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Abstract: 

Splicing is a post-transcriptional RNA processing mechanism that enhances genomic 
complexity by creating multiple isoforms from the same gene. Diversity in splicing in the 
mammalian nervous system is associated with neuronal development, synaptic function and 
plasticity, and is also associated with diseases of the nervous system ranging from 
neurodegeneration to chronic pain. We aimed to characterize the isoforms expressed in the 
human peripheral nervous system, with the goal of creating a resource to identify novel 
isoforms of functionally relevant genes associated with somatosensation and nociception. We 
used long read sequencing (LRS) to document isoform expression in the human dorsal root 
ganglia (hDRG) from 3 organ donors. Isoforms were validated in silico by confirming 
expression in hDRG short read sequencing (SRS) data from 3 independent organ donors. 
19,547 isoforms of protein-coding genes were detected using LRS and validated with SRS and 
strict expression cutoffs. We identified 763 isoforms with at least one previously undescribed 
splice-junction. Previously unannotated isoforms of multiple pain-associated genes, including 
ASIC3, MRGPRX1 and HNRNPK were identified. In the novel isoforms of ASIC3, a region 
comprising ~35% of the 5’UTR was excised. In contrast, a novel splice-junction was utilized in 
isoforms of MRGPRX1 to include an additional exon upstream of the start-codon, 
consequently adding a region to the 5’UTR. Novel isoforms of HNRNPK were identified which 
utilized previously unannotated splice-sites to both excise exon 14 and include a sequence in 
the 5’ end of exon 13. The insertion and deletion in the coding region was predicted to excise a 
serine-phosphorylation site favored by cdc2, and replace it with a tyrosine-phosphorylation site 
potentially phosphorylated by SRC. We also independently confirm a recently reported DRG-
specific splicing event in WNK1 that gives insight into how painless peripheral neuropathy 
occurs when this gene is mutated. Our findings give a clear overview of mRNA isoform 
diversity in the hDRG obtained using LRS. Using this work as a foundation, an important next 
step will be to use LRS on hDRG tissues recovered from people with a history of chronic pain. 
This should enable identification of new drug targets and a better understanding of chronic 
pain that may involve aberrant splicing events. 
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Introduction: 

RNA sequencing technologies have revolutionized our understanding of gene expression 
patterns in the human peripheral nervous system. Bulk RNA sequencing has provided a 
comprehensive insight into the transcriptome of the human dorsal root ganglia (DRG), 
including comparisons to other tissues and DRG in other species (Ray et al., 2018; Wangzhou 
et al., 2020). Furthermore, bulk sequencing of DRGs recovered from patients with pain have 
revealed how changes in gene expression may drive clinical phenotypes and how these 
underlying drivers differ in men and women (North et al., 2019; Ray et al., 2022). Spatial and 
single-cell technologies have given remarkable insight into the molecular makeup of human 
DRG (hDRG) neurons and other cell types in the DRG, revealing unique aspects of cell types 
and cellular makeup of the hDRG (Bhuiyan et al., 2023; Nguyen et al., 2021; Tavares-Ferreira 
et al., 2022; Yu et al., 2023). A major area that is still lacking is a careful examination of hDRG 
isoform expression. Some important progress has been made in this area as Sapio et al. have 
demonstrated how long read sequencing (LRS) can be used to characterize splicing in hDRG 
(Sapio et al., 2023).  

Alternative splicing allows the generation of multiple isoforms from a single gene. This can 
affect protein structure, as well as expression patterns, through inclusion and exclusion of 
whole or partial exons, phosphorylation sites, or binding sites for RNA-binding proteins 
(Graveley, 2001; Stamm et al., 2005; Wang et al., 2015). Over 90% of genes in the human 
genome are estimated to undergo splicing, thereby enhancing diversity and complexity of the 
mammalian proteome (Pan et al., 2008; Wang et al., 2008). Tissue- and cell-specific 
alternative splicing programs drive inclusion and excision of sequences in transcripts 
expressed in neurons, driving development and associated with peripheral neuropathies 
(Lipscombe & Lopez Soto, 2019; Raj & Blencowe, 2015; Sapio et al., 2023; Su et al., 2021; 
Weyn-Vanhentenryck et al., 2018).  

Functional implications of splicing associated with neuroplastic change and nociception have 
been shown in both rodent and human studies (Donaldson & Beazley-Long, 2016; Hulse et al., 
2014; Liu et al., 2021; Song et al., 2023; Zhang et al., 2021). For instance, splicing of VEGF-A 
by SRPK1 has been shown to cause expression of two isoforms with contrasting pain-
promoting (VEGF-A165a) or analgesic properties in mouse (VEGF-A165b) (Hulse et al., 2014). In 
a different example, Zhang et al showed alternative splicing of HNRNPK in the CNS of mice in 
opioid-induced hyperalgesia (OIH), by measuring expression of clusters of isoforms across 
conditions. HNRNPK exhibited significant alternative splicing in the nucleus accumbens 
associated with OIH, while a specific isoform (ENSMUST00000176849.7) exhibited lowered 
expressed in trigeminal ganglia (Zhang et al., 2021). HNRNPK encodes the RNA-binding 
protein hnRNP K, which has been associated with regulation of mu-opioid receptor (MOR) 
expression by promoting transcription and translation following morphine administration (Lee et 
al., 2014; Song et al., 2017). OPRM1, encoding the G-protein coupled receptor MOR, has 
additionally been shown to undergo splicing, facilitating extensive protein variation, with 
changes to number of transmembrane domains, consequently affecting opioid-induced 
signaling in humans (Donaldson & Beazley-Long, 2016; Liu et al., 2021; Xu et al., 2014). 
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Recently, results from a mouse model of inflammatory pain showed the downstream effect of 
splicing factor CWC22 on expression patterns of isoforms of secretary phosphatase or 
osteopontin, Spp1 (Song et al., 2023). Following complete Freud’s adjuvant (CFA)-injection, an 
increase in Spp1 variant 4 was observed and associated with a proinflammatory and 
pronociceptive mechanism. Despite evidence illustrating the importance of splicing as a 
functional mechanism of neuroplasticity and pain, our understanding of the isoform expression 
patterns in the hDRG is still lacking. 

