic splice and polyadenylation 

sites within the humanized allele (Fig 5.7 J) despite endogenous TDP-43 levels remaining normal 

(Fig 5.7 H).   
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Figure 5.7 Mice humanized by insertion of a TDP-43-binding-null human cryptic exon2a 
constitutively misprocess endogenous stathmin-2 pre-mRNA, creating a robust platform for in-vivo 
testing of splice-rescuing therapy 
(A) Measurement by qRT-PCR of endogenous wildtype mouse TDP-43 and stathmin-2 RNA expression in neuron-like 
N2A cells after treatment with non-target control pool or TDP-43 targeting siRNAs demonstrate no dependence of 
mouse stathmin-2 expression on TDP-43 level. GAPDH was used as an endogenous control gene. (B) Scheme of 
murine stathmin-2 gene and knock-in strategy placing 3 kilobases of human intron including exon2a at the equivalent 
locus of the mouse intron in N2A cells. Human exon2a fragment is modified to replace GU binding sequence of TDP-
43 with an MS2 RNA aptamer. (C) Genotyping PCR of genomic DNA showing homozygous and heterozygous N2A 
cell line clones using primers spanning the site of sequence insertion. (D) Measurement of expression in humanized 
N2A cells shows knock-in allele number dependent reduction of full-length endogenous murine stathmin-2 gene by 
qRT-PCR. GAPDH used as an endogenous control gene. (E) Immunoblot measuring murine stathmin-2 protein level 
versus GAPDH protein as an endogenous loading control demonstrates knock-in allele number dependent loss of 
murine stathmin-2. (F) RT-PCR with primers for exon 1 from murine stathmin-2 and human exon-2a show accumulation 
of a chimeric RNA in cell lines with one or more knock-in humanized allele, but not in wildtype N2A cells. (G) Schematic 
of TDP-43 binding-null (MS2) 3 kilobase human intron1/exon2a knock-in to the equivalent locus of mouse stathmin-2 
intron 1. (H) Measurement of endogenous mouse TDP-43 RNA expression by qRT-PCR in heterozygous and wildtype 
littermates for two different knock-in lines derived from the strategy outlined in G, in brain and spinal cord, reveals no 
change to mouse TDP-43 levels between lines. GAPDH was used as an endogenous control gene. (I) Measurement 
of endogenous mouse full-length stathmin-2 mRNA expression by qRT-PCR in heterozygous and wildtype littermates 
for two different knock-in lines derived from the strategy outlined in G, in brain and spinal cord, reveals consistent loss 
of half the normal level of stathmin-2 mRNA in heterozygote knock-in animals versus wildtype control animals. GAPDH 
was used as an endogenous control gene. (J) Measurement of chimeric truncated stathmin-2 RNA expression by qRT-
PCR with a forward primer in mouse exon 1 and a reverse primer in human exon 2a, in heterozygous and wildtype 
littermates for two different knock-in lines derived from the strategy outlined in G, in brain and spinal cord, reveals 
consistent accumulation of truncated chimeric stathmin-2 RNA in heterozygote knock-in animals versus wildtype control 
animals. GAPDH was used as an endogenous control gene. (K) Schematic showing in-vivo proof-of-concept efficacy 
and target-engagement testing of rescue ASOs (or other splice rescuing therapeutics) in knock-in mice without the 
need to manipulate levels of endogenous mouse TDP-43. 
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Discussion: 

Key challenges for the development of stathmin-2 restoration strategies as a clinical 

development program in sporadic ALS and other TDP-43 proteinopathies turn on the question of 

whether (and to what extent) stathmin-2 loss from an adult nervous system recapitulates ALS-like 

disease and/or the failure of axonal regeneration after injury we observed using in-vivo motor 

neuron culture experiments91. This question is essential to therapy development since, for all the 

advantages of modeling human motor neurons in culture, TDP-43 proteinopathies are diseases 

of aging. This was already an issue with modeling age-dependent disease in mice, whose life-

span of about two years requires disease to be modeled about 25 times faster than it does in 

actual human disease. It is even more of a problem for the idea that in-vivo cultures of cells with 

mixed neuronal maturity developed over a mere handful of weeks. It ought to be uncontroversial 

that such cultures may not fully recapitulate the consequences of gene loss from an adult animal. 

To paraphrase George E. P. Box, “Essentially all models are wrong, but some are useful.”  

Here, by applying new technologies and molecular tools, I and my colleagues have 

demonstrated that the answer to that key question is, yes. Profound chronic focal loss of stathmin-

2 expression from motor and sensory neurons of an adult animal produces signs of synaptic 

dysfunction that are consistent with the early neuromuscular junction loss clinically observed in 

ALS179-182, as well as observations from Drosophila (an organism with only a single stathmin 

gene)122. This demonstrates the predictive value of our initial motor neuron culture models and 

produced new lines of evidence suggesting stathmin-2 mediated dysfunctions could be an early 

feature of TDP-43 proteinopathy.  

Despite the clear signs of focal synapse loss that were detected in both motor and sensory 

systems, alteration in motor neuron survival, along with microglia and astroglia densities appeared 

unchanged for the time period we evaluated. Since stathmin-2 is primarily expressed in neurons, 
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it is unsurprising that reduction of stathmin-2 levels (which amount to a cell-autonomous neuronal 

insult) should not fully recapitulate non-cell-autonomous aspects of disease192-203. Stathmin-2 is 

only one of many TDP-43 targets in human neurons, and it is fully expected in TDP-43 

proteinopathy that other disrupted target genes contribute to the overall disease pathophysiology, 

likely including affected gene targets in non-neuronal cells. Additionally, it is important to keep in 

perspective that mouse stathmin-2 is not normally regulated by TDP-43, reflecting possible 

broader divergence between the transcriptome landscapes of mouse and human nervous 

systems.  

Emerging (still unpublished) evidence from our group and others looking at new knockout 

models of mouse stathmin-2 indicate that while neonatal lethality is a feature of this model (as 

first reported)106, about 5% of knockout pups survive to adulthood without any discernable 

phenotype (at least in our analysis thus far). This strongly suggest that, on top of profoundly 

different pre-mRNA regulation of stathmin-2, mice may have unique genetic compensatory 

mechanisms to deal with stathmin-2 loss, possibly involving other members of the four-gene 

stathmin family, or via some yet unknown genetic modifier(s) (studies are already underway to 

determine whether such modifiers exist). The ultimate experiment to determine the contribution 

of stathmin-2 loss in human TDP-43 proteinopathy will be initiated with the commencement of 

anticipated Ionis/Biogen clinical trials (presently undisclosed) testing stathmin-2 rescue ASOs in 

sporadic ALS patients.  

Perhaps the most significant barrier we have faced in driving stathmin-2 forward as an 

ASO clinical development target, since our team first disclosed the discovery to Ionis on June 8th, 

2017, has been the eventual development of in-vivo models suitable for rescue ASO testing. Mice 

lack the key cryptic elements governing human TDP-43 dependent pre-mRNA misprocessing, 

and humanization of the mouse gene with the proposed cryptic elements could be challenged by 

factors including lack of conservation of mouse TDP-43 function, lack of conservation of the 
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transcriptional processing environments of the two species including trans-acting factors, by 

unanticipated additional cryptic elements of the human intron 1 influencing human-specific 

misprocessing, or any number of other possible mechanisms. Had additional elements of human 

intronic sequence (outside those I identified proximal to exon 2a) been characterized as 

necessary to create a functional mouse platform, a BAC mouse carrying the complete human 

stathmin-2 gene over a background of mouse stathmin-2 knockout would be utilized. The 100% 

amino-acid level conservation between the two species indicates this could be a successful 

approach, with the advantage of providing 100% of the possible oligo sequence screening space 

of the full human gene, though with the shortcoming of continued TDP-43 gated pre-mRNA 

processing which might require additional crosses (to TDP-43 mutant mice) or manipulations.  

Anticipation of the technical challenges with reducing in-vivo levels of murine TDP-43 

prompted me to select an entirely RNA Polymerase II controlled RNAi system and adapt it for use 

in an AAV gene therapy platform. Recognizing that TDP-43 autoregulates its own pre-mRNA 

processing to provide precise control over its accumulation, and additionally that acute TDP-43 

loss is reported to be extremely toxic in mice, I designed a system that could offer more fine-tuned 

control over TDP-43 engaging RNAi elements. To avoid compounding acute toxicity from loss of 

TDP-43 expression with the weakened state of mice post-surgery (both AAV delivery and ASO 

injections are quite invasive surgical procedures for a mouse that typically involve direct 

stereotaxic injection into the brain), my original strategy was to leverage tools in the “RNA 

Polymerase II Toolbox” to control the timing of TDP-43 knockdown after AAV delivery via an 

inducible Pol-II promoter, allowing mice to recover from AAV and ASO delivery surgeries before 

triggering acute TDP-43 disfunction. Consistent with the engineering philosophy of removing 

unnecessary parts to increase simplicity and reliability, an all-Pol-II strategy also seemed easier 

than deploying Cre-recombinase dependent timed gating of RNA polymerase III driven RNAi 

elements, and potentially less toxic than ASO-mediated reduction of TDP-43 (without the potential 
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interference with uptake) while retaining the ability to mark transduced/induced cells with green 

fluorescence from the same RNA molecule. It was gratifying that this decision led to a very 

successful stathmin-2 reducing RNAi outcome in the chronic lumbar depletion experiment.  

Nevertheless, the capacity of RNAi to reduce TDP-43 levels in-vivo were ultimately quite 

limited. It is possible, from a technical perspective, that application of the original tetracycline-

inducible promotor system to the TDP-43 targeting RNAi could substantially boost expression 

compared with the relatively mild ubiquitin promotor I ultimately selected, and thus further deplete 

TDP-43 levels. I suspect, however, that the system is either inherently limited by TDP-43 

autoregulation, by the selection of a 3’UTR targeted RNAi sequence, and/or by the P0 ICV route 

of vector administration. I know the latter factor is a major contributing component, as I have 

directly compared subpial delivery knockdown efficiency of the stathmin-2 reducing RNAi vectors 

(~90% efficient) to the same vector delivered by ICV injection (~20% efficient), consistent with the 

level of observed engagement of the TDP-43 targeted RNAi delivered by this route (Fig 5.6 E, H). 

