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Abstract

Over a dozen morphologically and physiologically distinct primary somatosensory neuron 

subtypes report salient features of our internal and external environments. How specialized gene 

expression programs emerge during development to endow somatosensory neuron subtypes with 

their unique properties is unclear. To assess the developmental progression of transcriptional 

maturation of each principal somatosensory neuron subtype, we generated a transcriptomic atlas of 

cells traversing the primary somatosensory neuron lineage. We found that somatosensory 

neurogenesis gives rise to neurons in a transcriptionally unspecialized state, characterized by co-

expression of transcription factors (TFs) that become restricted to select subtypes as development 

proceeds. Single cell transcriptomic analyses of sensory neurons from mutant mice lacking TFs 

suggest that these broad-to-restricted TFs coordinate subtype-specific gene expression programs in 

the subtypes where their expression is maintained. We also define a role for neuronal targets for 

TF expression as disruption of the prototypic target-derived neurotrophic factor NGF leads to 

aberrant subtype-restricted patterns of TF expression. Our findings support a model in which cues 

emanating from intermediate and final target fields promote neuronal diversification in part by 

transitioning cells from a transcriptionally unspecialized state to transcriptionally distinct subtypes 

through modulating selection of subtype-restricted TFs.

Decades of analyses have revealed more than a dozen functionally distinct somatosensory 

neuron subtypes of the dorsal root ganglia (DRG) that collectively enable detection of a 

broad range of salient features of the external world1–4. A fundamental question in sensory 

and developmental biology is how somatosensory neuron subtypes acquire their 

characteristic physiological, morphological, and synaptic properties during development, 

enabling animals to detect and respond to innocuous and noxious thermal, chemical, and 

mechanical stimuli. Classical studies of embryonic development indicate that migrating 

multipotent neural crest progenitors, originating from the dorsal neural tube, populate 
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nascent DRGs5. During ganglia formation, dedicated progenitors that express either 

Neurog1 (neurogenin-1) or Neurog2 (neurogenin-2) are proposed to give rise to distinct 

somatosensory neuron subtypes6, which then innervate peripheral target fields where they 

form morphologically distinct axonal ending types1. Current models of somatosensory 

neuron development have primarily been inferred from studies analyzing changes in 

expression of individual genes or axonal ending types in loss-of-function models1,7,8. Here, 

we use genome-wide transcriptomic analyses coupled with molecular genetic approaches to 

define transcriptional mechanisms of somatosensory neuron subtype diversification.

scRNA-seq of somatosensory neurons

To begin to define transcriptional cascades underlying somatosensory neuron subtype 

specification, we performed single-cell RNA sequencing (scRNA-seq) at embryonic day 

11.5 (E11.5), which is shortly after DRG formation, and at critical developmental milestones 

during somatosensory neuron development: at E12.5, when virtually all DRG neurons are 

post-mitotic9 and have extended axons well into the periphery; at E15.5, when peripheral 

and central target fields of somatosensory neurons are being innervated10,11; at P0, when 

maturation of sensory neuron endings within the skin and other targets is occuring12,13; at 

P5, when peripheral endings have mostly refined into their mature morphological states and 

central projection terminals are properly organized within select spinal cord laminae8,14,15; 

and in early adulthood (P28–42) (Figure 1A, Extended Data Figure 1A–F). We first 

examined primary sensory neurons residing in young adult DRGs obtained from all axial 

levels (Figure 1A, Extended Data Figure 1A). Principal component analysis (PCA) and t-

distributed stochastic neighbor embedding (t-SNE) were used to cluster adult DRG neurons 

based on the similarity of their transcriptomes (Figure 1A). Each cluster was classified as a 

subtype based on prior studies that have described markers and functions for individual 

somatosensory neuron subtypes, in situ analysis confirmation, and by comparison to scRNA-

seq generated from adult trigeminal ganglia (Methods, Extended Data Figure 2A–B, 3A–D, 

Extended Data Table 1). These cell type classifications are consistent with previously 

published RNA-seq findings of adult DRG and trigeminal ganglia16–19.

We next sought to determine how the transcriptional identities of mature somatosensory 

neuron subtypes compare to those of newborn sensory neurons by analyzing the 

transcriptomes of cells from DRGs at E11.5 (Figure 1B). The E11.5 scRNA-seq data were 

visualized using uniform manifold approximation and projection (UMAP)20. Mapping 

historically defined marker genes onto the UMAP representation revealed three principal 

cell types in E11.5 ganglia: 1) multipotent neural crest progenitors (NCPs), marked by 

Sox1021,22; 2) sensory neuron progenitors (SNPs), marked by Neurog1/223; and 3) nascent, 

postmitotic sensory neurons marked by expression of the somatosensory neuron gene 

Advillin (Avil24) and concomitant loss of expression of cell-cycle associated genes (Figure 

1B, Extended Data Figure 4A). Monocle 325 was then used to infer developmental 

relationships between the NCPs, SNPs, and nascent Avil+ sensory neurons. This analysis 

revealed a single continuous trajectory connecting NCPs, SNPs, and Avil+ sensory neurons, 

suggesting a lack of transcriptional diversity in sensory neuron progenitors populating the 

Avil+ compartment. Surprisingly, descendants of Neurog1+ SNPs, labeled using Neurog1Cre; 

Rosa26LSL-tdTomato mice, were found to include a broad range of cell diameters (Figure 1C), 
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consistent with in vitro directed differentiation with Neurog1 overexpression leading to the 

generation of both small and large diameter DRG sensory neuron subtypes26. Moreover, 

genes that are highly enriched in E11.5 Avil+ sensory neurons, relative to progenitors, 

generally remain expressed in adult somatosensory neuron subtypes (Extended Data Figure 

4B). On the other hand, the majority of genes with expression patterns restricted to 

individual terminal somatosensory subtypes of adult ganglia were expressed at trace levels in 

E11.5 Avil+ sensory neurons (Figure 1D), suggesting that upon cell-cycle exit sensory 

neurons are transcriptionally unspecialized specifically with respect to subtype specific 

genes. These observations led us to consider whether a ‘transcriptionally unspecialized state’ 

serves as the starting point for somatosensory subtype diversification.