While isoform expression patterns can be inferred with SRS technologies, it has many 
limitations that can be overcome using LRS (Hu et al., 2021; Stark et al., 2019). Through 
optimized circular consensus sequencing, LRS provides a reliable insight into the 
transcriptome, potentially offering full-length transcript resolution (Sharon et al., 2013; Zeng et 
al., 2022). LRS has been used to characterize expression patterns of isoforms of annotated 
genes in human cells, an example of which is expression of transposon-derived short isoform 
of IFNAR2 (Pasquesi et al., 2023). The short form IFNAR2 is associated with inhibited 
interferon signaling by forming a decoy receptor complex that does not produce intracellular 
signaling. The shorter isoform was found to be consistently more highly expressed than the 
long isoform in n human LRS datasets (Pasquesi et al., 2023). LRS also provides invaluable 
information to characterize RNA isoforms in the nervous system associated with 
neurodegenerative diseases as well as hereditary neuropathies (Sapio et al., 2023; Su et al., 
2021). Sapio et al., used LRS and short read sequencing (SRS) to characterize WNK1 
isoforms, focusing on the HSN2 exon, wherein a mutation is associated with the development 
of hereditary sensory and autonomic neuropathy type 2 (HSNAII) (Shekarabi et al., 2008). An 
increase in the HSN2 expression was observed in the hDRG compared to the spinal cord 
(Sapio et al., 2023). Additionally, the majority of HSN2-expressing isoforms were found to 
contain a 27bp previously unannotated exon.  

In this work, we utilized LRS to characterize isoform expression in hDRGs recovered from 
organ donors. Our aim was to create an overview of mRNA isoform diversity in the hDRG, 
providing a foundation for characterizing the role of alternative splicing in chronic pain 
development. We identified 19,547 coding isoforms, of which 763 isoforms utilized previously 
unannotated splice-sites. Furthermore, we independently identified a previously unannotated 
27bp exon in WNK1 in hDRG. Additionally, we verified the trend of comparatively increased 
short form IFNAR2 expression in a human tissue not previously assessed. Finally, we present 
data evidencing novel isoforms of nociception-associated genes ASIC3, MRGPRX1, SPP1 
and HNRNPK.  
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Materials and Methods: 

Study design 

The primary objective of this study was to characterize isoform expression patterns in hDRG. 
For this purpose, we performed LRS on lumbar hDRGs recovered from organ donors. DRGs 
from both male and female donors was included. All human tissue procurement procedures 
were approved by the Institutional Review Boards at the University of Texas at Dallas. For 
optimal sequence accuracy and variant calling Pacific Biosciences LRS technology was 
utilized (Su et al., 2021). In silico validation was performed by imposing strict cutoffs for 
confident detection of isoforms, in addition to verifying expression in a publicly available SRS 
dataset of hDRGs from independent organ donors (DBGap phs001158.v2.p1) (Ray et al., 
2018). A formal pre hoc power analysis was not performed as no hDRG LRS data was 
available for estimation of isoform interindividual variabilities when we began this work. The 
analysis is considered a valuable overview of the isoform expression patterns, considering the 
inclusion of SRS data for validation. Gene names and isoform names are italicized to 
distinguish from protein names. 

Tissue procurement 

Human DRGs used for RNA extraction were isolated from organ donors within 4 hours of 
cross-clamp (see donor demographics in Figure 1A). The tissue was frozen in dry ice 
immediately upon extraction and stored in -80°C freezer until the time of use. 

Human DRGs previously used for short read sequencing (SRS) were sourced from Anabios, 
see published methods in (Ray et al., 2018) for details.  

RNA extraction and sequencing 

Total RNA isolation was performed from hDRGs of 3 organ donors using TRIzol according to 
the RNEasy Qiagen mini kit extraction protocol (see RNA quality in Figure 1A). Library 
preparation was carried out according to PacBio IsoSeq protocol with SMRTbell adapters to 
obtain a cDNA library of full-length transcripts. Circular consensus sequencing (CCS) was 
performed on the PacBio Sequel II equipment for 3plex on 1 SMRT Cell.  

The SRS dataset was obtained from hDRGs from 3 female organ donors using Illumina 
TruSeq kits to generate polyA+ libraries used for 75bp paired-end sequencing (Ray et al., 
2018). 