Technical considerations aside, even with a limited TDP-43 knockdown capacity, our 

humanized stathmin-2 exon2a mouse was successful, demonstrating that the small inserted 

fragment of human exon2a does in fact contain all of the cryptic pre-mRNA processing elements 

needed to confer stathmin-2 sensitivity to TDP-43 dysfunction. Equally important to the in-vivo 

modeling goal, the experiment demonstrated that there exists sufficient conservation of any 

involved trans-acting splicing factors to confer misprocessing of the human sequence fragment in 

a mouse cell. The only real shortcoming of this experiment was a lack of effect on overall mouse 

stathmin-2 levels, though this is likely achievable in future experiments which will utilize an 

inducible deletion mouse model of TDP-43 to more severely impact processing of the humanized 

pre-mRNA. 

Of perhaps greatest importance in the advancement of the stathmin-2 finding from bench 

to bedside is the design and creation of a TDP-43 binding null exon2a humanized murine 
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stathmin-2 mouse. ASO drug development pipelines proceed by the following rough outline: high-

throughput screening in cell lines at single molecule resolution of hundreds or thousands of tiled 

ASO designs to identify sites of high activity, followed by a dose-response to determine IC-50 

values and narrow leads, followed by tolerability studies in wildtype mice where a massive 700ug 

dose of the best lead ASOs are delivered by ICV injection and functional observation battery 

scoring to determine acute and delayed toxicity.  

In order for the process to proceed past this point, since about half of the ASO leads that 

show activity in culture will have no useful activity in-vivo (for reasons that are not well 

understood), in-vivo efficacy proof-of-concept studies are required. I am immensely gratified that 

my application of principles of molecular and RNA biology led to the successful design (simply 

mutating 24 bases of DNA!) and construction of a cellular model and then a true in-vivo system 

in mice with a humanized stathmin-2 allele that confers constitutive mis-splicing and truncation of 

stathmin-2 pre-mRNAs while retaining a large 3 kilobase sequence space for increased screening 

utility. Sixty of these mice are presently being dosed in an initial experiment with 15 separate 

rASO leads (four mice per ASO), including 3 of the leads demonstrated in this thesis for in-vivo 

proof-of-concept testing to develop leads for additional rational design screening, which will 

eventually (> 2 years) culminate in a human trial. 

From initial proof-of concept135 to human trial136, the SOD1 ASO effort for the first identified 

ALS gene took 12 years. The C9ORF72 ASO approach for the most common genetic cause of 

ALS took 7 years. My colleagues and I anticipate that for stathmin-2 in sporadic and C9orf72-

mediated ALS we will further reduce that number to 5 years, with a rescue ASO targeting a 

mechanism common to 97% of ALS.  

 

Methods: 

miR30 based RNAi vector production and validation 
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97-mer hairpin oligos were designed using the Hannon Lab RNAi Central siRNA design 

tool (http://katahdin.mssm.edu/siRNA/RNAi.cgi?type=shRNA) selecting “shRNA psm2 Design” 

as the oligo type, requesting 100 separate oligo designs, and selecting “mouse” as the desired 

species. Input sequences were restricted to the annotated 3’ untranslated region of the RefSeq 

version of the targeted gene (accessed via the UCSC Genome Browser) to enable future 

exogenous expression restoration experiments utilizing gene transfer with untargeted cDNA-

cloned coding sequences. From the 100 oligo designs output by the tool, designs were hand-

sorted based upon the following criteria (looking at the “22mer” line sequence, not the 97bp oligo 

sequence): selected oligos contained two blocks (minimum of three bases) of G/C, with one block 

starting at the 5’ end of the 22mer sequence and the other in the middle of the sequence, and low 

GC content at the 3’ end, blocks of four uninterrupted G/C blocks were automatically rejected, as 

were 22-mers with strings of 5 G/C bases or 5 A/T bases. After hand-sorting the list with these 

criteria, the top 5 best matching 22-mer sequences were BLAST-searched with NCBI nucleotide 

blast for potential off targets, and results indicating E-values greater than 1 corresponding to any 

gene other than the intended target were rejected. The resulting 3-5 candidate designs were 

ordered as 97mer single-stranded DNA oligonucleotides from Integrated DNA Technologies (IDT 

Ultramer Single Stranded Oligo product selection). Single stranded oligonucleotides were 

amplified using Vent Polymerase (New England Biolabs) and primers that add XhoI and EcoRI 

restriction sites at either end for cloning Forward primer: (5'-

GATGGCTGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG), Reverse primer: (5'-

GTCTAGAGGAATTCCGAGGCAGTAGGCA), amplification reactions were performed in 50 

microliters total volume with final concentrations as follows: 1x ThermoPol Buffer, 2 millimolar 

Magnesium Sulfate, 5% DMSO, 200 micromolar dNTPs, 100 nanograms of template oligo (equal 

to 1ul of 4nanomole Ultramer resuspended in 1.2ml Tris), 0.5 micromolar forward primer, 0.5 

micromolar reverse primer (1ul of 25 micromolar stock), and 1Unit per reaction of VENT 
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Polymerase. All components were added on ice to the reaction and cycled with the following 

thermocycler program: 94ºC 5 minutes, 94ºC 30 seconds, 54ºC 30 seconds, 75ºC 30 seconds, 

repeat steps 2-4 for 12 cycles, 75ºC 2 minutes, 4ºC Hold. Following PCR amplification products 

were fully loaded and run on an 8% acrylamide gel, with bands cut and incubated 1-2 hours at 

55ºC in TE buffer to allow the PCR product to diffuse out of the gel into buffer, remaining gel was 

spun down and TE moved to a new tube for restriction digestion with XhoI and EcoRI for three 

hours (to completion). Post-restriction digest fragments were purified on a QIAquick PCR 

purification column (Qiagen). Ligation of the hairpin into a miR30185,186 based backbone vector I 

previously modified by insertion of a Clover coding sequence upstream of the microRNA was 

performed at insert ratio of 10:1 or 3:1 ratio (depending on how much digested hairpin insert was 

recovered), or approximately 4.2 nanograms of hairpin insert to 100 nanograms of vector 

backbone, in a reaction volume of 10 microliters. After ligation, vectors were transformed using 

half the reaction (5 microliters) into Stbl3 chemically competent bacteria and plate on Carb or Amp 

plates. All hairpin or repetitive plasmids (including downstream AAV) were amplified in stable lines 

at 30ºC. When transferring a hairpin from one vector to another by restriction digest, melting of 

the agarose gel prior to column purification was performed at room temperature or 4ºC overnight 

to prevent hairpin denaturation. Resulting vectors were sub-cloned into an AAV backbone plasmid 

containing only ITR sequences and a transcript terminating SV40 polyadenylation signal 

sequence by digesting the backbone with SalI-NheI and inserting two fragments: a 1212 base 

pair RNA polymerase-II regulated Ubiquitin promoter digested with XhoI-BmtI, and the subcloned 

Clover-miR30 sequence. Screening for positive clones was performed by restriction digest with 

EcoRV/MluI/KpnI in a triple digestion to identify plasmids that drop out three appropriate bands. 

Sanger sequencing reactions were run with 10% DMSO added to the sequencing reaction to 

allow opening of the shRNA secondary structure by the sequencing polymerase. Five vectors with 

different 97-mer hairpin sequences were cloned and tested per target gene, with efficacy tests 
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performed on the final AAV transfer plasmid vector by simple transfection (Trans-IT X2 or Trans-

IT LT1, Mirus Bio) into mouse N2A cells, with RNA isolation and qRT-PCR performed 48-72 hours 

post-transfection. For a non-targeting control vector, an existing shRNA design targeting the beta-

galactosidase gene was adapted to the miR30 based vector system using the same Hannon Lab 

tool which optionally accepts 21-mer shRNA sequences as inputs and adapts an appropriate 97-

mer sequence. 97-mer sequences utilized in AAV transfer vectors are as follows:  

Non-targeting sequence (based on beta-galactosidase): 

TGCTGTTGACAGTGAGCGCGAAATCGCTGATGTGTAGTCGTAGTGAAGCCACAGATGTAC

GACTACACATCAGCGATTTCATGCCTACTGCCTCGGA 

Targeting murine stathmin-2 (but not human): 

TGCTGTTGACAGTGAGCGAGAAGTGTATGACATGGTTTAATAGTGAAGCCACAGATGTATT

AAACCATGTCATACACTTCCTGCCTACTGCCTCGGA 

Targeting Human stathmin-2 (but not murine): 

TGCTGTTGACAGTGAGCGAGGAATGTATGACATGGTTTAATAGTGAAGCCACAGATGTATT

AAACCATGTCATACATTCCCTGCCTACTGCCTCGGA 

Targeting Murine TDP-43 (but not human, sometimes noted as TDP-43-1): 

TGCTGTTGACAGTGAGCGCGCAAATAACGTACGAATGTTTTAGTGAAGCCACAGATGTAA

AACATTCGTACGTTATTTGCTTGCCTACTGCCTCGGA 

Targeting both Human and Murine TDP-43 (sometimes noted as TDP-43-2): 

TGCTGTTGACAGTGAGCGCGGCATGAAAGGCTAGTATGAGTAGTGAAGCCACAGATGTAC

TCATACTAGCCTTTCATGCCTTGCCTACTGCCTCGGA 

 

Adeno-associated virus generation and purification 

Fully sequenced and tested transfer plasmids were seeded in LB containing Carbenicillin 

selection and shaken at 155 RPM at 30ºC while passaged into 2 liters of broth which were shaken 
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over-night. First thing the next morning the bacteria were pelleted at 4000 RCF for 30 minutes at 

4ºC with a large refrigerated centrifuge (BD). Pellets were resuspended and purified using a Giga 

kit from Zymo Research, with careful attention paid to the endotoxin removal step at the end of 

the protocol. 400 micrograms of purified transfer plasmid, along with the tropism AAV9n (Addgene 

plasmid 112865) or, for other experiments PHP.eB (Addgene plasmid 103005), or AAV-retro 

(Addgene plasmid 81070) encoding Rep/Cap plasmids and the Adenovirus helper plasmid 

(Addgene plasmid 112867) into 293T cells using VirusGen transfection reagent (Mirus Bio), and 

cells lysed, sheered, and benzonase treated and purified by gradient centrifugation as previously 

described204. Titration of resulting virus was performed by qPCR with primers specific to the viral 

genome payload and a standard dilution curve of AAV for absolute quantification versus a 

precisely diluted transfer vector where the number of plasmid copies was known. 

 

AAV administration in mice 

For P0 injections, timed mating was setup and pregnant females were monitored every 12 

hours for pups. Newborn pups were ICV injected with (depending on the experiment) 1ul or 3ul 

of undiluted AAV (titers measured as ~1x10^13 viral genomes per milliliter) either as unilateral or 

bilateral hemisphere dosing. For AAV titration experiments with the TDP-43 reducing vectors, 1 

microliter injections were utilized with dilutions of 1:1, 1:10, or 1:100 into phosphate buffered 

saline made as indicated. Mice were monitored for 4 weeks before collection and freezing of 

tissues. Subpial injections were performed as previously described151, with virus diluted 1:1 in 

phosphate buffered saline prior to administration. 