To address this, we compared scRNA-seq transcriptomes generated from sensory neurons 

between E11.5 and adulthood. Prospective identities for sensory neurons at each 

developmental stage were assigned based on transcriptional similarity using canonical 

correlation analysis27 (Figure 1A, Extended Data Figure 1F) as well as a graph-based 

strategy for locally embedding consecutive timepoints based on the transcriptional variation 

they share. We constructed single-cell k-nearest neighbor graphs for each timepoint (ti) with 

nodes representing cells and edges linking neighbors. These graphs were then joined by 

identifying neighboring cells in adjacent timepoints using a coordinate system learned from 

the subsequent timepoint (ti+1) (Methods). The resulting graph forms a branching network 

that can be visualized using a force-directed layout. This representation spans all 

developmental stages and provides a consolidated view of the transcriptional maturation of 

each principal somatosensory neuron subtype from E11.5 to adulthood (Figure 2A).

We next tested whether this graph-based representation of developmental gene expression 

profiles of sensory neuron subtypes recapitulates known developmental relationships. We 

inspected the expression patterns of the TFs Runx1 and Runx3, which are implicated in 

development of select unmyelinated (C-fiber) neuron subtypes and proprioceptors, 

respectively28–30. We found Runx1 expression was prominent in unmyelinated sensory 

neuron subtypes, whereas Runx3 expression was restricted to mature proprioceptors of adult 

ganglia, as previously described28,29 (Figure 2B). Furthermore, the graph-based 

representation accurately depicts the developmental switch from Ntrk1+ to Ret+ known to 

occur in subsets of non-peptidergic C-fiber neurons30 (Figure 2B). To facilitate exploration 

of this dataset by the community, we created an HTML based interactive interface enabling 

visualization of the expression pattern of any gene at each developmental time point, from 

E11.5 to adulthood, for each of the somatosensory neuron subtypes (click here for 

interactive somatosensory neuron browser).

TFs in sensory neuron development

One observation from our initial analysis of the graph-based representation of developmental 

transcriptomes of sensory neurons is that TFs implicated in development of sensory neuron 

subtypes, Runx1 and Runx3, are broadly co-expressed in nascent E11.5 Avil+ sensory 

neurons, which stands in contrast to their mutually exclusive expression patterns in 

terminally differentiated subtypes of adult DRGs (Figure 2B). This is consistent with the 

finding that Runx1 and Runx3 proteins are co-localized in embryonic DRG31. This 
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observation led us to consider whether other TFs that are subtype-restricted in adult ganglia 

may be co-expressed in nascent, transcriptionally unspecialized sensory neurons. To address 

this possibility, we identified TFs beyond Runx1 and Runx3 that are expressed in select 

somatosensory neuron subtypes of mature ganglia by inspecting 1152 neuronally expressed 

TFs and found that 23 are expressed in distinct subsets of adult somatosensory neurons 

(Figure 2C). Strikingly, as observed with Runx1 and Runx3, the scRNA-seq data revealed 

that several TFs expressed in select subtypes of sensory neurons of mature DRGs are co-

expressed in newborn E11.5 sensory neurons (Extended Data Figure 5A). These scRNA-seq 

findings were verified using double single-molecule RNA fluorescent in situ hybridization 

(smRNA-FISH), with Runx1 and Runx3 as well as Pou4f2 and Pou4f3 serving as test cases. 

Indeed, smRNA-FISH measurements showed that Runx1 and Runx3 as well as Pou4f2 (Aβ 
RA-LTMRs, Aδ-LTMRs, C-LTMRs) and Pou4f3 (CGRP-αs and CGRP-ηs) are co-

expressed in the majority of E11.5 Avil+ sensory neurons, despite their mutually exclusive 

expression patterns in neurons of P0 and adult ganglia (Extended Data Figure 5B–C). These 

observations suggest that all somatosensory neuron subtypes transit through a postmitotic 

transcriptionally unspecialized state. To further address this, we genetically labeled 

descendants in the Avil+ cell compartment at E11.5 by administering a low dose of 

tamoxifen (0.5 mg) at E11.5 to AvilCreERT2; Rosa26LSL-tdTomato mice and found tdTomato 

transcripts to be present in 5–19% of cells in each somatosensory neuron subtypes of adult 

ganglia by scRNA-seq (Figure 3A–C). In addition, we labeled all descendants of one of the 

‘broad early’-to-’subtype restricted late’ TFs, Pou4f2, with tdTomato using a Pou4f2Cre; 

Rosa26LSL-tdTomato mouse line, and terminally differentiated Pou4f2+ DRG subtypes were 

transduced in the same mouse using an AAV carrying a Cre-dependent GFP reporter 

delivered at P14 (Figure 3D). smRNA-FISH analysis revealed tdTomato transcripts in >90% 

of DRG sensory neurons in adult Pou4f2Cre; Rosa26LSL-tdTomato; AAV-CAG:FLEX-

GFPP14 I.V. mice while, in contrast, GFP transcripts were restricted to Aβ RA-LTMRs, Aδ-

LTMRs and C-LTMRs (mature Pou4f2+ populations) (Figure 3E). Interestingly, a 

developmental analysis of subtype-specific gene expression revealed that, in general, large 

diameter neurons achieve transcriptional maturity prior to small diameter neurons, consistent 

with the historical view32,33 (Extended Data Figure 6A–B). Together, these experiments 

indicate that cells in the transcriptionally unspecialized compartment express a broad array 

of TFs that become restricted to select subsets of sensory neurons as development proceeds.

