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Abstract
Mutations in TDP-43 are known to cause Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD). TDP-43
binds to and regulates splicing of several RNA including Zmynd11. Zmynd11 is a transcriptional repressor and a potential E3
ubiquitin ligase family member, known for its role in neuron and muscle differentiation. Mutations in Zmynd11 have been
associated with autism with significant developmental motor delays, intellectual disability, and ataxia. Here, we show that
Zmynd11 is aberrantly spliced in the brain and spinal cord of transgenic mice overexpressing a mutant human TDP-43
(A315T), and that these changes occur before the onset of motor symptoms.
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Figure 1. Zmynd11 is aberrantly spliced in Prp-TDP43A315T animals:

Chromosome view of the microarray data from Partek software showing the expression trace for Zmynd11 exons in the brain
(A) and spinal cord (B) of pre and post-symptomatic transgenic Prp-TDP43A315T animals and age-matched wild type controls;
the expression levels are shown on a log2 scale. The blue arrow indicates the exon predicted to be aberrantly spliced. The
elongated orange box (A) indicates an exon that is not aberrantly spliced. Zmynd11 exons that code for functional domains are
indicated using small rectangular coloured boxes. Red coloured box indicates the region that codes for Bromodomain, blue
for Zinc finger myeloid, Nervy, and DEAF-1 domain, green for Pro-Trp-Trp-Pro (PWWP) and black for plant homeo
domain (PHD) that is aberrantly spliced in Tg animals. (C). Top panel - Zmynd11 exons and the position of primers used in
validation experiments; Orange arrows indicate primers that amplifies both isoforms (Forward:5’-
CATGGAGTTCGTGTGTGGAC-3’ and Reverse:5’-CACGTGCAGTCGGTGAACAT-3’); Dotted blue arrow - primers that
amplifies gamma isoform (Forward:5’-AGGAGATGAGATTGACTGGG-3’ and Reverse:5’-AATGTCCGCCTGCTCACTGT-
3’); Dotted green arrow indicates the forward primer (Forward:CAGGAGATGAGATTAGCATTAAG) when used in
combination with reverse primer in exon 8 (dotted blue arrow) amplifies the alpha isoform. Bottom - RT-PCR validation of the
Zmynd11 splicing event identified by microarray in brain and spinal cord of pre and post-symptomatic Tg animals. RT-PCR
amplification of the Zmynd11 isoforms shows a shift in expression towards the shorter isoform (alpha isoform) in the brain and
spinal cord tissue of transgenic animals when compared to Wt animals. A schematic representation of the gamma and alpha
isoforms is given at the right of the figure, indicating exon 4 is omitted in the alpha isoform. (D and E). Quantification of
gamma and alpha isoforms of Zmynd11 in the brain (D) and spinal cord (E) of pre- and post-symptomatic Tg animals and their
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age matched Wt counterparts using qRT-PCR. n = 3 per group; ★ = p value < 0.05. Block diagram on the left represents the
alpha and gamma isoforms of Zmynd11 gene. Bar plot on the right shows the quantification results. Expression of the
individual isoforms were normalised to Pgk1 expression (Forward primer: 5’-TGCACGCTTCAAAAGCGCACG-3’ and
reverse primer: 5’-AAGTCCACCCTCATCACGACCC-3’). The X-axis indicates the levels of mRNA of Zmynd11 isoforms
relative to the levels of Pgk1 mRNA. qRT-PCR results show a significant increase in the alpha isoform in the post-
symptomatic transgenic animals.

Description
The discovery of TDP-43 as part of cytoplasmic inclusions in ALS patient spinal cord motor neurons (Neumann, Sampathu et
al. 2006) and the subsequent discovery of mutations in the TARDBP gene that encodes TDP-43 (Sreedharan, Blair et al. 2008)
revolutionized the field of ALS research. TDP-43 is a nucleo-cytoplasmic shuttling protein that binds to target mRNA and
regulates their transport and/or splicing (Sephton, Cenik et al. 2010, Tollervey, Curk et al. 2011, Colombrita, Onesto et al.
2012, Narayanan 2013, Narayanan, Mangelsdorf et al. 2013). In the first mouse model of TDP-43 developed, Prp-
TDP43A315T, animals were engineered to express the human mutant gene under the control of a prion protein promoter
driving expression predominantly in the mouse CNS. The transgenic mice developed symptoms around 12 weeks of age and
displayed features of ALS and FTD (Wegorzewska, Bell et al. 2009). Therefore, for the purpose of this study, 50-day old (pre-
symptomatic) and 100-day old animals (post-symptomatic) were classified into respective groups, to represent stages of the
disease. Among the aberrantly spliced genes, zinc finger, MYND type-containing 11 (Zmynd11) is of particular interest due to
its recent implications in autism-related motor delay (Moskowitz, Belnap et al. 2016); intellectual disability (Pruccoli,
Graziano et al. 2021) and brain atrophy and ataxia (Indelicato, Zech et al. 2022). In addition, Zmynd11/ZMYND11 has been
previously reported to be an RNA binding partner of TDP-43 in the mouse brain (Narayanan, Mangelsdorf et al. 2013), rat
cortical neurons (Sephton, Cenik et al. 2010) and post-mortem human brain (Tollervey, Curk et al. 2011) and was reported to
be aberrantly spliced in the spinal cord of sporadic ALS patients with TDP-43 pathology (Rabin, Kim et al. 2010).