Chapters 2, 3, 4, and 5 were supported in part by an institutional award to the UCSD 

Genetics Training Program from the National Institute for General Medical Sciences, T32 

GM008666.  
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Chapters 3, 4, and 5, in part, are being prepared for publication as “Therapeutic restoration 

of stathmin-2 expression in TDP-43 proteinopathies.” 2021, and also include co-authored 

unpublished work. Other authors are: Zevik Melamed, Jone Lopez-Erauskin, Mariana Bravo-

Hernandez, Haiyang Yu, Melinda Beccari, Melissa Mcalonis, John Ravits, Karen Ling, Paymann 

Jafar-nejad, Frank Rigo, Aamir Zuberi, Max Presa, Cat Lutz, C. Frank Bennett, Martin Marsala, 

Clotilde Lagier-Tourenne, Don W. Cleveland. The dissertation author was the primary investigator 

and author of this material. 
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Chapter 6: A Vision for the Future 

 

Detection of truncated stathmin-2 RNA as an early biomarker of TDP-43 proteinopathy  

Since TDP-43 dysfunction and nuclear clearance is thought to be an early event in the 

pathogenesis of TDP-43 proteinopathies, it follows that TDP-43-dependent stathmin-2 

misprocessing must also be an early disease event. This cascade, if discernible via detection of 

misprocessed truncated stathmin-2 transcripts in accessible biofluids (specifically, cerebrospinal 

fluid or blood) could be a valuable early biomarker for these proteinopathies. Full-length stathmin-

2 mRNA is abundantly transcribed (among the top 25 gene list in a motor neuron), and similarly 

the truncated RNA product appears to be both abundantly produced in affected cells, and (based 

upon robust CISH detection in human tissues Fig 2.3 B-C) exported to the cytoplasmic 

compartment where it is apparently not rapidly cleared (as steady-state accumulation is 

determined by degradation rate). Though protocols are divergent, early unpublished evidence 

from multiple groups suggests that it is possible to detect the truncated misprocessed stathmin-2 

RNA in cerebrospinal fluid using the same sensitive primer-probe based qRT-PCR method I have 

already used in this study. The mechanism by which the truncated RNA reaches this extracellular 

medium is unknown, although some of the more successful isolation and detection protocols 

suggests possible exosome encapsulation (further study is required to more precisely determine 

the route of escape from the neuron somatic compartment). 

The collection of cerebrospinal fluid from patients is not routine for clinical diagnostics in 

the management of ALS, and while the collection procedure is technically unsophisticated it is 

invasive and often produces painful after-effects (frequently causing headaches post-lumbar-

puncture). This makes rapid, regular, and routine laboratory access to homogeneously collected 

and handled clinical cerebrospinal fluid samples infeasible outside of a clinical trial setting. Likely 
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for this reason, unpublished data based on voluntary ad-hoc clinical collection show great 

heterogeneity of truncated stathmin-2 detection between patients. Extracellular RNA stability is 

likely a major limiting factor in the absence of uniform and rigorous collection, chain-of-custody, 

and processing protocols. Fortunately, the field can overcome these challenges by simply 

integrating stathmin-2 truncated RNA biomarker detection experiments into the existing 

cerebrospinal fluid sampling that is now a routine aspect of the lumbar puncture protocol utilized 

in current ASO trials for treatment of C9ORF72 patients. In these protocols cerebrospinal fluid is 

sampled prior to ASO dosing to track levels of circulating ASO and the biomarker neurofilament. 

Post-hoc analysis of already collected cerebrospinal fluid samples, properly collected and stored 

from the C9-ASO trial could answer this question. Critically, the ASO trial for SOD1 would be an 

inappropriate channel by which to determine the utility of truncated stathmin-2 RNA as a 

biomarker, as SOD1 patients do not have TDP-43 pathology. Resolution of this question via 

integration with existing clinical trial protocols is also not unlikely, as the major biotech companies 

behind the C9ORF72 ASO trial (Ionis and Biogen) also have a major interest in ASO strategies 

to rescue stathmin-2 expression. 

 

Determining whether there is a polypeptide translation product produced from the 

truncated stathmin-2 RNA 

The truncated, cryptically spliced and prematurely polyadenylated stathmin-2 RNA 

produced upon reduction or loss of TDP-43 function in humans contains an ATG start codon 

initiating within the normal exon 1 sequence, with an open reading frame that continues into 

cryptic exon 2a for a total of 16 encoded amino acids before reaching a stop codon. Since the 

prematurely polyadenylated cryptic exon 2a is the terminal exon of this short RNA transcript, the 

RNA is not predicted to be a substrate for degradation by the activation of nonsense-mediated 

decay pathways. Additionally, because this resulting RNA proceeds through all of the normal 
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steps of mRNA processing, being spliced, capped, polyadenylated, and apparently exported from 

the nucleus to accumulated in the cytoplasmic compartment (Fig 2.3, right panels), there is no 

evidence based upon first-principles upon which to believe the 17-codon message encoded by 

this short RNA would not serve as a substrate for translation. 

The diminutive size of the reading frame alone does not rule out translation205 or possible 

biological significance206-208. To the contrary, emerging techniques have enabled the identification 

of evolutionarily conserved micropeptides (also known as short open reading frames), proteins 

with fewer than 100 amino acids including some down to the scale of single-digit codon-counts. 

Setting aside upstream open reading frames (uORFs) whose ribosome occupancy and translation 

in turn affect translation rates of the adjacent downstream reading frames (stathmin-2 cryptic 

processing does not fit this category), important functional small open reading frame examples 

include the “tarsal-less” or “polished rice” (tal/pri) from Drosophila, which encodes four small open 

reading frames which translate one 32- and three 11-amino acid microproteins, conserved in 

metazoans, that regulate development of that organism206,207 allowing it to grow normal legs. 

Additionally the mammalian small open reading frame CYREN208 (Cell Cycle Regulator of Non-

Homologous End Joining) is an NHEJ inhibitor expressed in S and G2 phases of the cell cycle to 

reduce chromosomal rearrangements and preserve DNA integrity. Finally, the knockout of a 

muscle-expressed 46 amino acid small open reading frame encoding myoregulin (encoded by a 

previously annotated non-coding RNA) in mice enables striking improvement of treadmill 

performance, allowing them to run a full 30% longer, a phenotype produced by impeding 

sarcoplasmic reticulum calcium uptake209.  

While we have demonstrated already with AAV-delivered RNAi knockdown that full-length 

stathmin-2 depletion on its own is sufficient to mediate neuromuscular junction loss, that does not 

rule out a possible truncated stathmin-2 micropeptide contribution in disease pathology. It is highly 

unlikely that, were such a peptide stable enough to persist, the open reading frame encoded by 
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the truncated stathmin-2 RNA product has any real functional role in a TDP-43 depleted cell, but 

a toxic gain-of-function for such a peptide may contribute to neuronal dysfunction and disease. 

The likely unstructured nature of many micropeptides also leaves open the possibility that many 

may interact or interfere with intracellular condensate formation (also known as liquid-liquid phase 

separation), or fail to be filtered by intracellular gatekeepers like the nuclear pore complexes. 

Micropeptides with toxic properties also have precedent in a variety of animal venoms, including 

scorpions, water bugs, and funnel-web spiders. 

Experimental challenges for the identification and study of a potential stathmin-2 derived 

micropeptide include the inability to resolve such a small putative protein by SDS-polyacrylamide 

gel electrophoresis, difficulty in identifying the single tryptic peptide by mass-spectroscopy 

(whereas most protein targets contain many tryptic peptide products to allow high-confidence 

unique identification, irrespective of individual transmission profiles through the apparatus or 

loading column), and the difficulty in raising a suitable detecting antibody against such a short 

and inherently unstructured amino acid sequence (the diminutive predicted polypeptide would be 

dwarfed by an IgG antibody, likely made inaccessible by fixation, and easily washed out of an 

unfixed cell, and the unstructured conformation makes it unsuitable for camelid nanobody 

production). Accordingly, unpublished efforts by our group and others to identify suitable 

antibodies for use in human patient sample immunohistochemistry experiments have (so far) all 

proven unsuccessful, as have preliminary detection efforts using mass spec from neuron-like cell 

lysates. 

One approach that has proven successful for the identification of non-canonical translated 

open reading frames210 is the utilization of translating ribosome affinity purification (TRAP)211,212. 

In classical applications, transgenic mice expressing a BAC-TRAP system utilize a bacterial 

artificial chromosome containing a cell-type-specific promoter that drives expression of a GFP-

tagged L10a ribosomal protein. Tissues are collected in the presence of cycloheximide, which 
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halts translation and freezes ribosomes in-place on their bound mRNA, ribosomes incorporating 

the GFP-tagged subunit are then affinity purified using two anti-GFP monoclonal antibodies bound 

to magnetic beads to capture and identify RNAs that are actively translated in the target cell type. 

Variations on this concept include substitution of the GFP fusion segment with an anti-GFP 

nanobody, to allow neuron connectivity gated profiling using retrograde transport of GFP-

expressing viruses213, or biotin ligase ribosomal subunit fusions210, even CRISPR based methods 

have proven successful in this context214. 