Isoform-level bioinformatic analysis 

Only HiFi reads were included in analysis (CCS reads with Phred score greater than or equal 
to Q20). Using the IsoSeq3 pipeline, high quality full length non-concatemer (FLNC) reads 
were obtained by removing 5’ and 3’ primers, polyA tails and artificial adapters, followed by 
clustering and collapsing of redundant isoforms identified across samples using the GRCh38 
reference genome.  
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Quality-control (QC) and filtering of the LRS-defined transcriptome of the hDRG was 
performed using the SQANTI3 tool-package (Pardo-Palacios et al., 2023; Tardaguila et al., 
2018). QC was performed with standard settings according to the SQANTI3 protocol, as well 
as inclusion of CAGE-peak data and polyA list motifs for the GRCh38 genome. Publicly 
available SRS data from deeply sequenced hDRGs from independent organ donors, was 
added to the SQANTI3 Quality Check pipeline (DBGap phs001158.v2.p1) (Ray et al., 2018). 
An expression matrix for isoforms identified using LRS was generated by mapping the SRS-
dataset to the LRS-defined transcriptome using kallisto. Splice-junction coverage was obtained 
using STAR (Ray et al., 2018). Filtering was performed using the SQANTI3 package with 
standard settings for rules-based filtering to target transcripts with unreliable 3’ regions related 
to intrapriming events, transcripts with RT-switching, and transcripts with all noncanonical 
splice-junctions and <3 counts for short read coverage. Isoforms that passed the initial filtering 
were further filtered by predicted coding potential, as well as cut-offs targeting transcripts 
identified in only 1 sample by LRS and with less than 2 transcripts per million (TPM) in SRS of 
hDRGs mapped to the LRS-defined transcriptome, facilitating an in-silico validation. 

NetPhos3.1 was utilized to predict serine, threonine and tyrosine phosphorylation sites in 
neuronal networks, with kinase-specific predictions made for ATM, CKI, CKII, CaM-II, DNAPK, 
EGFR, GSK3, INSR, PKA, PKB, PKC, PKG, RSK, SRC, cdc2, cdk5, and p38 MAPK (Blom et 
al., 1999; Blom et al., 2004). IRESpy was used to predict internal ribosome entry sites (IRES) 
with an imposed prediction threshold of 0.1 (Wang & Gribskov, 2019). Structure and protein-
folding of Swiss-Prot verified aa-sequences were explored using AlphaFold, and novel 
sequence folding was predicted using the Colab simplified version of AlphaFold v2.3.2 
(Jumper et al., 2021). 
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Results: 

Long read sequencing facilitates isoform identification in hDRG 

We used PacBio Sequel II IsoSeq technology to obtain an LRS-defined transcriptome of 
isoforms identified in hDRG. Following pre-processing, using the SMRT-link/IsoSeq pipeline, 
3,165,616 reads with ~8,8 billion bp were identified covering 152,264 isoforms (Figure 1B).  
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HiFi reads varied in length up to ~10kbp with an average length of 2781bp, as expected of the 
human transcriptome (Lopes et al., 2021) (Figure 1C). High quality of sequencing was 
established, with a median Phred score of Q39 (99.99% accuracy), and 24% of reads ranked 
at Q50 (99.999% accuracy) (Figure 1B, 1C). The 3 hDRG samples sequenced were 
characterized by high concordance of transcript lengths and mono- versus multi-exon 
transcript expression, confirming similar library composition (Figure 1D). 

SQANTI3 QC was performed to identify and characterize 8 structural categories of RNAs and 
their isoforms: Full Splice Match (FSM), Incomplete Splice Match (ISM), novel isoforms using 
canonical annotated splice-sites in a new combination (NIC), novel isoforms with at least 1 
novel splice-site (NNC), Genic Genomic, Antisense, Fusion, and Intergenic. Over 90% of RNA 
isoforms were grouped into the first 4 categories. SQANTI3 furthermore facilitated quality 
check of the transcripts by assessing usage of non-canonical splice-sites, prediction of reverse 
transcriptase (RT) switching artifacts and nonsense mediated decay (NMD), as predictors of 
low quality. All 3 measures were shown to be low (Figure 1E). Usage of splice-junctions 
without coverage was observed primarily in novel isoform categories (NNC), as expected. 
Furthermore, reference annotation, and canonical splice-site-, splice-junction- and polyA-site-
usage, as well as SRS coverage were estimated to be high for all structural isoform categories, 
excluding inherent drop in ISM coverage (Figure 1F).  

Figure 1: Descriptive characteristics and quality measures of LRS data.  