To identify aberrant splicing events, total RNA isolated from the brain and spinal cord of pre- and post-symptomatic
transgenic Prp-TDP43A315T (Tg) animals and their age-matched wild type (Wt) controls were hybridized to Affymetrix mouse
exon 1.0 ST arrays. Our microarray analysis identified several significant disease-stage specific splicing events in the brain
and spinal cord of Tg animals (Array Express Acc. No. E-MTAB-1487). The complete list of aberrantly spliced genes in the
mouse CNS from this study can be found here (Narayanan 2013). Twenty-six genes were identified to be to aberrantly spliced,
in both brain and spinal cord at pre- and post-symptomatic disease stages. Zmynd11 was among them and predicted to be
aberrantly spliced in the brain of pre-symptomatic (alt-splice p value - 2.4 x 10-03) and post-symptomatic (alt-splice p value -
4.3 x 10-07) Tg animals. Similarly, Zmynd11 was predicted to be aberrantly spliced in the spinal cord of pre-symptomatic (p
value = 8.5 x10-03) and post-symptomatic (p value = 9.5 x 10-03) Tg animals. Microarray analysis showed that two Zmynd11
transcripts encoding a longer gamma isoform (GenBank accession number NM_001199141; 4132 bp) and a shorter alpha
isoform (GenBank accession number NM_144516; 3970 bp), which lacks an exon that codes for a plant homeo domain (PHD)
and is aberrantly spliced in Tg animals. The expression trace for individual exons of the Zmynd11 gene in the brain and spinal
cord of Tg animals and their corresponding age matched Wt is shown in Figure 1 (A and B). Decreased expression of exon 4
is indicated by a blue arrow. There was no significant difference in the expression traces for other Zmynd11 exons between Tg
and Wt animals suggesting that the change in exon expression in the predicted region (blue arrow) is due to splicing and not
due to a change in overall gene expression.

In the Prp-TDP43A315T Tg animal CNS, the Zmynd11 exon 4 encoding the PHD domain is under expressed potentially leading
to an increase in the shorter alpha isoform and consequently a reduction in the full-length gamma isoform. Reverse
Transcriptase-PCR (RT-PCR) amplification of Zmynd11 using primers that amplify both isoforms followed by agarose gel
electrophoresis showed a shift in expression towards the alpha isoform in both brain and spinal cord of the pre- and post-
symptomatic Tg animals when compared to age-matched Wt littermates (Figure 1C). The shift in expression towards the
shorter alpha isoform is evident in pre-symptomatic animals and this shift increased in the post-symptomatic animals.
Quantification experiments using isoform-specific primers and qRT-PCR confirmed a significant increase in expression of the
shorter alpha isoform in both brain (Figure 1D) and spinal cord tissue (1E) of pre- and post-symptomatic animals Tg animals.
The expression of the longer gamma isoform was significantly reduced in the brain and spinal cord of post-symptomatic Tg
animals.

Zmynd11, initially known as an adenovirus binding protein (Hateboer, Gennissen et al. 1995), is a key epigenetic regulator
(Wen, Li et al. 2014) and plays an essential role in inhibition of muscle and neuron differentiation (Yu, Shao et al. 2009). The
PHD finger has been previously implicated in chromatin mediated gene regulation (Aasland, Gibson et al. 1995) in addition to
playing a role in protein-protein interactions and gene expression (Shi, Hong et al. 2006, Velasco, Grkovic et al. 2006).
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Furthermore, PHD fingers exhibit E3 ubiquitin ligase activity, a group of enzymes known to play a pivotal role in poly-
ubiquitination of protein thus marking them for degradation by proteasome (Dul and Walworth 2007). A comprehensive study
of E3 ligase genes reported that variants in 13% of the known E3 ligase genes (~ 80 genes) cause 70 different types of
neurological disorders including neurodegenerative diseases such as Parkinsons disease, Spinal Muscular Atrophy and
inherited peripheral neuropathies including Charcot-Marie-Tooth Type 2 disease (George, Hoffiz et al. 2018). Imbalance of
Zmynd11 isoforms may lead to abnormal ubiquitination and impaired protein degradation pathways that leads to disrupted
protein homeostasis, a signature of neurodegenerative diseases including ALS (Ruegsegger and Saxena 2016, Lambert-Smith,
Saunders et al. 2022). Future studies on isoform specific knock down using RNA interference technology in motor neuron-like
cells would elucidate the effect of loss of Zmynd11 full-length isoform on motor neuron function and its contribution to ALS.