To determine whether, and to what extent, the stathmin-2 truncated RNA product is 

ribosome-associated, I engineered my own improved lentivirus-encoded variant of the TRAP 

system for the efficient ribosome characterization of neuron like cells in-vitro (Fig 6.1 A,B). This 

ribosome labeling strategy, while largely similar to the layout of the original BAC-TRAP construct 

(Fig 6.1 A) with a tagged L10a ribosomal subunit, contains four important improvements: 1) most 

importantly, the construct has two tandem Strep-TagII affinity tag peptides for highly-specific 

direct affinity purification using commercial “Streptactin” magnetic beads (versus capture 

mediated by anti-GFP monoclonal antibodies), 2) the GFP used in the original construct is 

replaced with a superior (brighter with shorter maturation time) monomeric green fluorescent 

protein, Clover, derived from Branchiostoma lanceolatum215 to aid in Fluorescence Activated Cell 

Sorting, 3) the construct is codon-optimized for expression in human cells (instead of mouse), 

and 4) it is encoded in a lentiviral transfer plasmid for fast and easy transduction into relevant 

human cell lines. 
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Figure 6.1 Enhanced Lenti-TRAP translating-ribosome affinity purificaton system in neuron like cells 
carrying homozygous TDP-43 mutations show enriched ribosomal binding to truncated stathmin-2 
RNA 
(A) Schematic of comparing features of BAC-TRAP and Lenti-TRAP translated gene capture systems. (B) Schematic 
depicting transduction and ribosome-bound RNA pulldown workflow with human neuron-like cells using the Lenti-TRAP 
system. (C) Graph depicting relative gene expression enrichment compared to GAPDH endogenous control gene using 
isoform-specific primer-probe qRT-PCR to measure RNA isoform abundance in ribosome-bound affinity purified RNA. 
Three biologic replicates are depicted per condition. 
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I delivered this lentivirus into wildtype and homozygous TDP-43N352S/N352S mutant SH-

SY5Y neuron-like cells, with the mutant line normally misprocessing about half its normal 

stathmin-2 to produce the truncated RNA product (Fig 3.2 B). Stably transduced clones were 

isolated by FACS, gating on the bright clover protein fluorescence, and sorted cells were grown 

to confluence. Prior to lysis, cells were treated with cycloheximide for 20 minutes, and lysis, 

pulldown, and ribosome-bound transcript isolation was performed in cycloheximide-containing 

media using buffers previously described211 in combination with commercial StrepTactin magnetic 

beads. The ribosome-bound RNA fraction along with 10% of the unpurified sample input, and 

unbound RNA fraction were isolated for cDNA generation and further analysis (Fig 6.1 B). With 

specific primer-probe sets for qRT-PCR and utilizing GAPDH (a highly translated RNA) as an 

endogenous control RNA, I compared the ribosome-bound fraction enrichment versus input for 

wildtype and TDP-43 mutant lines (Fig 6.1 C). I identified that normal full-length stathmin-2 RNAs 

are enriched in the ribosome-bound fraction versus their respective representation in the sample 

input, indicating that, as expected for a highly translated gene product, normal stathmin-2 RNA is 

highly ribosome-associated. Intriguingly, when I performed the same analysis with primer-probes 

specific to the truncated stathmin-2 RNA in the mutant cells, I found this truncated RNA was on 

average comparably enriched in the ribosome-bound RNA fraction versus the full-length stathmin-

2 RNA (Fig 6.1 C). Thus, translating ribosome affinity purification indicates ribosome occupancy 

enrichment of truncated RNA approximately equal to that of full-length RNA, suggesting the 

truncated stathmin-2 RNA product is indeed a substrate for translation.  

To my knowledge this is the first experimental result supporting such a model of small 

open reading frame translation in truncated stathmin-2 RNAs, however, this is a technically 

challenging experiment to follow-up with additional study for all the reasons I previously 

enumerated. Substantial additional research focus is needed to determine whether the translation 

product of the truncated RNA is stably accumulated in affected patient neurons, including 
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technologies (antibody or otherwise) for micropeptide detection. A logical next step would be 

gradient centrifugation and polyribosome fractionation, and endogenous small open reading 

frame tagging by CRISPR-Cas9 genome engineering, a strategy with implications for identifying 

small molecules to rescue both TDP-43 and stathmin-2 dysfunctions. 

 

A truncated stathmin-2 RNA reporter system to enable high-throughput screening TDP-43 

function modifying and/or stathmin-2 splice-rescuing small molecules 

Forward genetic screening techniques, like the yeast system that identified Ataxin2 as a 

modifier of TDP-43 pathology82, now augmented in the modern era of CRISPR-Cas9 genome-

scale libraries216-219, are powerful tools that enable rapid gene interrogation in relevant cell types 

to identify genetic pathways and modifier genes relevant to production or alleviation of specific 

pathologies. Similarly, high-throughput small molecule screening for splice-modifying 

compounds, like the recently FDA approved selective small molecule effector of SMN2 splicing 

Risdiplam220, are an attractive potential therapeutic avenue that deserves further development in 

the context of stathmin-2 splicing restoration. These screening technologies both require robust, 

quantitative, easy to measure readouts in order to identify potential gene or small molecule 

candidates. The sensitivity of stathmin-2 pre-mRNA processing to normal TDP-43 function makes 

that RNA molecule an attractive potential basis for a reporter readout in genetic and small 

molecule screening assays, which could help identify genes and compounds capable of 

preventing or reversing primary TDP-43 related dysfunction(s). Similarly, this molecular indicator 

has potential utility in an assay for the identification and development of stathmin-2 pre-mRNA 

splice-modifying molecules, a necessary next-step for the field of classical medicinal chemistry. 

To enable advances utilizing these technologies, the design and development of new molecular 

sensors of stathmin-2 pre-mRNA processing dysfunction are now required. 
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The normal stathmin-2 open reading frame initiates 19 bases from the end of the first 

exon, and upon stathmin-2 pre-mRNA misprocessing it terminates with a stop codon 32 bases 

into exon 2a, well upstream of the normal TDP-43 binding site (Fig 6.2 A). One of the simplest 

potential readouts of stathmin-2 pre-mRNA misprocessing would be to extend and tag this open 

reading frame with a fluorescent protein coding sequence, which would produce a potentially 

greater dynamic range of readout than alternative strategies encoding survival-screening factors 

(such as an antibiotic resistance gene). Since I have previously demonstrated TDP-43’s action 

on the stathmin-2 pre-mRNA is primarily to block utilization of the cryptic 3’ splice acceptor site of 

exon 2a, which is the primary cis-regulatory determinant of exon 2a inclusion, it would likely be 

advantageous to preserve the respective TDP-43-bound and 3’splice acceptor sequence 

positioning in a knock-in reporter construct. Thus, to target a gene insertion 3’ to the TDP-43 

binding site and utilize the endogenous open reading frame of stathmin-2, it is necessary to 

mutate two in-frame stop codons within exon 2a leading up to an appropriate Cas9 cut site (Fig 

6.2 A, sequences in green and purple). In addition to preserving the spatial relationship between 

the two most critical exon 2a regulatory elements, it is likely advantageous to minimize the overall 

size of the gene insertion, as the overall length of the endogenous truncated stathmin-2 transcript 

is a mere 628 bases. Ranking the popular non-antibody based endogenous protein-tagging 

polypeptides by overall size (Fig 6.2 B), the three smallest are the GCN4 peptide, NanoBiT/HiBiT, 

and GFP11. 
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Figure 6.2 Endogneous tagging of truncated stathmin-2 exon 2a by CRISPR knock-in enables high-
throughput screening applications 
(A) Schematic depicting the human cryptic exon 2a sequence in red, with relevant pre-mRNA processing elements 
underlined, open reading frame extending codon mutations indicated in green, and SpCas9 targeting elements 
indicated in purple. (B) Size-ranked comparison of commonly utilized endogenous gene knock-in tagging polypeptide 
sequences. 
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The GCN4 peptide is an epitope bound by a single-chain variable fragment (scFv) 

antibody which can be used to physically tether two separately translated proteins (Fig 6.X A). 

This the GCN4/scFv system has been used to great effect in the SunTag fluorescent imaging 

paradigm, wherein a tandem polycistronic reading frame of 24 consecutive GCN4 epitope repeats 

is bound by scFv-GFP fusion proteins to tag the GCN4-labled protein of interest with a high level 

of fluorescence (Fig 6.3 A,B), enabling single-molecule live cell protein tracking, and also in a 

CRISPR-activation system to bind a large number of transcriptional activators to a GCN4-repeat 

tagged Cas9 protein to direct transcriptional activation at a genomic locus of interest221. That the 

GCN4 peptide itself has no fluorescent properties (and is typically used in a tandem repeat) rules 

it out as an appropriate candidate in the exon 2a knock-in context, as separately expressed scFv-

GFP fusion molecules would fluoresce independent of stathmin-2 expression states.  

By contrast, the HiBiT system222,223, a split luciferase adapted from the NanoBiT224 system 

(which was originally designed as a reporter for protein-protein interaction but had low affinity of 

binding between the split luciferase molecules, KD>100uM,) has much higher binding affinity to 

its partner molecule (KD 700pM) with the scalability and sensitivity of a luciferase-based detection 

assay. HiBiT is presently the smallest such luminescence-based knock-in protein reporter, but the 

overall advantages in sensitivity of a luciferase-based assay are likely unnecessary for assays 

using a properly neuron-like host cell, which will naturally express high levels of stathmin-2 RNA. 

While HiBiT is an appropriate option, the benefits of this system may not justify the additional 

substrate costs and screening complexity. 
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Figure 6.3 Split-fluorescent molecule tagging and directly fluorescent engineered RNA aptamer 
knockin strategies provide quantitative readouts of truncated stathmin-2 levels for small molecule and 
genome-scale CRISPR screening applications 
(A) Schematic depicting the molecular lineage of scFv-GFP fusion reporters for epitope tag visualization. (B) Schematic 
of GCN4 polycistronic epitope CRISPR tagging and scFv-GFP fusion protein based fluorescent molecule visualization. 
(C) Schematic of split-GFP tagging strategy for low molecular weight knock-in fluorescent tagging of endogenous open 
reading frames depicting separated non-fluorescent component molecules. (D) Schematic depicting reconstituted 
fluorescent split-GFP. (E) Schematic depicting single-repeat GFP11 endogenous open reading frame knock-in tagging 
of stathmin-2 cryptic exon 2a, and fluorescent visualization by separate expression of GFP1-10 protein. (F) Schematic 
depicting polycistronic GFP11 endogenous knock-in tagging for enhanced fluorescent signal with multimeric 
reconstituted GFP molecules. (G) Schematic depicting F30-2xdBroccoli RNA aptamer knock-in to cryptic exon 2a RNA 
sequence and direct detection with conjugate binder DFHBI-1T [((Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-
1-(2,2,2-trifluoroethyl)-1H-imidazol-5(4H)-one)]. 
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Finally, the 16-amino acid green fluorescent protein fragment GFP11225 is essentially one 

polypeptide “wrap” removed from the normal “wrapped-barrel” structure of green fluorescent 

protein. While each separate polypeptide component on its own is non-fluorescent, when co-

expressed with the complementary portion of the GFP molecule (GFP1-10), GFP11 binds back 

to the parent structure and produces a complete and fluorescent GFP molecule (Fig 6.3 C-E). 

GFP11 is an attractive knock-in strategy for this gene and application because (if needed) it has 

semi-scalable fluorescence potential via the same GCN4 polycistronic chain methodology without 

the off-target fluorescence issues (Fig 6.3 B, F), in this context it would also be translated from a 

highly expressed RNA, which should make signal detection straightforward. Additionally, the 

intended application does not depend on an extremely rapid fluorescence maturation time, or 

luciferase addition, reducing cost and complexity. 