A. Donor demographics (sex and age) and RNA quality (RQN and 28s/18s) of hDRGs used for LRS. B. Table of read 

quality distribution of 3,165,616 reads show the number of reads and the bp yield grouped by estimated accuracy 

of bp measured as Phred score (Q20 = 99% to Q50 = 99.999% accuracy). C. Predicted accuracy of the bp call 

measured as Phred score compared to the length of reads. D. The number and length of mono- and multi-exonic 

reads for the 3 LRS samples showing comparable expression pattern with low interindividual variability. E. Quality 

control measures (usage of non-canonical splice-site, splice-junctions without coverage, predicted nonsense-

mediated decay (NMD) and RT switching) are generally low for the 4 primary isoform subtypes (Full Splice Match, 

Incomplete Splice Match, Novel in catalog and Novel not in catalog), apart from usage of novel splice-junctions in 

novel isoforms as expected. F. Measures of good quality (annotated and canonical coverage, as well as coverage 

of poly-a motif, CAGE and splice-junction) were high for all 4 primary isoform subtypes, apart from coverage cage 

for ISM as expected. Figures were generated with SQANTI 3 (Pardo-Palacios, Arzalluz-Luque et al. 2023). 
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Through the inclusion of deeply sequenced SRS data of hDRGs from independent organ 
donors, filtering was performed using SQANTI3 to exclude isoforms predicted to be artifacts. 
Following this, isoforms of 14,056 unique genes were identified in the LRS samples. ~70% 
(13,270 coding genes) of the protein-coding genes detected with SRS when mapped to the 
GRCh38 reference genome, were detected with LRS. 93,729 isoforms passed the initial 
filtering, including 39,421 FSM, 28,480 ISM and 25,413 novel isoforms (NIC or NNC), 
spanning 13,947 annotated genes and 109 entirely novel genes (Figure 2A, 2B). The isoforms 
identified in the hDRG were found to overwhelmingly use canonical splice-sites in both 

Figure 2: Analysis of LRS data.   

A. The number of transcripts identified with LRS and validated with SRS for each transcript category. B. The 

number of genes identified for each gene classification validated with SRS. C. The count and percent of splice-

junctions categorized as known canonical, known non-canonical, novel canonical or novel non-canonical. D. The 

number of isoforms per gene expressed as percentages. E. The proportion of isoform classifications detected for 

each transcript length. F. Pathway of filtering from in silico validation using SRS to categorization by predicted 

coding potential, as well as novel splice-sites and expression cutoffs for both LRS and SRS ultimately identifies 763 

novel coding isoforms. Figures 2D and 2E were generated with SQANTI 3 (Pardo-Palacios, Arzalluz-Luque et al. 

2023). 
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annotated and novel splice-junctions (Figure 2C). For less than 25% of genes only 1 isoform 
was identified, with most genes having more than 6 isoforms, showing expected high diversity 
of isoform expression patterns (Donaldson & Beazley-Long, 2016; Pan et al., 2008) (Figure 
2D). Of the single-isoform genes, the majority were FSM with a transcript length slightly lower 
than the average (2535bp), including multiple ZNF-, TMEM- and FAM-genes. FSM were highly 
detected at all transcript lengths, while novel isoform discovery peaked at 4000bp length 
(Figure 2E). For further characterization, strict cutoffs were manually imposed to exclude 
isoforms identified in only 1 sample with LRS, as well as isoforms with less than 2 TPM from 
SRS mapped to the LRS-defined transcriptome (Figure 2F). 19,547 coding isoforms spanning 
8256 genes were identified which passed the strict expression cutoffs (Supplementary Table 
1A). 763 entirely novel isoforms containing at least one novel splice-junction were identified in 
the hDRG with LRS and the expression validated with SRS from independent human organ 
donors (Supplementary Table 1B).  

Distribution of gene expression with LRS reflects cell types in hDRG  

Spatial transcriptomics, single-nucleus RNAseq, as well as extensive bulk sequencing of 
hDRGs, have previously provided a detailed image of the gene expression patterns expected 
to characterize the tissue at near single-cell type complexity (Nguyen et al., 2021; Ray et al., 
2022; Tavares-Ferreira et al., 2022; Yu et al., 2023). To assess the gene expression of cell 
types expected in the hDRG, the isoforms were ranked according to LRS TPM. Of the 100 
highest expressed isoforms, 28% were transcripts of genes corresponding to a panel of 
neuronally enriched markers of the hDRG (Supplementary Table 1C) (Ray et al., 2022). 
Furthermore, the highest expressed isoform was an FSM of the neuronal marker NEFL.  

Further characterization of the data showed broad expression of genes enriched in neuronal 
subtypes identified with spatial transcriptomics and single nucleus sequencing from hDRG 
(Nguyen et al., 2021; Ray et al., 2018; Tavares-Ferreira et al., 2022). Isoforms of genes 
broadly enriched in neuronal cell-types were detected, including SNAP25, TAC1, CALCA, 
CALCB, NEFH, and NEFL (Figure 3A). Isoforms of genes expressed broadly in nociceptors 
were detected, including NTRK1 and SCN10A. Furthermore, isoforms of genes enriched in 
several subtypes of C-fiber nociceptors, including cold-sensing nociceptors (TRPM8 and 
SCN10A), silent nociceptors (SCN11A, ASIC3 and TRPV1), pruritogen receptor-enriched 
nociceptors (NPPB, GFRA2, IL31RA, TRPV1 and SCN11A), PENK+, and TRPA1+ 
nociceptors were detected. Additionally, isoforms of A-fiber proprioceptors (PVALB, ASIC1 and 
KCNS1) were detected. While SCN9A has been confirmed to be expressed at the RNA level 
across sensory neuron subtypes, and functionally expressed in hDRG, the transcript was not 
detected at sufficient read-depth for our analysis (Li et al., 2018; Ray et al., 2018; Ray et al., 
2023; Tavares-Ferreira et al., 2022). This is likely due to the transcript falling below the level of 
detection by LRS and the strict cutoffs we used. As observed in Figure 3A, of the 21 neuronal 
marker genes, 14 had more than 1 identified isoform (Supplementary Table 2A). For 13 
genes, at least 1 FSM was identified, while novel isoforms were identified for 12 genes. 
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Isoforms of genes enriched in non-neuronal cells were additionally observed, including broadly 
glial cells (GFAP, SOX10, FABP7), as well as specifically Schwann cells (MBP, MPZ), 

Figure 3: Structural variants of isoforms detected for neuronal and non-neuronal markers in hDRG.  