Specification of subtype identity

We next asked if broad-to-restricted TFs contribute to sensory neuron diversification during 

the transcriptionally unspecialized state, thus broadly influencing transcriptional maturation 

of sensory neurons, or whether these TFs primarily influence the subtypes in which their 

expression is maintained. We harvested DRGs from neonatal (P0–5) pups harboring null 

alleles of either Pou4f2 or Pou4f3, which are representative broad-to-restricted TFs, and 

generated scRNA-seq transcriptomes from Pou4f2KO(Cre)/KO(Cre) mice and Pou4f2+/+ 

littermate controls as well Pou4f3−/− mice and Pou4f3+/+ littermate controls. Initial 

inspection of the scRNA-seq data obtained from both Pou4f2 and Pou4f3 mutant animals 

revealed clusters corresponding to each somatosensory subtype (Figure 4A–B). We found 

that cell numbers were not compromised as representative ganglia (T7/8) from Pou4f2 or 
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Pou4f3 knockouts have similar numbers of neurons compared to littermate controls 

(Extended Data Figure 7A–B). Importantly, subtype-specific genes in both the Pou4f2+ 

populations and Pou4f3+ populations were reduced in the respective knockouts, compared to 

littermate controls (Figure 4C–D), whereas randomly selected genes were unchanged 

(Figure 4C–D). In contrast, somatosensory neuron subtypes that normally extinguish 

expression of Pou4f2 and Pou4f3 after E11.5 generally exhibited less dramatic alterations to 

subtype-specific gene expression or subtype-restricted TF expression (Figure 4C–D, 

Extended Data Figure 7A–B). Given the reduction of subtype-specific gene expression in 

Pou4f2 and Pou4f3 mutants, we also determined the consequences of Pou4f2 or Pou4f3 
ablation on the unique axonal endings associated with mature somatosensory neuron 

subtypes. Although the axonal endings associated with Pou4f2+ subtypes are known to form 

longitudinal lanceolate endings around hair follicles1, the axonal ending morphologies 

associated with the Pou4f3+ subtypes were not known. Genetic labeling experiments using 

newly generated Cre lines for each Pou4f3+ subtype revealed that the axonal ending types of 

CGRP-α neurons are free nerve endings that penetrate the epidermis whereas CGRP-η 
neurons form circumferential endings associated with hair follicles (Extended Data Figure 

8A–D). We found the longitudinal lanceolate endings and CGRP+ circumferential axonal 

endings were partially compromised in Pou4f2 and Pou4f3 knockout mice, respectively 

(Extended Data Figure 8E–K). Furthermore, postnatal depletion of Pou4f3 with shRNA 

altered subtype-specific gene expression and function (Extended Data Figure 9A–G). Taken 

together, two representative subtype-restricted TFs, Pou4f2 and Pou4f3 control 

transcriptional maturation of the sensory neuron subtypes in which they remain expressed.

Extrinsic control of subtype identity

Whether differential maintenance or extinction of TFs in emerging subtypes occurs via a 

process that is entirely intrinsic to developing sensory neurons or guided by extrinsic cues 

was next addressed. The mesenchymal and epidermal environments through which 

embryonic somatosensory axons extend are rich sources of extrinsic signals including 

neuronal growth factors8. Therefore, we asked whether nerve growth factor (NGF), an 

extrinsic cue critical for growth and survival of Ntrk1 (TrkA; NGF-receptor)-expressing 

embryonic somatosensory neurons34, which represent ~80% of the adult DRG, may exert 

control over the TF selection process. To address this, scRNA-seq was performed using 

DRGs from neonatal mice harboring a targeted mutation in the NGF gene. This genome-

wide analysis of NGF-dependent gene expression was done using the apoptosis deficient 

Bax-knockout genetic background to circumvent the apoptotic cell death of DRG neurons 

associated with developmental loss of NGF35. While clustering analysis of the scRNA-seq 

data revealed that all somatosensory neuron subtypes are present in Bax−/− controls (Figure 

5A), fewer transcriptionally distinct neuronal populations were observed in NGF−/−; Bax−/− 

double mutants (Figure 5A). Ntrk1-negative populations (proprioceptors and A-fiber 

mechanoreceptors) were not dramatically transcriptionally compromised in NGF−/−; Bax−/− 

mutants compared to Bax−/− controls (Figure 5B), as expected. However, subtype-specific 

gene expression patterns normally present in Ntrk1+ sensory neuron subtypes were 

dramatically altered in the NGF−/−; Bax−/− mutants (Figure 5C). Importantly, examination of 

the aforementioned subtype-restricted TFs showed that the combinations of TFs expressed 
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in the unidentified neuronal clusters in NGF−/−; Bax−/− mutants bore no resemblance to the 

TF combinations observed in neuronal subtypes of control animals, which was confirmed 

using smRNA-FISH analyses (Extended Data Figure 10A). Furthermore, members of the 

Neurod family of transcription factors, which are normally extinguished during embryonic 

development, remained expressed at P0 in NGF−/−; Bax−/− mutants (Extended Data Figure 

10B–D). These findings indicate that the selection of somatosensory neuron subtype-

restricted TFs is controlled, at least in part, by extrinsic cues acting on nascent sensory 

neurons.