In addition to the endogenous fluorescent tagging of truncated stathmin-2, it will also be 

necessary to counter-tag the full-length stathmin-2 polypeptide, either in the same line using a 

fluorescent protein sequence with emission in a distinct wavelength, or in a distinct cell line, to 

enable secondary/counter screening experiments. Such a knock-in strategy should be easily 

achievable using normal fluorescent protein systems without the practical constraints arising from 

a limited overall knock-in construct size (there is no expectation that knock-in to the fifth exon of 

stathmin-2 would affect cryptic element utilization, the premise driving the proposal of small split-

fluorescent elements described above), and thus does not require detailed strategic discussion 

here. 

To be clear, tagging the open reading frame of the truncated exon1-2a RNA product by 

CRISPR knock-in of a fluorescent tag (or variant system) is unlikely to be a viable strategy unless 

the truncated stathmin-2 RNA is already a cellular substrate for translation. I have presented 

evidence that this short RNA is indeed ribosome-associated and thus likely translated, suggesting 

a knock-in to the truncated reading frame (slightly extended by stop codon mutation) ought to be 
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successful. However, this need not be the only strategy, as translation-independent direct visual 

readouts using specially engineered RNAs have also been enabled by recently described 

advances.  

Bacteriophage viral RNA aptamer knock-in approaches using PP7226 or MS2227 

recognition sequences, a strategy I demonstrated within the exon 2a context in experiments 

throughout my thesis, are unlikely to be favorable in this specific application context, as I have 

shown interactions between these RNA aptamer sequences and their protein binding partners 

are sufficient to inhibit pre-mRNA misprocessing of stathmin-2 when targeted to the exon 2a 

region.  

A strategy further reducing overall complexity would be to knock-in a direct RNA 

fluorescent reporter tag, encoding either the engineered RNA aptamers of the Spinach/Spinach2 

sequence, or the more stable (not a substrate for intracellular cleavage) multimeric 234-base F30-

2xdBroccoli228, which is transcribed into stem-loop structures that, upon addition of its non-toxic, 

cell-permeable, conditional, small molecule conjugate binder DFHBI-1T [((Z)-4-(3,5-difluoro-4-

hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-imidazol-5(4H)-one)], produces 

detectable fluorescent signal with excitation/emission at 472/507nm (similar to GFP) in living cells. 

Use of this direct-detection RNA knock-in would enable quantitative fluorescent readout of 

truncated stathmin-2 RNA levels, fully independent of translation (Fig 6.3 G). Critically, the F30-

2xdBroccoli repeat, when delivered as a multimeric repeat sequence has been demonstrated to 

function in differentiated neurons, producing bright fluorescence from the tagged gene upon 

expression228, demonstrating the utility and viability of such an approach for reporter-tagging the 

truncated stathmin-2 RNA. These endogenous stathmin-2 tagging strategies are now part of the 

toolkit necessitated to enable applied research and development of small molecule and advanced 

genome-scale screening approaches. 
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Genetic tools to determine whether therapeutic restoration of stathmin-2 synthesis might 

restore axonal regrowth in-vivo and lead to the restoration of functional neuromuscular 

synapses 

SOD1 mouse models of ALS demonstrate that many neuromuscular junctions are already 

lost by the time of disease onset in that system. Between post-embryonic days 14-25, 20% and 

40% of neuromuscular junctions are already lost in the gastrocnemius and tibialis anterior, 

respectively, with earliest detection of muscle weakness apparent only later on day 29229. This 

early junction loss is consistent with human patient electromyography measurements, which 

establish this dysfunction as one of the earliest features of disease179-182. Since clinical diagnosis 

of symptomatic disease is thus apparently quite late on the insidious timeline underlying 

pathological changes, a crucial question to every potential therapeutic approach involving 

stathmin-2 restoration is, "to what extent can restored stathmin-2 expression halt (or reverse) the 

synaptic/neuromuscular junction loss phenotype” observed in the context our AAV mouse model 

of chronic stathmin-2 suppression, and ultimately in a TDP-43 proteinopathy patient after disease 

onset/diagnosis. 

Since stathmin-2 disfunction is associated with defects in axonal transport, and our team 

and others have identified stathmin-2 localization at the sites of acute axonal damage as a key 

mediator of regenerative capacity, it remains an open question whether transport of either 

restored stathmin-2 mRNA (assuming local translation can effect axonal stathmin-2 levels) or 

protein (stathmin-2 is Golgi-sorted for fast axonal transport to axons via palmytoilation-mediated 

post-translational modification) can be sufficiently delivered through an already disrupted axonal 

transport system to its site of action and mediate recovery of a damaged neuron. Given these 

unknowns, and the fact that all ongoing studies to date have focused only on the consequences 

of suppressing normal stathmin-2 levels, the tipping point between a potential stathmin-2 

restoration-mediated recovery and permanent axonal loss has not been established. Resolution 
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of this next question is key to the prognosis for a stathmin-2-restorative therapy program for TDP-

43 proteinopathies. 

In order to more precisely establish the effective therapeutic window for stathmin-2 

restoration in an adult nervous system, I designed a simple Cre-LoxP system modification of my 

already proven AAV9 RNAi payload, which I previously demonstrated is highly effective at chronic 

reduction of murine stathmin-2 expression (Fig 5.1-5.3). The Cre-LoxP system is site-specific 

recombination scheme originally derived from the P1 bacteriophage230 which has seen extensive 

use within inducible genetic model systems. Implementing a modern variant of the Cre-LoxP 

strategy, in which sets of so-called FLEX sites (also known as DIO or Double-floxed inverted open 

reading frame) are arranged around the RNAi payload reading frame, I can produce a vector with 

an inducible, efficient, and irreversible RNAi kill-switch (Fig 6.4 A). FLEX switches involve use of 

two sets of wildtype LoxP sequences alongside two mutant sequences, which are arranged such 

that two pairs of mis-matched sites first invert the intervening DNA sequence orientation, before 

a subsequent excision step removes a site and prevents re-inversions231 (Fig 6.4 A-C). In order 

to include a fluorescent color-change indicator of successful FLEX inversion, my implementation 

additionally takes advantage of the fact that the mCherry fluorescent protein coding sequence 

contains a naturally stop-codon-free reverse reading frame, allowing its inverted positioning in a 

pre-recombination payload without interference in downstream clover marker or RNAi expression.  
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Figure 6.4 AAV FLEX-RNAi and stoplight reporter payload to determine time-dependent changes in 
axonal restoration capacity by inducible and permanent Cre-dependent RNAi inactivation 
(A) Schematic depicting the initial encoded features of the AAV-FLEX RNAi vector before Cre-ER dependent inversion, 
RNA polymerase II transcription produces an RNA encoding a fluorescent Clover protein open reading frame and a 
miR30 embedded shRNA hairpin targeting the 3’UTR of endogenous murine stathmin-2 encoding RNAs. (B) Schematic 
depicting intermediate step of FLEX inversion, with swapped DNA strand orientation relative to promoter and un-
excised LoxP sites, expressing in-frame mCherry fluorescent protein. (C) Schematic depicting permanently inverted 
FLEX-RNAi system with inactivated stathmin-2 targeting RNAi and Clover expression, accompanied by activated 
expression of red mCherry fluorescent protein. 
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Administration of the resulting AAV9 vector by subpial delivery to the lumbar spinal cord 

of mice expressing Cre-recombinase fused to the estrogen receptor should enable a robust initial 

RNAi mediated knockdown of endogenous murine stathmin-2 (equivalent to Fig 5.1-5.3) while 

simultaneously marking successfully transduced neurons with the green fluorescent clover 

protein. Upon treatment of mice with tamoxifen, the Cre-recombinase-estrogen receptor fusion 

protein will translocate from the cytoplasmic compartment into the nucleus and (via the FLEX 

LoxP sites) invert the orientation of the RNAi expression construct, shutting off the stathmin-2 

suppression system to allow restored expression of endogenous stathmin-2 mRNA and marking 

converted cells with expression of red fluorescent mCherry protein (turning the transduced 

recombinant cells from green to red). This allows for inducible restoration of endogenous 

stathmin-2 expression after experimentally defined period(s) of RNAi-mediated knockdown in 

parallel cohorts of mice, such that detailed molecular and phenotypic consequences with respect 

to axonal recovery can be determined after pulsed suppression of endogenous stathmin-2 

synthesis. 

Utilizing this genetic tool to adjust the timing of RNAi-mediated stathmin-2 suppression 

and subsequent relief allows for simulation of therapeutic outcomes for stathmin-2 restoration 

after an investigator-defined period of neuronal stathmin-2 deprivation, all without relying upon 

TDP-43 dependent pre-mRNA misprocessing or chronic ASO (be it knockdown or rescue) dosing. 

By carefully following both the resulting mouse phenotypes established in the ongoing stathmin-

2 knockdown experiment (EMG, grip test, von Frey test, etc.) and resulting effects on 

neuromuscular junction innervation, this system should enable a quantitative answer to identify 

the “point of no return” for a stathmin-2 depleted neuron. 

A negative outcome for this open question, wherein the window of possible neuronal repair 

is rapidly closed after onset, does not doom a therapeutic stathmin-2 restoration approach. To 

the contrary, recognizing the focal onset and progressive compartmented nature of disease 
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spread in ALS, the protection of neurons still naive to TDP-43 disfunction is essential to halting 

progression of the disease throughout the upper and lower motor compartments. That said, the 

tantalizing possibility that restoration of a protein involved in axonal repair and regrowth could 

lead to some functional restoration in affected patients after onset certainly warrants investigation. 

A FLEX-RNAi AAV payload is one genetic tool I have built that could be utilized to answer this 

question. 

 

Does a lack of stathmin-2 cryptic exon conservation explain a common lack of motor 

neuron disease phenotype in ALS mouse models? 

Evidence supporting the hypothesis that enabling TDP-43 regulation of murine stathmin-

2 processing might in turn enable better mouse models of sporadic ALS include data from the 

ongoing experiment in Chapter 5, wherein I demonstrate that chronic focal murine stathmin-2 

suppression alone in spinal cord of adult animals leads to progressive neuromuscular junction 

loss and motor and sensory phenotypes (Fig 5.2, 5.3). Additionally, my demonstration that murine 

stathmin-2 pre-mRNAs humanized by insertion of the corresponding fragment of human exon2A 

are sensitized to TDP-43 perturbations (Fig 5.6) builds a logical foundation and molecular system 

to test whether TDP-43-dependent stathmin-2 disruption contributes to pathophysiology of 

ALS/FTD mouse models. 