A. Isoforms of 21 neuronal markers and 13 non-neuronal markers detected with LRS and validated with SRS. B. 

The percent of coding and non-coding isoforms for the 4 primary structural categories. C. The average number of 

exons for the 4 primary structural categories. Figures 3B and 3C were generated with SQANTI 3 (Pardo-Palacios, 

Arzalluz-Luque et al. 2023). 
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macrophages (CD68, CD86, ITGAM, CD163), and endothelial cells (PECAM1, CD34) (Xu et 
al., 2023). Lower expression was detected of isoforms of markers for fibroblasts (ISM isoforms 
for FBLN1, no isoforms identified for COL1A2), and T-cells (ISM isoforms for CD4, no isoforms 
detected for CD8A, CD8B and CD3E). Of the 13 non-neuronal markers, 7 had more than one 
isoform, an FSM isoform was identified for 9, and a novel isoform was identified in 5 
(Supplementary Table 2B).  

Broadly, a profile of gene expression patterns reflecting cell types expected in the hDRG was 
observed with LRS, with multiple isoforms detected for most genes. Of the 100 most highly 
expressed isoforms in the LRS-defined transcriptome, 98 were FSMs, 1 was an ISM 
(consortin, CNST) and 1 was a novel isoform (tumor protein D52, TPD52). Collectively, the 
LRS-defined transcriptome was characterized by a majority of coding isoforms across the 
structural categories, as well as consistent exon counts with a trend towards a minor increase 
in novel isoforms (Figure 3B, 3C). An increase in the coding region, provided by inclusion of 
additional exons, has the potential to have functional implications for the protein product (Raj & 
Blencowe, 2015; Stamm et al., 2005). 

Isoform expression patterns in the hDRG 

The LRS-defined transcriptome was mined to assess detection and expression patterns of 
isoforms of genes of interest in hDRG. Published data has shown the shorter form of IFNAR2 
was more broadly expressed in human datasets (Pasquesi et al., 2023). This short form of the 
type 1 interferon receptor type 2 does not produce cellular signaling.  

 

 

As illustrated in Figure 4A and 4B only the short isoform of IFNAR2 was identified in LRS-
defined transcriptome of hDRG validated with SRS. The long isoform is detected following 

Figure 4: Isoforms of IFNAR2 detected with long read sequencing.  

A. The isoforms of IFNAR2 previously annotated in the GENCODE V44 library and the LRS-identified isoforms are shown. The 

italicized isoforms are identified but fall below the strict cutoffs imposed for detection. The UniProt protein and cytoplasmic 

domain annotation are shown. B. A table of the expression level (measured as TPM) for each isoform detected with LRS 

showing the percentage of total gene expression measured with SRS and LRS for each isoform. 
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SQANTI3 QC and filtering, however, the expression level fails strict cutoffs. Consequently, the 
expression of IFNAR2 isoforms in hDRG mimics the trend observed in previously tested 
human LRS datasets, with a higher expression of short form IFNAR2. An implication of this 
finding is that type 1 IFNs may signal primarily through IFNAR1 in hDRG, a hypothesis that 
can be tested in functional studies, as has been done previously in mouse DRG (Barragan-
Iglesias et al., 2020). 

LRS of hDRG have been utilized to characterize isoforms of WNK1 (Sapio et al., 2023). A 
mutation in a DRG specific exon, HSN2, in WNK1 is directly associated with the development 
of hereditary sensory and autonomic neuropathy type 2 (HSNAII) (Lischka et al., 2022). 
Through characterizing WNK1 isoforms in hDRG, a previously unannotated exon in WNK1-204 
(ENST00000530271.6), labelled 26c, was identified and found to be largely co-expressed with 
the HSN2 exon (Sapio et al., 2023). In our LRS-defined transcriptome of hDRG, 3 isoforms of 
the WNK1 gene were identified.  
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One isoform utilized the previously unannotated splice-sites to include the 27bp 26c exon in 
the coding region (Figure 5A). The isoform containing the 26c exon, PB.12933.11, was 
identified in 2 out of 3 of the organ donors with LRS and made up 19% of the expression of the 
WNK1 gene in the SRS dataset of different organ donors (Figure 5B). The additional 27bp 
sequence was predicted to add a 9 amino acid (aa) sequence to the coding region of 
MCPPAEPKS and creating a single aa deletion (aa2666, R). The structural layout of the 
folding of the protein produced from the isoform ENST00000530271.6 was found using 
AlphaFold, showing the insertion site of the novel exon at position aa2665 as shown in Figure 
5C. Using NetPhos3.1, with ENST00000530271.6 as a framework, the additional coding exon 
was predicted to add a serine phosphorylation site, containing a potential consensus 
phosphorylation site for the kinase GSK3 (Figure 5D, 5E). Our data consequently confirms the 
presence of a previously unannotated 27bp exon in WNK1 isoforms in the hDRG and suggests 
a potential unique function of this exon.  