Discussion

Our genome-wide transcriptomic analyses of cells traversing somatosensory neuron 

developmental stages support a model in which newborn somatosensory neurons are 

unspecialized with respect to expression of subtype-restricted TFs, and that differential 

maintenance of unique combinations of these subtype-restricted TFs enables nascent sensory 

neurons to resolve into mature subtypes (Extended Data Figure 10D). Early co-expression, 

and subsequent resolution, of TFs has been proposed to underlie diversification of stem cells 

in the hematopoietic lineage36–38, neural crest progenitors prior to lineage committment39, 

and developing spinal motor neurons40–42, although this view has been challenged in the 

case of the hematopoietic system43. The diversification of somatosensory neurons shares 

commonalities and differences with these systems. Unlike cells of the early neural crest and 

the hematopoietic lineages, we propose that somatosensory neuron subtypes emerge 

following cell cycle exit, and unlike other progenitor types, newborn, post-mitotic Avil+ 

somatosensory neurons are not migratory but rather permanent residents of sensory ganglia. 

Therefore, nascent sensory neurons cannot rely on cell division or migration to encounter 

new environments. Rather, a feature of nascent somatosensory neurons is that they 

immediately extend axons along intermediate targets, such as large blood vessels, en route to 

target organs, such as the skin, where they encounter extrinsic cues, including NGF and 

other secreted factors. We propose a model in which multiple distinct extrinsic cues act on 

axons of transcriptionally unspecialized sensory neurons, depending on the timing and 

trajectories of their projection patterns. These cues function, in part, to resolve TF 

expression patterns from a co-expressed state to a subtype-restricted state to promote the 

transcriptional specializations underlying the unique molecular, morphological, and 

physiological properties of somatosensory neuron subtypes.

Online Methods

Animals.

All mouse experiments in this study were approved by the National Institutes of Health and 

the Harvard Medical School IACUC. Experiments followed the ethical guidelines outlined 

in the NIH ‘Guide for the care and use of laboratory animals (https://grants.nih.gov/grants/

olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf). Avpr1aT2a-Cre and 

Bmpr1bT2a-Cre mice were generated using standard homologous recombination techniques 

in ES cells. Chimeras were generated by blastocyst injection and subsequent germline 

transmission was confirmed by tail PCR. The neo selection cassette was excised using a Flp-
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deleter strain for the Avpr1aT2a-Cre but left intact for the Bmpr1bT2a-Cre lines. Mice were 

housed under standard conditions and provided chow and water ad libitum. Plug date was 

considered embryonic day 0.5 (E0.5) and date of birth was considered postnatal day 0 (P0). 

Pou4f3 null mice were obtained from Jax (Stock No. 008645). Pou4f2 null(Cre) mice were 

obtained from Jax (Stock No. 030357). Rosa26 Cre-dependent tdtomato reporter mice were 

obtained from Jax (Stock No. 007914). AvilCreERT2 mice were obtained from Jax (Stock 

No. 032027). All experiments with wild-type animals were conducted with mice on the 

C57Bl/6J background and were obtained from Jackson Laboratory.

Dissociation and purification of isolated single sensory neurons.

The dissection strategy used were nearly identical for all ages presented in this study. 

Specifically, animals were sacrificed, and spinal columns were removed and placed on a tray 

of ice. Individual DRGs with central and peripheral nerves attached were removed from all 

axial levels and placed into ice-cold DMEM:F12 (1:1) supplemented with 1% pen/strep and 

12.5mM D-Glucose. A fine dissection was performed to remove the peripheral and central 

nerve roots, resulting in only the sensory ganglia remaining. 200–400 individual ganglia 

were collected for the DRG and 20–30 ganglia for the trigeminal for each bioreplicate of 

single-cell sequencing. All scRNA-seq experiments in this study were performed with >2 

bioreplicates. Sensory ganglia were dissociated in 40 units papain, 4mg/ml Collagenase, 

10mg/mL BSA, 1mg/mL hyalurdonidase, 0.6mg/mL DNAse in DMEM:F12+1% pen/strep

+12.5mM glucose for 10 minutes at 37C. Digestion was quenched using 20mg/mL 

ovomucoid (trypsin inhibitor), 20mg/mL BSA in DMEM:F12+1% pen/strep+12.5mM 

glucose. Ganglia were gently triturated with fire polished glass pipettes (opening diameter of 

approx. 150–200µm). Neurons were then passed through a 70µm filter to remove cell 

doublets and debris. Neurons were pelleted and washed 4–8x in 20mg/mL ovomucoid 

(trypsin inhibitor), 20mg/mL BSA in DMEM:F12+1% pen/strep+12.5mM glucose followed 

by 2x washes with DMEM:F12+1% pen/strep+12.5mM Glucose all at 4C. After washing, 

cells were resuspended in 50–200uL of DMEM:F12+1% pen/strep+12.5mM glucose. Cells 

were counter stained with Trypan blue, visually inspected, counted with a hemocytometer. 

Dissociated ganglia preparations were considered to pass quality control and used for 

scRNA-seq if >90% of cells were viable, as measured by exclusion of trypan blue and 

virtually no cellular debris was visible.