In order to determine how stathmin-2 contributes to neuronal function and to develop 

therapeutic approaches based on restoration of stathmin-2 levels in ALS and FTD, the field needs 

more faithful animal models where processing of the stathmin-2 transcript is dependent on TDP-

43 function, as we have demonstrated to be true in human. We built such a model system 

(described in detail in Chapter 5, see also Fig 6.5 A, B, D) by knocking in a 394bp segment of 

human exon 2a into the corresponding mouse intron 1 locus, and demonstrated that it confers 
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pre-mRNA processing sensitivity of mouse stathmin-2 to even modest perturbations of TDP-43 

levels (achieved by AAV-RNAi mediated reduction of TDP-43 after administration into the brains 

of newborn pups). However, the low relative efficiency of knockdown I observed in the initial P0 

ICV AAV-RNAi administration studies (and with other RNAi gene products points similarly dosed 

at this early post-natal time point) compared with the striking knockdown observed after adult 

subpial administration of the exact same AAV virus, clarifies that an experiment to determine 

whether chronic TDP-43 dependent stathmin-2 pre-mRNA misprocessing in an adult animal 

results in synapse or neuromuscular junction consequences would be best addressed in the AAV 

context via adult subpial administration of this TDP-43 targeting RNAi vector. This experiment is 

underway with a pilot cohort of animals dosed and under evaluation for TDP-43 and stathmin-2 

target engagement and resulting altered pre-mRNA processing outcomes, respectively, with a 

larger cohort prepared for phenotype and molecular analysis. 
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Figure 6.5 Humanized and knockout stathmin-2 mouse models enable more accurate molecular 
modeling of sporadic ALS pathophysiology 
(A) Schematic depicting features of normal human stathmin-2 gene including cryptic exon 2a which is not conserved in 
mice. (B) Schematic depicting features of wildtype mouse stathmin-2 gene. (C) Schematic depicting mouse stathmin-
2 gene CRISPR knockout strategy featuring deletion of exon 3 leading to a frameshift mutation and predicted nonsense 
mediated decay of the resulting gene product. (D) Schematic of mouse stathmin-2 gene humanized by insertion of 
complete human exon 2a fragment into the corresponding locus of murine stathmin-2 intron 1. (E) Schematic depicting 
mouse stathmin-2 gene humanized with a mutant human exon 2a in which the TDP-43 UG binding sequence is 
replaced with an MS2 aptamer sequence to drive constitutive misprocessing and truncation of the encoded stathmin-2 
pre-mRNA. 
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AAV-delivered RNAi is just one molecular tool by which to disrupt normal TDP-43 function 

in an adult animal. Indeed, numerous transgenic rodents expressing human TDP-43 have been 

generated, with or without disease-causing mutations and under various promoters232-235. 

Overexpression of TDP-43 induces a severe lethal phenotype independent of the presence of 

mutation232,233. However, mice expressing levels close to endogenous TDP-43 develop mutant 

and age-dependent neurological phenotypes, including mild motor and cognitive deficits, motor 

neuron degeneration, and neuromuscular denervation, but strikingly (and disappointingly) without 

paralysis or reduced lifespan236,237. 

An important caveat for animal modeling of TDP-43 proteinopathies is that the repertoire 

of RNAs bound by TDP-43 differs between species with RNA processing alterations elicited by 

TDP-43 dysfunction distinct between mice and humans. Indeed, our own demonstration that the 

human RNA most affected by TDP-43 disruption encodes the neuronal growth-associated factor 

stathmin-2 was just one example91. The experimental paradigm in that discovery was 

exceptionally simple: take a human neuron-like cell and see what happens to RNA expression 

levels when TDP-43 function is disrupted by various means. The analogous murine investigation 

performed in a more sophisticated experimental design: acute TDP-43 depletion from the adult 

central nervous system of wild-type mice73,87, was not capable of identifying stathmin-2 as a 

neuronal TDP-43 target because stathmin-2 RNAs are neither bound nor regulated by TDP-43 in 

rodents73,91. Consistently, abnormal pre-mRNA processing of stathmin-2 is not recapitulated in 

mice expressing TDP-43 transgenes or in TDP-43 deficient mouse models. While I have identified 

that this is mechanistically due to the unconserved TDP-43 binding site and the cryptic 3’ splice 

acceptor it modulates, it raises the broader question of whether and to what extent the 

shortcomings regarding fatal paralysis of non-SOD1 mouse models of ALS are due to the TDP-

43 independence of murine stathmin-2 pre-mRNA processing. 
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Recognizing that the incomplete phenotypes in TDP-43 mutant mice may reflect that 

neither the cryptic polyadenylation site nor the TDP-43 binding sites that provoke the loss of 

stathmin-2 upon TDP-43 depletion is conserved in mice91, efforts are now underway to determine 

the consequences of stathmin-2 reduction in mice expressing an ALS/FTD-causing TDP-43 

mutant (TDP-43Q331K) previously generated by the Cleveland group237,238 and which develop only 

partial motor neuron disease. The goal is to determine whether stathmin-2 loss synergizes with 

TDP-43 disruption to exacerbate neurodegeneration in ALS/FTD. The TDP-43Q331K line expresses 

mutant TDP-43 throughout the nervous system in a pattern mimicking endogenous TDP-43237. 

Nonetheless, despite a level of expression twice the TDP-43 level in non-transgenic mice and 

development of age-dependent motor neuron disease with the degeneration of 1/3rd of the lower 

motor neurons by one year of age, 2/3rds of motor neurons do not degenerate at any age237.  

In work currently underway in collaboration with the Jackson Laboratory, cohorts of 

TDP43Q331K transgenic mice with zero, one, or both humanized stathmin-2 alleles (Fig 6.5 D) are 

being generated. These cohorts will then be aged and carefully followed by phenotypic and 

pathological measures to determine the ultimate impact of stathmin-2 RNA misprocessing/loss of 

function on ALS and FTD related phenotypes, including disease onset and degree and/or rate 

and/or extent of disease progression. Postmortem pathological analyses will then be used to 

determine – across disease course – the degree of stathmin-2 suppression and whether any 

stathmin-2 reduction affects the pathology developed in motor neuron perikarya/dendrites, axons, 

or neuromuscular junctions and/or any effects on astrocytes, microglia, or oligodendrocytes.  

Since TDP43Q331K transgenic develop mutant and age-dependent neurological 

phenotypes, including mild motor and cognitive deficits, motor neuron degeneration, and 

neuromuscular denervation, without apparent aggregation or loss of nuclear TDP-43 

localization236,237, an additional study is underway utilizing stathmin-2 humanization in a model of 
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ALS/FTD with more overt TDP-43 pathology. Expression of C9ORF72 repeats encoded by AAV 

following intracerebroventricular (ICV) injection into P1 wild-type mice was initially shown by our 

collaborator Dr. Petrucelli to induce progressive behavioral and pathological phenotypes 

associated with C9ORF72 disease including phospho-TDP-43 aggregates239,240. Notably, ICV 

injections lead to expression of G4C2 repeats predominantly in the brain and induce FTD-related 

behavioral phenotypes. AAV transduction remains low, however, in the spinal cord and does not 

lead to ALS-like spinal motor neuron death and paralysis. To overcome this limitation, we have 

recently extended the subpial injection approach to establish a new, reliable model for C9ORF72-

repeat expansion motor neuron disease through a single subpial injection of AAV-C9ORF72-

(G4C2)66 into lumbar spinal cord of wild-type mice. This produces classic progressive motor neuron 

disease (limited to lumbar and lower thoracic cord) accompanied by complete paralysis from 

death of motor neurons. We are hopeful that the TDP-43 pathology of this model system, when 

combined with stathmin-2 humanized alleles sensitized to TDP-43 dependent pre-mRNA 

misprocessing (Fig 6.5 D) will produce a mouse with phenotypes that better reflect human disease. 

At the same time, stathmin-2 is only one TDP-43 dependent human pre-mRNA that is not 

conserved in mice, it is not necessarily the case that among unconserved TDP-43 targets 

between mice and humans that stathmin-2 is the only contributing factor necessary for a true 

ALS-like neurodegenerative disease phenotype, so these experiments will determine whether 

and to what extent stathmin-2 loss contributes uniquely to human TDP-43 proteinopathy. 

As a potential alternative approach to mouse models, the African Turquoise Killifish is an 

intriguing emerging rapid model organism for the rapid (short life cycle) study of aging, which 

critically, includes the time-dependent aggregation of TDP-43, and has a stathmin-2 ortholog gene 

with a long first intron containing a partly conserved Exon2a sequence with is 45% similarity to 

the human cryptic exon sequence including a GU binding motif. The fact that the killifish naturally 
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has detectable TDP-43 proteinopathy as a natural consequence of its aging process could set it 

apart from the murine model as an alternative system in which to test stathmin-2 dependent 

neurodegenerative disease. A great deal of additional work will be required to produce such a 

disease model in this organism. 

 

What is the molecular mechanism that allows 5% of stathmin-2 homozygous knockout 

mice to survive? 

Chauvin & Sobe reported in a review106 (but without accompanying supportive evidence) 

that mice with complete loss of the Stmn2 gene were not viable. They did not comment on the 

fate of mice with heterozygous reduction in stathmin-2. The stathmin-2 knock-out mouse they 

referenced in that review has not been published or further characterized, so our collaborators, 

the Lutz group at The Jackson Labs utilized CRISPR/Cas9 to inactivate one allele of an 

endogenous Stmn2 gene in the C57BL/6J inbred mouse strain by deleting exon 3 (Fig 6.5 C). 

The loss of this 173nt coding exon is predicted to cause a frameshift mutation at Asp-38 followed 

by premature termination 46 amino acids later, producing an unstable RNA that is a substrate for 

nonsense mediated decay. Consistent with this prediction, we determined that heterozygous 

Stmn2+/- mice are viable and fertile despite expressing stathmin-2 protein to 50% of normal levels. 