In a CFA-induced mouse model of inflammatory pain, alternative splicing of Spp1 caused an 
increase in Spp1 variant 4 expression (Song et al., 2023). In hDRG SPP1 isoform variant 1 
(PB.5380.3) made up the primary expression detected using LRS (Figure 6A, 6B).  

Figure 5: Isoforms of WNK1 detected with long read sequencing.  

A. The isoforms of WNK1 previously annotated in the GENCODE V44 library and the 3 LRS-identified isoforms of WNK1. The 

italicized isoforms are identified but fall below the strict cutoffs imposed for detection. The UniProt protein and cytoplasmic 

domain annotation are shown. A detailed look at the previously unannotated exon 26c is provided. B. A table of the 

expression level (measured as TPM) for each isoform detected with LRS showing the percentage of total gene expression 

measured with SRS and LRS for each isoform. C. Protein structure for the novel isoform, PB.12933.11, of WNK1 predicted 

with AlphaFold v2.3.2. The previously unannotated region, exon 26c, is highlighted in bold green. D. Predicted 

phosphorylation sites for serine and threonine are annotated in the novel exon 26c with NetPhos3.1. A cutoff of 0.5 for 

phosphorylation potential is imposed. E. A table of the predicted serine-phosphorylation sites in the WNK1 26c exon 

sequence shows a predicted GSK3 phosphorylation site.  
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These results could imply that expression of SPP1 variant 4 may require alternative splicing 
induced by specific pain conditions in humans. Further studies of LRS on hDRGs from organ 
donors with a history of chronic pain is needed to address this. In the LRS-defined 
transcriptome, a novel isoform of SPP1 was detected (PB.5387.17), which exhibited an 
excision of exon 2 (Figure 6A, 6B). Exon 2 contains the start codon, consequently the 
skipping of this exon may induce a disruption of the translation of the transcript. Further studies 
are needed to characterize the functional implication of expression of this isoform in hDRG. 

Novel isoforms are identified in the hDRG 

When assessing only isoforms which pass the stringent cutoffs and with at least 1 novel splice-
junction (NNC) as illustrated in Figure 2F, 763 entirely novel isoforms were identified in the 
hDRG (Supplementary Table 1B). Utilization of novel splice-sites facilitates the inclusion or 
exclusion of parts of the transcript. Of the 763 isoforms, multiple transcripts were from genes 
known to be involved in pain signaling including ASIC3, MRGPRX1, and HNRNPK (Donaldson 
& Beazley-Long, 2016; Liu et al., 2023; Zhang et al., 2021). 

Figure 6: Isoforms of SPP1 detected with long read sequencing.  

A. The isoforms of SPP1 previously annotated in the GENCODE V44 library and the 6 LRS-identified isoforms. The isoform ID 

in bold indicates a novel isoform. The RefSeq sequence and the UniProt protein annotation are shown. A detailed look at 

the excised exon is shown, illustrating the localization of the start-codon, corresponding to the UniProt protein annotation. 

B. A table of the expression level (measured as TPM) for each isoform detected with LRS showing the percentage of total 

gene expression measured with SRS and LRS for each isoform. 
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As shown in Figure 7A, 6 isoforms of ASIC3 were identified, 3 of which were novel and utilized 
splice-junctions to exclude a region of 127 bp in the 5’-UTR. Sequences located in the 5’-UTR 
have previously been shown to drive post-transcriptional regulation and translation through 
inclusions of upstream open reading frames (uORFs), IRESs or binding sites for microRNAs 
(Ryczek et al., 2023). The excised region of 127bp excluded ~35% of the total 5’UTR (127 of 
355bp), including an upstream in-frame stop codon, annotated in the NCBI reference 
sequence at bp 197-199 (NM_004769.4). Using IRESpy (Wang & Gribskov, 2019; Yang et al., 
2021), a potential IRES was predicted with a 0.1 prediction threshold for the canonical region 
which appeared to be retained despite the excision. The 3 isoforms were identified in hDRG 
from all 3 organ donors with LRS. Collectively, the 3 novel isoforms made up almost 50% of 
the expression of the ASIC3 in the SRS dataset (Figure 7B). We were not able to identify any 
clear potential function of the excision from the 5’UTR of the ASIC3 transcript. Further work will 
be needed to understand the implication of this NNC. 

In contrast to ASIC3, where a novel splice-junction excised a region, an isoform of MRGPRX1 
was identified in the LRS dataset which utilizes previously unannotated splice-sites to include 
sequences in the transcripts. Four isoforms of MRGPRX1 were identified in hDRG, shown in 
Figure 8A.  

Figure 7: Isoforms of ASIC3 detected with long read sequencing.  