Tissue processing for RNA florescent in situ hybridization (RNA-FISH).

For sample preparation, individual DRGs from mice were rapidly dissected and axial level 

was identified by identifying specific DRGs using the T12 DRG as a landmark. The T12 

DRG was defined as the ganglia immediately caudal to the last rib. DRGs were frozen in 

dry-ice cooled 2-metylbutane and stored at −80°C until sectioned. DRGs were sectioned at a 

thickness of 15–20µm and RNAs were detected by RNAscope (Advanced Cell Diagnostics) 

using the manufacturer’s protocol. Total numbers of neurons per section of DRG were 

estimated by counting neuronal nuclei as measured by DAPI and counts were confirmed as 

reasonable estimates by comparing to counts measured by measuring Advillin or Pou4f/

Brn3a, which are both pan-somatosensory neuron markers. It was observed that 

somatosensory neuron number per section were similar for DAPI vs Advillin or Pou4f1/

Brn3a. The following probes were used: Mm-Th (Cat#: 317621), Mm-Calb1 (Cat#-428431), 
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Mm-Pou4f2 (Custom made), Mm-Pou4f3 (Custom made), Mm-Avil (Cat#: 498531), Mm-

Asic1 (Cat#: 480581), Mm-Mrgpra3 (Cat#: 548161), Mm-Pou4f1 (Cat#: 414671), Mm-Colq 

(Cat#: 496211), Mm-Sst (Cat#: 404631), Mm-Pvalb (Cat#: 421931), Mm-Ikzf1 (Cat#: 

511201), Mm-Avpr1a (Cat#: 418061), Mm-Oprk1 (Cat#: 316111), Mm-Mrgprd (Cat#: 

417921), Mm-Bmpr1b (Custom made), Mm-Vcan (Cat#: 486231), Mm-Trpm8 (Cat#: 

420451), Mm-Neurod1 (Cat#: 416871), Mm-Neurod6 (Cat#: 444851), Mm-Shox2 (Cat#: 

554291), Mm-Hopx (Cat#: 405161), Mm-Runx1 (Cat#: 406671), Mm-Runx3 (Cat#: 

451271) GFP (Cat#: 400281), tdTomato (Cat#: 317041).

Single-cell RNA library preparation, sequencing, and analysis.

Single cell RNA-seq was performed with the 10X Genomics Chromium Single Cell Kit (v2 

& v3). Approximately 1000–8000 cells were added to the RT mix prior to loading on the 

microfluidic chip. Downstream reverse transcription, cDNA synthesis/amplification, and 

library preparation were performed according to manufacturer’s instructions. All samples 

were sequenced on a NextSeq 500 with 58bp sequenced into the 3’ end of the mRNAs. 

Initial gene expression tables for individual barcodes were generated using the cellranger 
pipeline according to instructions provided by 10x Genomics. All gene expression tables 

were then imported into R and analyzed with Seurat (v 2.3) with standard procedures. 

Cluster identification: clusters were classified into transcriptionally distinct somatosensory 

neuron subtypes: Aβ RA-LTMRs44–46, Aβ Field-LTMRs/Aβ SA1-LTMRs46,47, Aδ-

LTMRs46,48, C-LTMRs46,49, CGRP+ neurons50,51 (containing six transcriptionally discrete 

subtypes), Mrgprd+ polymodal nociceptors46,52–54, proprioceptors55,56, Sst+ pruriceptors 

(Somatostatin/Nppb+)57,58, cold sensitive thermoceptors50,59,60, as well as two main classes 

of support cells (Endothelial and Schwann cells). We note that a transcriptionally distinct 

cluster uniquely corresponding to Merkel cell-associated Aβ SA1-LTMRs was not detected. 

However, based on bulk RNA-seq analysis of genetically defined and FACS-purified LTMR 

subtypes, Aβ SA1-LTMRs harbor transcriptomes bearing striking resemblance to Aβ Field-

LTMRs46; therefore, these two Aβ LTMR subtypes are likely embedded within the same 

cluster in our tSNE plot. We confirmed that marker genes for each of the sensory neuron 

subtypes are expressed in subsets of DRG neurons and noted that the relative proportions of 

certain sensory neuron subtypes varied across ganglia located at different axial levels 

(Extended Data Figure 2A–B). Moreover, the somatosensory neuron subtypes identified in 

this adult DRG analysis are remarkably similar to those identified in scRNA-seq analysis of 

5,556 somatosensory neurons we obtained from adult trigeminal ganglia (TG) (Extended 

Data Figure 3A–D). The cell types identified by our scRNA-seq findings are largely 

consistent with previously published adult DRG/TG scRNA-seq data sets16,17,19,61,62 

Exclusion Criteria: As a first quality control filter, individual cells were removed from the 

data setif they had fewer than 1000 discovered genes, fewer than 1000 UMI or greater than 

5% reads mapping to mitochondrial genes (several data sets use a 10% threshold for this 

parameter and is indicated in the respective figures). Preparing single cell suspensions of 

DRG/TG sensory neurons often results in a population non-neuronal/neuronal doublets. To 

circumvent this, we defined individual cells showing expression of Schwann cell markers 

(Sox2 or Ednrb) and neuronal markers as neurons that did not resolve into single cells 

during the dissociation process. Cells matching these criteria were removed before 

performing subsequent analysis and this analysis was applied to all data sets presented in 
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this study. Lastly, for simplicity, most displays exclude non-neuronal cells (Schwann and 

endothelial). Generally, we found that <10% of cells in any given data set were classified as 

non-neuronal. General analysis parameters: Raw UMI counts were normalized to 10,000 