In characterization work presently still in early stages, we have not (so far) detected motor 

abnormalities in these mice, although a separate experiment performed with ICV delivery of a 

stathmin-2 reducing ASO in wildtype mice demonstrated a loss of neuromuscular junctions after 

8 weeks of stathmin-2 suppression accompanied by decreased axonal conduction velocity 

measured by compound Muscle Action Potential (cMAP) amplitude241,242. It remains to be seen 

whether the heterozygous mice developmentally escape neuromuscular consequences observed 

by direct acute stathmin-2 knockdown in an adult animal, and if so, what is the tipping point of 

stathmin-2 expression that would explain a phenotypic difference. 
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By the same token, in contrast to the report of Chavin & Sobel106, mating of our stathmin-

2 heterozygotes (to produce homozygous loss of that gene) has demonstrated that complete loss 

of Stmn2 produces viable stathmin-2 deletion progeny, albeit only at 1/5 the Mendelian rate. Of 

89 progeny screened from a Stmn2+/- x Stmn2+/- mating, five homozygous deletion mice were 

recovered (5%). This means that stathmin-2’s role in development is substantial, as 95% of mice 

lacking this gene product will die as a consequence, however, equally interesting are the 

developmental mechanisms for survival of a subset (5%) of Stmn2-/- mice that escaped pre- and 

postnatal lethality and went on to live for at least 1 year of age without apparent motor phenotype 

(before being taken down for necropsy and molecular analysis). Three efforts to identify the 

compensatory mechanism(s) are underway 1) embryonic development analysis for 

neurogenesis/innervation and careful observation and necropsy after birth of homozygous 

stathmin-2 null animals to determine a common cause of death, 2) comparative RNA-sequencing 

between surviving and non-surviving littermates to identify compensatory genes and pathways 

that might enable escape from post-natal mortality, and 3) backcrossing experiments to determine 

comparative mortality rates of this genetic lesion in different mouse lines and similarly start to 

identify genetic compensatory mechanisms. Such genes and mechanisms, if identified, could 

provide additional therapeutic insights for the treatment of TDP-43 proteinopathy, while furthering 

our understanding of basic stathmin biology. 

 

Direct AAV supplementation of stathmin-2 expression to physiologically tolerable levels 

in the CNS as a neuroprotective treatment in TDP-43 proteinopathy 

Restored pre-mRNA processing of the endogenously expressed stathmin-2 encoding 

RNA transcript, which I have demonstrated using splice-rescuing antisense oligonucleotides and 

RNA-targeted CRISPR effectors (likely also achievable with small molecules and other means), 

is undoubtedly the safest current therapeutic avenue for stathmin-2 restoration in TDP-43 
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proteinopathy. Aside from what is perhaps the most difficult “high risk” molecular therapeutic 

alternative solution for in-vivo stathmin-2 misprocessing (suggested by the results of my genome 

editing experiments): the utilization of transient CRISPR base editing to ablate the exon 2a cryptic 

splice acceptor from the STMN2 gene in neurons and ablate the ability of cells to misprocess their 

stathmin-2 pre-mRNA in neurons altogether, another intervention that carries a potential high 

risk/reward deserving further investigation is direct gene supplementation therapy with a stathmin-

2 expressing viral payload. While the coding sequence of stathmin-2 consists of a mere 537 DNA 

bases and is well within the packaging limitations of a standard AAV gene therapy vector, the real 

technical challenge for such an AAV cargo is the prevention of supra-physiologic expression in 

targeted cells with TDP-43 dysfunction, while leaving stathmin-2 levels ideally unaltered within 

normal healthy neurons with functional nuclear TDP-43. Indeed, it has been reported that 

stathmin-2 moderate overexpression induces desirable neurite outgrowth while higher levels of 

induction causes microtubule catastrophe and axonal growth cone collapse in-vitro and in-

vivo118,119,184. Additionally, the conservation of cryptic exon 2a pre-mRNA processing elements 

among primates suggests that TDP-43 expression gating mechanisms for stathmin-2 may be 

necessary to alleviate some stathmin-related cellular toxicities, perhaps at specific developmental 

or neuronal differentiation timepoints that coincide with reduced TDP-43 levels. 

It is clear from the ongoing experiments I presented in Chapter 5 that the loss of stathmin-

2 from the lower motor system is deleterious to the maintenance of synapses. Key questions for 

the viability of a gene therapy restoration approach are: whether, to what extent, and at what 

expression levels is stathmin-2 supplementation beneficial or detrimental for axonal maintenance 

and regrowth in-vivo. That stathmin-2 is already among the top-25 highest expressed genes in a 

transcriptionally hyper-active cell type like a neuron91 raises the question as to whether 

supplementation strategies driven by moderate-expression promoters are even capable of 

inducing long-term toxicity. To this question, our direct lentiviral restoration of stathmin-2 
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expression in a microfluidic culture system, demonstrated in our initial discovery91 achieved a 

moderately higher level of restored stathmin-2 expression using the PGK promoter than was 

initially predicted/desired based upon our preceding unpublished viral titration experiments, but 

without apparent deleterious effect in those human iPS motor neurons, indicating tolerance of 

moderate stathmin-2 overexpression. It will be important for the field to experimentally determine 

these expression-level “guideposts” to guide development of appropriate stathmin-2 restoring 

gene therapy vectors. 

For an initial experiment to determine the consequences of a gene-therapy vector driving 

moderate expression of stathmin-2 within the adult central nervous system, I designed an AAV 

cassette driven by a moderate expressing Ubiquitin promoter sequence, encoding both the red 

fluorescent marker protein mScarlet and the human stathmin-2 protein from the same RNA. The 

two peptides are co-translationally cleaved at a viral T2A sequence which triggers the failure of a 

translating ribosome to incorporate an amino acid between the two polypeptide sequences (Fig 

6.6 A). The result is moderate expression of both a red fluorescent marker to light-up transduced 

cells, and an untagged stathmin-2 polypeptide. A control vector expressing only mScarlet with a 

T2A sequence driven by the same expression promoter would be utilized as a transduction control 

(Fig 6.6 B). mScarlet-stathmin2 or mScarlet-only AAV vectors introduced into the mouse lumbar 

spinal cord of wildtype animals via subpial delivery (Fig 6.6 C) would achieve broad neuron 

transduction150,151 and mice would be aged to determine axonal conduction velocity measured by 

compound Muscle Action Potential (cMAP) amplitude241,242, clasping, and neuromuscular junction 

and axon cross-section quantification over time to determine the effects of moderate stathmin-2 

overexpression in wildtype animals. 
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Figure 6.6 Subpial delivery of AAV encoding stathmin-2 gene payload and fluorescent transduction 
marker, to determine the in-vivo consequences of focal moderate stathmin-2 overexpression in the 
lumbar spinal cord 
(A) Schematic depicting features of an AAV payload delivering a moderately and ubiquitously expressed stathmin-2 
coding sequence and mScarlet fluorescent protein transduction marker. (B) Schematic depicting features a control AAV 
payload expressing only the mScarlet fluorescent protein transduction marker. (C) Schematic depicting focal subpial 
lumbar AAV administration strategy to determine the consequences of chronic stathmin-2 gene expression 
supplementation in the lumbar spinal cord of adult mice. 
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Given the focal onset and spread within and between compartments in ALS and other 

TDP-43 proteinopathies, within the central nervous system of any given patient there must 

necessarily be a heterogeneous mixture of neurons either with or without normal functioning TDP-

43 (especially early in disease when many neurons outside the initial site of onset are apparently 

unaffected). Thus, a significant challenge facing stathmin-2 restorative gene therapy approaches 

is the potential for unintended, cumulative, combined overexpression of endogenous and 

exogenous stathmin-2 in otherwise healthy neurons with normal nuclear TDP-43 (and thus 

unaltered high expression of endogenous stathmin-2). This is due the fact that a normal gene 

therapy payload cannot differentiate between healthy neurons with functional TDP-43 and 

diseased neurons. The ideal stathmin-2 restoring gene therapy payload design must be 

engineered to adaptively gate its own expression based on the actual TDP-43 status of whatever 

neuron it might be transduced into, activating only in the absence of functional TDP-43.  

The best way to achieve this desired expression pattern is to leverage what is already 

known about other human genes with TDP-43-expression-gated RNA expression, borrowing 

those processing elements and their molecular mechanisms from nature, and engineering these 

features into a stathmin-2 encoding AAV payload. With this in mind, I have already tested the two 

most obvious natural TDP-43 gated RNA systems: 1) utilizing the cryptic human stathmin-2 

exon2a elements and their partner TDP-43 binding sites to control inclusion of a stathmin-2 

encoding alternative exon, and 2) leveraging TDP-43's own somewhat ill-defined autoregulatory 

mechanism, which involves binding to sites on its own pre-mRNA 3’ untranslated region, to 

reverse-gate the expression of a chimeric stathmin-2 coding-sequence fused to the full TDP-43 

3’UTR sequence. 

The first approach is fitting in its apparent simplicity: recycle the same endogenous 

stathmin-2 pre-mRNA elements that mediate cryptic exon 2a splicing and polyadenylation upon 

reduction of normal TDP-43 pre-mRNA binding (the molecular mechanism of endogenous 
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stathmin-2 loss we are trying to reverse in the first place) and fuse those elements to a stathmin-

2 coding sequence to generate a TDP-43 loss-dependent stathmin-2 supplementation with an 

expression profile that should perfectly match (with inversion) the primary defect. There are two 

primary routes to build such a system, the first is to use an exon 2a variant in which the five normal 

in-frame stop codons encoded within exon 2a  (and premature polyadenylation signal) have been 

mutated to allow translational read-through to an alternative reading frame of a downstream exon 

encoding a T2A co-translational cleavage signal followed by the stathmin-2 coding sequence (Fig 

6.7 A,B). This system allows exon 2a gating of expression of an untagged stathmin-2 polypeptide, 

reversing the normal TDP-43 dependent silencing. Testing of this TDP-43 inverted expression 

system is already underway. 
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Figure 6.7 TDP-43-reverse-regulated expression of stathmin-2 coding sequence via embedded exon 
2a cis-regulatory elements enables safe AAV gene transfer by limiting supplemental expression to 
neurons lacking functional TDP-43. 
(A) Schematic depicting normal human stathmin-2 encoding gene, including TDP-43 regulated cryptic exon 2a. (B) 
Schematic of an expression payload in which inclusion of an intervening cryptic exon 2a, modified to mutate the five 
endogenous in-frame stop codons and restore a contiguous open reading frame, is upstream from an otherwise out-
of-frame T2A-stathmin-2 coding sequence, enabling co-translational cleavage from the upstream polypeptide. In the 
absence of TDP-43 the cryptic exon is included, putting the stathmin-2 coding sequence in-frame for translation. (C) 
Schematic depicting a stoplight reporter sequence utilizing the cis-regulatory elements of exon 2a to express either the 
coding sequence for the red mScarlet fluorescent protein from cryptic exon 2a upon loss of normal TDP-43 function, or 
alternatively the clover fluorescent protein coding sequence embedded in the normal exon 2 of the stathmin-2 gene 
when TDP-43 function is normal. (D) Schematic depicting a gene therapy strategy for TDP-43-reverse-gated expression 
of the stathmin-2 gene coding sequence embedded within cryptic exon 2a cis-regulatory elements. 
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The second variation on this strategy is to fully insert the desired alternative coding 

sequences into the cryptic exon 2a reading frame (and downstream normal exon 2, if desired) 

(Fig 6.7 C,D). An initial test of this system, also underway, utilizes a “stoplight reporter” with 

alternative reading frames in exon 2a and normal exon 2, encoding a red mScarlet fluorescent 

protein and a green fluorescent Clover protein, respectively (Fig 6.7 C). If successful, restriction 

cloning will be used to insert the coding sequence of stathmin2 and the ubiquitously expressed 

endogenous ribosomal protein RPL10a into the respective reading frames to encode two 

alternative gene products (Fig 6.7 D). Since normal TDP-43 binding and RNA processing function 

is highly enriched in distal intronic regions, with particular enrichment on very long introns73, it is 

possible that this mini-gene like strategy will be challenged by an overall short intron length that 

may be insufficient for efficient TDP-43 dependent pre-mRNA processing (and misprocessing). 