A. The isoforms of ASIC3 previously annotated in the GENCODE V44 library and the 6 LRS-identified ASIC3 isoforms. The 

isoform ID in bold indicates a novel isoform. The UniProt protein annotation is additionally shown. A detailed look at the 

excised region in the 5’ UTR illustrates the localization of the start-codon. B. A table of the expression level (measured as 

TPM) for each isoform detected with LRS showing the percentage of total gene expression measured with SRS and LRS for 

each isoform. 
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Three of these were FSM and 1 was a novel isoform utilizing novel splice-sites to include a 
93bp exon in the 5’ end of the transcript. The canonical MRGPRX1 transcript consists of 2 
exons where exon 1 encodes the 5’UTR. The novel exon identified in the MRGPRX1 isoform 
was upstream of the canonical start site, consequently, the open reading frame sequence of 
the novel isoform was predicted to be identical to the canonical FSM. An upstream in-frame 
stop codon was annotated in the inserted sequence (bp 177-179), however, using IRESpy no 
potential IRES were predicted in the 5’UTR sequence of the novel PB.12045.1 isoform. The 
novel isoform was identified in 2 out of 3 of the organ donors with LRS, and when mapping the 
SRS to the LRS-defined transcriptome, the isoform makes up 28% of the expression of the 
MRGPRX1 gene (Figure 8B).  

Sixteen novel isoforms of HNRNPK were identified in the hDRG with LRS, with no FSM or ISM 
isoforms (Figure 9A). Upon further inspection, the coding regions of the novel HNRNPK 
isoforms were consistent with the start and end-sites of the canonical isoform, 
ENST00000376263.8, however the novel isoforms consistently lacked an exon observed in all 
annotated isoforms (exon 14). 

Figure 8: Isoforms of MRGPRX1 detected with long read sequencing.  

A. The isoforms of MRGPRX1 previously annotated in the GENCODE V44 library and the 4 LRS-identified MRGPRX1 isoforms. 

The isoform ID in bold indicates a novel isoform. An arrow shows the novel exon identified in isoform PB.12045.1. The 

UniProt cytoplasmic domains and protein annotation is additionally shown. B. A table of the expression level (measured as 

TPM) for each isoform detected with LRS showing the percentage of total gene expression measured with SRS and LRS for 

each isoform. 
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Furthermore, exon 13 was found to contain an additional sequence of 13bp in the 3’end of the 
exon. The deletion of exon 14 and elongation of exon 13 caused a deletion of 6aa (GGSGYD), 
replaced by 5aa (VEYHN), while the remaining coding sequence was conserved. The structure 
of the primary canonical hnRNP K isoform was shown in AlphaFold, and the deletion site 
identified in an outlying loop structure (Figure 9B). Using NetPhos3.1, the deletion was 
predicted to remove a serine-phosphorylation site favored by cdc2 (Figure 9C, 9D). The novel 
isoform of hnRNP K with the deletion/insertion at exons 13 and 14 was modeled in AlphaFold, 
showing minimal structural variation apart from the change to the loop structure (Figure 9E). 
The insertion was predicted to introduce a tyrosine-phosphorylation site with potential 
phosphorylation site for SRC (Figure 9F, 9G). The insertion/deletion was characterized as 
novel and unannotated in the GENCODE V44 database as well as when using the NCBI 
Nucleotide Blast. However, upon searching the inserted amino acid sequence, including the 
8aa prior and after the sequence insertion, using the NCBI Protein Blast tool, a 100% match is 
identified in human proteome as hnRNP K isoform CRA_b (GenBank: EAW62676.1) (Venter et 
al., 2001). The hnRNPK CRA_b isoform matches the hDRG-identified hnRNP K aa sequence, 
apart from the last 5aa. The 5’ end of the hDRG-identified hnRNP K sequence matches the 
6aa sequence of the canonical human hnRNP K sequence.  

Discussion: 

Our work provides a thorough overview of the isoform variants in the hDRG with a focus on 
splicing. Our analysis provides a resource that can be used to examine splicing across most 
genes that are expressed in this tissue. One of our key findings is the relatively high number of 
novel mRNA isoforms that are expressed in the hDRG. This could be a product of more 
diverse splicing in neurons or other cell types in the hDRG, or it could be a result of a paucity 
of data that would allow for annotation of unique splicing events that occur in this tissue. Given 
that previous studies suggest complex splicing patterns in the human nervous system, we 
favor the latter hypothesis as an explanation for our findings. Nevertheless, our findings 
provide new insight into gene expression patterns in the hDRG that may be very important for 
understanding pain and peripheral neuropathies. 

We obtained high quality LRS data, which facilitated the characterization of isoforms in hDRG. 
Detection of short form IFNAR2 isoform reflected results presented in other human tissues 
(Pasquesi et al., 2023). Furthermore, we independently validated the detection of an isoform of 

Figure 9: Isoforms of HNRNPK detected with long read sequencing.  

A. The isoforms of HNRNPK previously annotated in the GENCODE V44 library and the 16 novel LRS-identified isoforms are shown 

along with the UniProt canonical protein annotation, as well as the UCSC protein isoforms. A detailed view of the deletion of exon 14 

and extension of exon 13 is shown. B. The protein structure for the canonical isoform, ENST00000376263.8, of HNRNPK is illustrated 

with AlphaFold, highlighting the 6aa region which is excised in the previously unannotated isoform. C. Predicted phosphorylation sites 

for serine and tyrosine in the canonical isoform are annotated with NetPhos3.1. A cutoff of 0.5 for phosphorylation potential is 

imposed. D. A table of the predicted serine-phosphorylation site in the hnRNP K canonical isoform in the region of the 6aa sequence 