UMIs per cell. Highly variable genes were calculated using the FindVariableGenes function 

with mean.function=ExpMean, dispersion.function=LogVMR, x.low.cutoff=0, and 

y.cutoff=0.5. PCA/tSNE analysis were used for dimensionality reduction and elbow plots 

were generated to determine which principal components to include in the analysis. This 

corresponded to roughly the first 20 principle components. Canonical correlation analysis 

(CCA) and matching of cell types through development was performed as previously 

described27. Identification of differentially expressed genes: Differential gene expression 

analysis was performed on all expressed genes using the FindMarker function in Seurat 

using the Wilcoxon-Rank Sum test and a pseudocount of 0.001 was added to each gene to 

prevent infinite values. P-values <10−322 were defined as 0 as the R-environment does not 

handle numbers <10−322. Each identified cell type was compared against an outgroup which 

corresponded to all other cells in the dataset at the respective timepoint. All genes identified 

were spot checked by overlaying the expression levels on the tSNE plot to ensure the 

computational method was faithfully identifying genes with the prescribed features. For 

subtype specific gene expression analysis, subtype specific genes were first defined using 

the littermate control mice as knockout mice were not always available on pure C57/Bl6 

background. The subtype specific genes identified in littermate control mice was nearly 

identical to those observed in C57/Bl6 control animals. Of the top 100 subtype-specific 

genes, 50 were randomly selected from this group and compared to the knockout controls. 

50 expression matched genes that were not included in the subtype-specific gene list were 

selected as the randomized control genes. Monocle 3 analysis (for E11 trajectory analysis). 
The Monocle 3 workflow was performed in a similar fashion as previously described25. In 

brief the Monocle 3 pipeline offers several key advantages, described here briefly. Firstly, 

this pipeline allows for the generation of trajectories over potentially discontinuous 

underlying data. This is first accomplished by performing dimensionality reduction with the 

recently proposed UMAP algorithm20, instead of tSNE. Notably, UMAP provides 

comparable visualization quality to tSNE and UMAP also performs better at preserving 

global relationships, which is a noted shortcoming of the tSNE algorithm. Furthermore, the 

UMAP algorithm is more efficient [O(N)] compared to tSNE [Nlog(N)] making UMAP a 

more computationally friendly option for large datasets, as those used in this study. The 

UMAP parameters used in this study are comparable to those previously applied25 

(reduction.use = “PCA”, max.dim = 2L, neighbors = 50, min_dist = 0.1, cosine distance 

metric). We note similar parameters have been used to finely resolve subtrajectories25 and 

therefore we argue that these parameters provide greatest sensitivity for identifying 

branches, if they exist, within out dataset. STITCH analysis. Although UMAP provides an 

advance in gene expression based trajectory inference, more complex changes in gene 

expression space, as is observed often in development63 continue to provide a significant 

challenge to identifying underlying trajectories. A recently proposed algorithm, STITCH, 

described in63 provides an alternative strategy, which is described here in brief. Instead of 

projecting all the data into a single low-dimensional space, STITCH assembles a manifold 

that is defined by a series of independent PCA subspaces corresponding to each individual 

time point with nodes representing cells and edges linking transcriptionally similar cells in a 
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low-dimensional space. This allows for connections between cells to be identified even if 

cells are optimally described by differing underlying PC subspaces. From here, each cell in 

timepoint ti, where i ∈ (E11.5, E12.5, E15.5, P0, P5, Adult) forms an outgoing edge from ti 
→ ti and ti → ti-1, ∀i ∈ (timepoints) where all cells are projected into the PC subspace 

defined by ti alone. In essence, edges connect each cell to its closet transcriptional neighbor 

within a timepoint and the preceding timepoint. Edges are then subjected to local 

neighborhood restriction such that an outgoing edge from a cell was maintained if its 

neighbors were at most 3-fold as far as the cell’s closest neighbor. To avoid spurious 

connections that may form, edges were next subjected to a global neighborhood restriction 

where edges are maintained if they were below the average edge distance across all cells 

between time points (ti, ti-1) or within 1 standard deviation of the average edge distance 

within the timepoint. The graph was further reduced by retaining at most 20 mutual nearest 

neighbor edges.

Cloning, production, purification, concentration and quality control of Adeno-associated 
virus (AAV).

AAV backbones were generated using standing cloning and molecular biology techniques. 

The following sequences were used for shRNAs: Luciferase 

(GCGCGATAGCGCTAATAATTT), Pou4f3 (TATCCCTTGGAGAAAAGCCTTGTT). 

AAVs included GFP, tagged with hemagglutinin (TAC 

CCATACGATGTTCCAGATTACGCT) as a reporter to monitor infectivity. Each individual 

preparation of AAV (2/9) and (2/PHP.S64) were produced by transient transfection of pRC9, 

pHelper, and AAV-genome plasmid into 6–12 T225 flasks of HEK 293T cells. Viral media 

was collected and replaced at 72 hrs. 293T cells and a second round of viral media were 

collected at 120 hrs post transfection. AAVs were extracted from cell pellets using Salt 

Active Nuclease (Articzymes) in 40mM Tris, 500mM NaCl and 2mM MgCl2 pH8 (SAN 

buffer). AAV in supernatant were precipitated with 8% PEG/500mM NaCl and resuspended 

in SAN buffer. Viral suspensions were loaded onto an iodixanol gradient (OptiPrep) and 

subsequently concentrated using Amicon filters with a 100kD cutoffs to a volume of 25–

30uL (1xPBS + 0.001% F-68) per 6 T225-flasks transfected. Viral titers were normalized to 

1e1014 vg/mL and stored at −80C in 5–10uL aliquots. AAVs (2/9) were injected 

intraperitoneally (IP) into postnatal day 0 pups. Pups transiently anesthetized by 

hypothermia and beveled pipettes were used to deliver 1012 viral genomes in a volume of 

10uL (0.01% Fast Green, 1x PBS). After mice were injected, they were returned to ambient 

temperature and upon regaining full mobility were cross fostered with nursing CD1 females. 