An alternative strategy, which does not depend on TDP-43’s action at a variant of an 

endogenous distal intron, takes advantage of the fact that TDP-43’s complete 3’ untranslated 

region is only 2110 bases in total length (well suited for AAV packaging limits) while apparently 

harboring cis-regulatory elements for TDP-43 dependent pre-mRNA processing. While the 

proposed mechanistic action(s)79 of TDP-43 protein binding to its own pre-mRNA are not precisely 

established, it is well known that TDP-43 is capable of negatively regulating its own synthesis via 

binding and influencing the alternative processing of the 3’ UTR of the pre-mRNA. It is possible 

that this protein:RNA autoregulatory relationship contributes to a feed-forward loop in TDP-43 

aggregation pathology whereby cytoplasmic aggregation and nuclear clearance of TDP-43 alters 

pre-mRNA processing to disinhibit new TDP-43 synthesis, and in-turn newly translated 

cytoplasmic TDP-43 is captured into cytoplasmic aggregates, with pre-mRNA maturation rates 

increasing as normal TDP-43 is progressively cleared from the nucleus, unable to be replenished 

(Fig 6.8 A-C). Normally, a natural early consequence accompanying this depletion of nuclear 
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TDP-43 would be the misprocessing and loss of normal full-length stathmin-2 mRNA, however, 

by merging parts of the RNAs encoding each protein (TDP-43 and stathmin-2) into a single 

chimeric transcript (Fig 6.8 D) it should be possible to create a novel stathmin-2 encoding pre-

mRNA whose correct maturation and expression is, conversely, activated by the loss of normal 

nuclear TDP-43. Such a chimeric encoded pre-mRNA payload should attain an opposite TDP-43 

regulatory relationship versus endogenous stathmin-2, with maturation suppressed by normal 

TDP-43 levels and high mRNA expression only possible in the pathologic absence of nuclear 

TDP-43. (Fig 6.8 E-G). This AAV payload design will enable broad delivery in the central nervous 

system, to both sick and normal neurons of the brain and spinal cord, without risking over-

expression of stathmin-2 in healthy neurons that are not yet affected by TDP-43 dysfunction. 
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Figure 6.8 Fusion of stathmin-2 gene coding sequence to the autoregulated 3’ untranslated region of 
the TDP-43 mRNA produces a stathmin-2 AAV payload activated by loss of TDP-43. 
(A) Schematic depicting a neuron with normal nuclear TDP-43 protein binding the 3’UTR of its own pre-mRNA to 
prevent maturation and silence expression. (B) Schematic depicting a neuron with partial depletion of nuclear TDP-43 
protein, resulting in decreased binding to the 3’UTR of its own pre-mRNA, reducing autoregulation and allowing 
maturation of additional TDP-43-encoing mRNAs. (C) Schematic depicting a neuron with nuclear clearance of TDP-43 
protein, resulting in disinhibited TDP-43 pre-mRNA maturation. (D) Schematic of “StathminSafe” AAV payload 
consisting of a ubiquitously expressed RNA encoding the fluorescent transduction reporter protein mScarlet and a T2A 
co-translationally cleaved human stathmin-2 coding sequence, fused to the 3’UTR sequence from the TDP-43 mRNA. 
(E) Schematic depicting a transduced healthy neuron with normal nuclear TDP-43 protein and silenced AAV payload 
expression via TDP-43 binding and altered pre-mRNA maturation. (F) Schematic depicting an AAV-transduced motor 
neuron under stress, with reduced nuclear TDP-43 levels partly disinhibiting AAV payload RNA maturation and allowing 
partial expression of supplemental stathmin-2 protein. (G) Schematic depicting a sick AAV-transduced motor neuron 
with nuclear clearance of TDP-43, disinhibiting normal payload mRNA maturation and expression of supplemental 
stathmin-2 protein. 
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I have demonstrated in a preliminary proof-of-concept experiment, expressing the 

chimeric vector design (Fig 6.8 D, “StathminSafe”) in neuron-like SH-SY5Y cells, that this 

predicted inverted-expression relationship between the chimeric mRNA and endogenous TDP-43 

is observable after acute depletion of normal TDP-43. Electroporation was used to introduce the 

AAV transfer plasmid into SH-SY5Y cells, which were then immediately plated into reverse-

transfection media containing 50nM pooled control or TDP-43 siRNAs encapsulated in RNAiMax 

transfection reagent. After 24 hours cells were once again forward-transfected with the same 

siRNA reagents, and cells were collected in Trizol reagent for RNA extraction at 96 hours (Fig 6.9 

A). qRT-PCR with primers specific to the chimeric RNA, endogenous TDP-43 and GAPDH as an 

endogenous control gene were utilized to determine that substantial depletion of TDP-43 occurred 

in the siRNA dosed cells (~20% of control expression) (Fig 6.9 B), which was accompanied by a 

substantial increase in “stathmin-safe” encoded transcripts (Fig 6.9 C). Two limitations of this 

experiment were the selection of a relatively weak promoter to drive expression of the “stathmin-

safe” chimeric RNA, and the lack of an antibiotic selection strategy to enrich the otherwise low 

efficiency of electroporation in this cell-type (~30%). However, this experiment is sufficient to 

demonstrate the desired regulatory pre-mRNA maturation relationship between the chimeric 

stathmin-2:TDP-43 fusion construct and endogenous TDP-43 levels. 
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Figure 6.9 StathminSafe AAV payload expression is enhanced after TDP-43 depletion in neuron-like 
cells 
(A) Schematic describing StathminSafe vector expression and siRNA gene depletion in neuron-like cells, followed by 
isoform-specific expression analysis with qRT-PCR. (B) Graph showing TDP-43 expression relative to the endogenous 
control gene GAPDH after siRNA treatment. n=3 biological replicates, SEM plotted. (C) Graph showing StathminSafe 
payload expression relative to the endogenous control gene GAPDH after siRNA treatment. n=3 biological replicates, 
SEM plotted. (D) Schematic of in-vivo StathminSafe AAV payload expression trial via sub-pial co-delivery of 
StathminSafe vector alongside either a control Clover-RNAi AAV or TDP-43 depleting Clover-RNAi AAV. 
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The next experimental step is to determine whether this chimeric Stathmin-Safe construct 

maintains the same TDP-43-loss-dependent pre-mRNA maturation and expression pattern in-

vivo within an adult mammalian spinal cord. The ideal mouse model in which to test this gene 

therapy approach has been humanized by insertion of human stathmin-2 exon 2a into the 

corresponding region of the mouse stathmin-2 first intron (Fig 5.6 A, Fig 6.5 D), however a 

wildtype mouse would also be suitable for an initial in-vivo test of the basic molecular mechanism. 

After modifying the original construct with a stronger promoter and packaging the improved 

payload into an AAV9 capsid, I will co-deliver the virus by surgical subpial administration with 

either an AAV encoding a Clover-only control and non-targeting RNAi element, or an AAV 

encoding a Clover fluorescent marker and RNAi element uniquely targeting endogenous murine 

TDP-43 (critically, without targeting the human TDP-43 3’UTR sequence utilized in the chimeric 

Stathmin-Safe construct); contemporaneously injecting control cohorts of humanized stathmin-2 

exon 2a mice with only AAV-Clover-non-target RNAi or AAV-Clover-RNAi-TDP43 virus, for 

contemporaneous comparative phenotyping of effects on progressive TDP-43 dependent loss of 

humanized stathmin-2 expression (Fig 6.9 D).  

Mice will be followed for 8 months of phenotyping to compare scores of hindlimb clasping, 

accelerating-rotarod performance, grip strength, and axonal conduction velocity measured by 

compound Muscle Action Potential (cMAP) amplitude241,242. Spinal cords will be collected 8 

months post-AAV administration for direct fluorescent imaging, protein expression analysis, and 

isoform-specific qRT-PCR of endogenous TDP-43, Stathmin-Safe, Clover, and GAPDH. Muscle 

will be collected for neuromuscular junction analysis and quantification, and motor roots will be 

prepared for electron microscopy analysis of axonal diameter and number. Neurons transduced 

by subpial AAV administration will all be marked by green fluorescence, while red fluorescence 

(Stathmin-Safe RNA-encoded mScarlet) should mark only the cells with correctly maturing 

chimeric mRNAs. 



 

 
 

171 

If expression of the Stathmin-Safe chimeric AAV payload is, as expected, gated by the 

loss of normal nuclear TDP-43 expression, I expect to visualize both red and green fluorescence 

co-expression in the spinal neurons of StathminSafe/RNAi-TDP-43 injected animals, and only 

green fluorescence in StathminSafe/non-target RNAi animals (with qRT-PCR expression analysis 

following suit). Alternatively, a failure of autoregulation would be indicated at the cellular level by 

neurons marked with red fluorescence in the absence of green. Most critically, though, will be the 

experimental determination of whether 1) administration of the StathminSafe AAV without 

modulation of TDP-43 prevents stathmin-2 overexpression and possible related toxicity in control 

animals, and 2) whether StathminSafe AAV administration is sufficient to rescue neuromuscular 

junction integrity and associated motor phenotypes initiated by TDP-43-dependent misprocessing 

of the humanized stathmin-2 allele. The eagerly anticipated answers to these questions will be 

critical to the further clinical development of a safe, effective, and permanent gene therapy 

strategy to restore stathmin-2 expression in diseases with TDP-43 proteinopathy. 
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