We and others have demonstrated that Zmynd11/ZMYND11 is an RNA target of TDP-43 in mouse/humans and that it is
aberrantly spliced in a mouse model of TDP-43 and in ALS patients with TDP-43 pathology. Given its role in global gene
regulation, protein homeostasis and involvement in several neurological diseases, we urge other laboratories to screen for the
Zmynd11/ZMYND11 mis-splicing in their TDP-43 mouse models and human post-mortem CNS samples for isoform
imbalance. It will be prudent to screen ALS and other neurological diseases patient cohorts for mutations in ZMYND11.

Methods
Animals

The University of Queensland Animal Ethics Committee approved all the experiments. Mice overexpressing a mutant human
TDP-43 (hTDP-43) gene were obtained from The Jackson Laboratory (strain name - B6;CB-Tg(Prnp-TARDBP*A315T)
95Balo/J; Stock no:010700). C57BL6/J mice were supplied by The University of Queensland Biological Resources
department. Animals were euthanised at P50 and P100 (n=3 per genotype) and tissues were harvested immediately for RNA
isolation.

RNA isolation

Brain and spinal cord tissue from Prp-TDP43A315T (Tg) animals and wild type (Wt) littermates were homogenized using a
TissueRuptor (Qiagen). 1 mL of TRIzol per 250 mg of tissue was used for homogenization and RNA was isolated as per the
manufacturer’s instruction. DNase treatment was carried out using the DNase free kit (Ambion) followed by quantification
using Nanodrop.

Exon array analysis

Total RNA (200 ng) from transgenic TDP-43 mice and control animals was converted to cDNA and then amplified using the
Applause WT-Amp Plus ST kit (NuGEN). Amplified cDNA (5 μg) was then fragmented, and biotin labeled using the Encore
Biotin Module kit (NuGEN). Labelled cDNA (50 μL) was hybridized onto Affymetrix GeneChip Exon 1.0 ST arrays in a
hybridization oven at 45°C for 20 h at 60rpm. Following hybridization, the arrays were washed and stained using Affymetrix
fluidics station 450. The GeneChip® scanner was used for scanning labelled arrays and GeneChip® Command Console®
Software (AGCC) was used for generating CEL files.

Microarray data analysis

CEL files were analyzed using the built-in exon array analysis workflow in Partek software. Robust microarray averaging
(RMA) was used to normalize the data and Principal component analysis (PCA) was performed to check for sample outliers.
Alt-splice ANOVA was used for identifying novel alternative splicing events. A p value ≤ 0.05 was considered significant.
Raw and processed data has been submitted to Array Express (Acc.No: E-MTAB-1487).

Reverse Transcription-PCR (RT-PCR)

cDNA for PCR and qRT-PCR was synthesized using 1 μg of total RNA from the RNA preparation from the brain and spinal
cord of Tg and Wt animals used in exon array analysis. cDNA synthesis was carried out using the Superscript™ III First-
Strand Synthesis System (Invitrogen) according to the instruction manual. Reverse transcribed template (1 μL) was mixed
with 200 μM dNTPs, 1X ThermoPol buffer, 1.25 U of Taq DNA polymerase, 100 ng of each primer and MilliQ H2O in20 μL
PCR reaction volume. The PCR was carried out using the DNA Engine Tetrad 2 (Bio-Rad). Cycling conditions for Zmynd11
RT-PCR were as follows: denaturation at 94˚C for 1 min; 10 cycles of denaturation at 94˚C for 30 s, annealing at 60˚C for 30
s, extension at 72 ˚C for 30 s; 25 cycles of denaturation at 94˚C for 30 s, annealing at 55˚C for 30 s and extension at 72˚C for
30 s followed by a final extension at 72˚C for 2 min. RT-PCR products (10 μL)were size fractionated using a 2% (w/v) agarose
gel in 1X TAE buffer containing 25 X SYBR Safe DNA Gel Stain (Invitrogen). Amplified products were visualized under UV
light and analyzed using Gel Doc equipment (Bio-Rad) with Quantity One software (Bio-Rad).
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Quantitative Real Time PCR (qRT-PCR)

Quantitative PCR experiments were performed using a LightCycler® 480 (Roche Diagnostics). For qRT-PCR reactions 3 μL
of diluted cDNA (1:6) was mixed with 0.4 μM of each primer (forward and reverse) and 1X SYBR Green I Master mix.
Cycling conditions for qRT-PCR included a pre-incubation step at 95°C for 5 minutes followed by 45 cycles of 95°C for 10 s,
60 or 64°C for 10 s and a final extension step at 72°C for 30 s. LightCycler® 480 software (release 1.5.0 SP3) was used to
calculate Ct values. Pgk1 was used for gene normalization for qPCR experiments. Statistical analysis for qRT-PCR data was
performed using a two-tailed t test with unequal variance. (n=3 per group per genotype).
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