Approximately seven days after transduction, DRGs were extracted for subsequent 

experimental analysis. Upon dissecting, all DRGs were visualized and monitored for GFP 

expression. For behavioral experiments, a minimum of 1012 viral genomes of AAV (2/

PHP.S) were delivered to P21 mice via intravenous injection (retroorbital vein).

Immunostaining analysis.

DRG: For immunostaining analysis, mice (P28–42) were anesthetized with isoflurane and 

transcardially perfused with 10mL of 1xPBS (with Heparin) followed by 10mL of 

1xPBS/4% paraformaldehyde at room temperature. Spinal columns were then removed and 

rinsed in 1xPBS and then cryoprotected overnight in 1xPBS/30% sucrose at 4°C, then 
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embedded in NEG50 and stored at −70°C. For cryosectioning, tissue blocks were 

equilibrated to −20°C for 1 hour and then sectioned onto glass slides at a thickness of 20–

25µm. Slides were stored at −70°C until ready for staining. Slides with sections were taken 

from freezers and immediately placed into 1xPBS and washed 3x with 1xPBS for 5 minutes 

each at room temperature. Tissue was blocked using 1xPBS/5% Normal donkey serum/

0.05% Triton X-100 for 1 hour at room temperature. Tissue was then washed with 1xPBS 3x 

5 minutes each at room temperature. Tissue was then incubated in primary antibody (Rabbit 

Anti-NeuN, Millipore: MAB377, 1:1000. Goat Anti-mCherry/tdTomato, CederLane: 

AB0040–200, 1:1000) in 1xPBS/5% Normal donkey serum/0.05% Triton X-100 overnight 

at 4°C. Tissue were washed in 1xPBS 3x for 5 minutes at room temperature followed by 

secondary antibody (Donkey Anti-Rabbit 488, 1:1000; Donkey Anti-Goat, 1:1000) diluted 

in 1xPBS/5% Normal donkey serum/0.05% Triton X-100 for 1 hour at room temperature. 

Lastly, tissue was washed in 1xPBS 3x for 5 minutes at room temperature followed by 

application of mounting media and glass coverslip. Skin sections. Skin sections were 

immunostained as described for DRG sections with the following differences: Section 

thickness was 55–60µm. Primary antibodies used were (Chicken Anti-GFP, Aves: 

GFP-1020, 1:1000. Goat Anti-mCherry/tdTomato, CederLane: AB0040–200, 1:1000, Rabbit 

Anti-CGRP, Immunostar: 24112, 1:1000). All images were obtained as z-stacks using a 

Zeiss LSM 700 confocal microscope using a 10x or 20x objective.

Two-plate temperature choice assay.

Animals were habituated to the behavioral apparatus for 30 minutes prior to experimental 

analysis. Animals were placed into the center of two identical chambers with one chamber 

randomly set to 30°C and the other to the test temperature indicated. Animals were recorded 

as they freely explored the arena while automatic tracking software was used to track 

animals over a 5-minute period. Time spent in each temperature chamber was quantified as a 

fraction of total time tested and one temperature was tested per day.

RNA isolation, reverse transcription, and qRT-PCR.

DRGs were dissected as described above; however, instead of subjecting ganglia to 

dissociation, they were directly lysed by gentle agitation in Trizol at room temperature for 

10 minutes. The RNeasy Mini (Qiagen) kit was used according to manufacturer’s 

instructions to purify DNA-free RNA. RNA was converted to cDNA using 200–250ng of 

RNA with the High-capacity cDNA reverse transcription kit (Themofisher). qRT-PCR was 

performed with technical triplicates and mapped back to relative RNA concentrations using 

a standard curve built from a serial dilution of cDNA. Data were collected using the 

LightCycler 480 SYBR Green I Master mix (Roche) on a QuantStudio 3 qPCR machine 

(Applied Biosystems).

Statistics and reproducibility.

For all scRNA-seq data shown all individual cells for the labeled cell type are shown with no 

downsampling or subsetting implemented unless explicitly indicated. Differential and 

comparative gene expression analysis were conducted using a two-sided Wilcoxon rank-sum 

test with Bonferroni correct p-values. Immunostaining and cell counting comparisons were 

done using a two-sided t-test. Behavioral analysis was compared using a two-way ANOVA 
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followed by a Tukey’s post-hoc test. All scRNA-seq samples were derived from n=2 

biologically independent samples with the exception of the adult (P28–42) sample which 

was derived from n=6 biologically independent samples. The follow sample sizes (cell 

numbers) for each cell type and samples sizes for other analyses are as follows: Fig1a Adult: 

257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR cells, 1554 C-LTMR 

cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 CGRP-γ cells, 758 

CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 Proprioceptors cells, 761 Sst 

cells, 488 Cold Thermoceptors cells, Postnatal day 5 209 Aβ Field LTMR cells, 297 Aβ RA 