shows a cdc2-phosphorylation site. E. The protein structure for the novel hDRG HNRNPK isoform predicted with AlphaFold v2.3.2, 

indicating the 5aa inserted region. F. Predicted phosphorylation sites for serine and tyrosine in the inserted novel region of the hDRG 

isoform annotated with NetPhos3.1 with a cutoff of 0.5 for phosphorylation potential. G. The predicted tyrosine-phosphorylation site 

in the inserted 5aa region most likely utilized by SRC. 
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WNK1 identified by Sapio et al., containing an exon not previously annotated in the GENCODE 
V44 library. We showed a possible functional implication of the previously unannotated exon in 
WNK1, as it was predicted to insert a sequence within the coding region with potential to 
interact with GSK3 kinase. Previous research has indicated the nociceptor-specific HSN2 exon 
in WNK1 interacts with GSK3 to promote neurite outgrowth in primary cortical neurons of mice 
(Shimizu & Shibuya, 2022). Sapio et al. found that the novel exon was most commonly 
expressed in isoforms with the HSN2 exon, consequently we can hypothesize that the novel 
exon may play a role in the WNK1-HSN2/GSK3 pathway of neurite outgrowth (Sapio et al., 
2023).  

Novel isoforms of SPP1, ASIC3, MRGPRX1 and HNRNPK were identified, utilizing splice-sites 
to include or exclude regions of transcripts. In ASIC3 and MRGPRX1 the utilization of novel 
splice-junctions facilitated changes to the 5’UTR of the transcripts. The significance of the 
5’UTR in translation regulation has been shown in rodent and human research of the 
peripheral nervous system (Hudder & Werner, 2000; Ryczek et al., 2023; Song et al., 2017). 
Studies in a mouse-model of Charcot-Marie-Tooth disease, showed a mutation in the 5’-UTR 
of nerve-specific connexin-32 mRNA prevented function of an IRES, consequently preventing 
the translation of the mRNA (Hudder & Werner, 2000). Variations to the 5’-UTR, including 
IRES sequences, of human OPRM1 have been shown to affect binding of RBPs including 
hNRNP K and PCBP1, consequently affecting protein synthesis in human neuroblastoma cells 
(Song et al., 2017). While OPRM1 is detected at the RNA level, and functionally expressed in 
hDRG, we did not detect the transcript in LRS, likely because it is lowly expressed as shown in 
many bulk RNA sequencing experiments from hDRG tissue (Moy et al., 2020; North et al., 
2019; Ray et al., 2018; Ray et al., 2023). We hypothesize there are changes to the protein 
structure and expression of osteopontin, ASIC3, and MRGPRX1 following the utilization of 
novel splice-junctions as observed using LRS.  

In hDRG, novel isoforms of HNRNPK illustrated the immense functional implication of LRS 
results. All HNRNPK isoforms identified in hDRG were predicted to lack an annotated serine-
phosphorylation site in favor of introducing a novel tyrosine-phosphorylation site most probably 
targeted by SRC. The inclusion of this new phosphorylation site introduces a mechanism for 
alternative regulation of translation of transcripts bound by the hnRNP K protein. Translation 
regulation in DRG neurons plays a critical role in the development of chronic pain in preclinical 
models (Khoutorsky & Price, 2018; Yousuf et al., 2021). Therefore, new mechanisms of 
translation regulation emerging either from novel splice isoforms of RNA binding proteins like 
hnRNP K or novel mRNA variants with change to the 5’ UTR could be important new 
contributors to chronic pain mechanisms. Loss of function mutations in the HNRNPK gene lead 
to Au-Kline syndrome, a rare disorder with distinct facial features and neurological deficits (Au 
et al., 1993). Interesting, the syndrome also features very high pain thresholds and 
dysautonomia (Au et al., 2018), suggesting a fundamental function of this gene in the 
peripheral nervous system that should be explored in more detail in future studies. 

Limitations and future directions 
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Our work is primarily limited by the sample size used for this research. The LRS-defined 
transcriptome was created with data from 3 organ donor samples and validated using SRS 
from 3 independent donor samples, however, the results are vulnerable to population 
variability. The rate of interindividual variation in isoform expression patterns are unknown, 
however, transcriptome-wide differences related to age, sex and pathology history have 
previously been shown and consequently should not be underestimated (North et al., 2019; 
Palmer et al., 2021; Ray et al., 2022). Future studies will address these concerns through 
increased sample size, facilitating the consideration of confounding factors in the analysis. 
Furthermore, while in silico validation was included in the analysis performed in this study, 
future work will address validation with a secondary technique, such as RNAscope or qPCR. 
The depth of LRS is a limitation illustrated by the absence of detection of transcripts expressed 
in hDRG with other sequencing technologies including SCN9A and OPRM1. The Sequel II 
LRS technology had limited sequencing coverage capability, which has been significantly 
improved with new developments to the technology now offered through Revio. Future studies 
can be designed to address splicing patterns in lowly expressed genes by utilizing new 
technologies as well as limiting the number of samples sequenced on 1 chip. Furthermore, the 
role of splicing in the development of chronic pain is hypothesized based on isoform 
discoveries for genes related to nociception, however, additional research is required. 
Important questions will be answered by doing LRS on samples recovered from organ donors 
with a history of neuropathic pain (Iadarola et al., 2022; Renthal et al., 2021).  
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