LTMR cells, 237 Aδ LTMR cells, 1392 C-LTMR cells, 445 CGRP-α cells, 473 CGRP-ε 
cells, 153 CGRP-η cells, 334 CGRP-γ cells, 640 CGRP-θ cells, 243 CGRP-ζ cells, 3019 

Mrgprd cells, 104 Proprioceptors cells, 787 Sst cells, 405 Cold Thermoceptors cells, 

Postnatal day 0 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR cells, 

1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 

CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 

Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells, Postnatal day 0 214 Aβ 
Field LTMR cells, 163 Aβ RA LTMR cells, 165 Aδ LTMR cells, 739 C-LTMR cells, 284 

CGRP-α cells, 188 CGRP-ε cells, 122 CGRP-η cells, 216 CGRP-γ cells, 359 CGRP-θ 
cells, 122 CGRP-ζ cells, 1704 Mrgprd cells, 103 Proprioceptors cells, 397 Sst cells, 284 

Cold Thermoceptors cells, Embryonic Day 15.5 61 Aβ Field LTMR cells, 33 Aβ RA LTMR 

cells, 96 Aδ LTMR cells, 383 C-LTMR cells, 144 CGRP-α cells, 45 CGRP-ε cells, 26 

CGRP-η cells, 97 CGRP-γ cells, 208 CGRP-θ cells, 63 CGRP-ζ cells, 670 Mrgprd cells, 40 

Proprioceptors cells, 61 Sst cells, 128 Cold Thermoceptors cells, 3196 unlabeled cells, 

Embryonic Day 12.5 30 Aβ Field LTMR cells, 20 Aβ RA LTMR cells, 30 Aδ LTMR cells, 

122 C-LTMR cells, 57 CGRP-α cells, 87 CGRP-ε cells, 48 CGRP-η cells, 60 CGRP-γ 
cells, 9 CGRP-θ cells, 37 CGRP-ζ cells, 555 Mrgprd cells, 37 Proprioceptors cells, 24 Sst 

cells, 105 Cold Thermoceptors cells, 7909 unlabeled cells; Fig1b Embryonic Day 11.5 1951 

Unspecialized sensory neuron, 5402 Sensory neuron progenitor, 2781 Neural crest 

progenitor; Fig1c n=3 biologically independent samples; Fig1d 1951 unspecialized sensory 

neuron, 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR cells, 1554 C-

LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 CGRP-γ cells, 

758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 Proprioceptors cells, 761 Sst 

cells, 488 Cold Thermoceptors cells; Fig2a,b 696 Aβ Field LTMR cells, 734 Aβ RA LTMR 

cells, 659 Aδ LTMR cells, 3750 C-LTMR cells, 2072 CGRP-α cells, 1503 CGRP-ε cells, 

555 CGRP-η cells, 1377 CGRP-γ cells, 1895 CGRP-θ cells, 743 CGRP-ζ cells, 7498 

Mrgprd cells, 462 Proprioceptors cells, 1733 Sst cells, 1246 Cold Thermoceptors cells, 1951 

unspecialized sensory neurons, 14982 cells with unmatched identity; Fig2c 1951 

unspecialized sensory neurons, 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ 
LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η 
cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 

Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells; Fig3a 10321 cells from 

E11.5; Fig3c 159 Aβ Field LTMR cells, 385 Aβ RA LTMR cells, 203 Aδ LTMR cells, 1827 

C-LTMR cells, 441 CGRP-α cells, 334 CGRP-ε cells, 348 CGRP-η cells, 417 CGRP-γ 
cells, 1665 CGRP-θ cells, 196 CGRP-ζ cells, 3666 Mrgprd cells, 185 Proprioceptors cells, 

802 Sst cells, 717 Cold Thermoceptors cells; Fig3e n=3 biologically independent samples; 

Fig4a,c control/knockout 776/435 Aβ Field LTMR cells, 728/1114 Aβ RA LTMR cells, 
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667/927 Aδ LTMR cells, 2928/2486 C-LTMR cells, 478/656 CGRP-α cells, 990/582 

CGRP-ε cells, 721/589 CGRP-η cells, 711/540 CGRP-γ cells, 1845/2381 CGRP-θ cells, 

417/230 CGRP-ζ cells, 5556/7508 Mrgprd cells, 446/654 Proprioceptors cells, 1747/1460 

Sst cells, 493/675 Cold Thermoceptors cells; Fig4b,d control/knockout 191/254 Aβ Field 

LTMR cells, 246/332 Aβ RA LTMR cells, 170/236 Aδ LTMR cells, 917/800 C-LTMR cells, 

706/545 CGRP-α cells, 495/365 CGRP-ε cells, 279/330 CGRP-η cells, 559/429 CGRP-γ 
cells, 907/605 CGRP-θ cells, 292/341 CGRP-ζ cells, 1977/2960 Mrgprd cells, 123/213 

Proprioceptors cells, 724/835 Sst cells, 427/392 Cold Thermoceptors cells; Fig5a–c 159 in 

control 342 Aβ Field LTMR cells, 122 Aβ RA LTMR cells, 413 Aδ LTMR cells, 783 C-

LTMR cells, 363 CGRP-α cells, 314 CGRP-ε cells, 320 CGRP-η cells, 418 CGRP-γ cells, 

460 CGRP-θ cells, 352 CGRP-ζ cells, 1162 Mrgprd cells, 368 Proprioceptors cells, 149 Sst 

cells, 442 Cold Thermoceptors cells, in NGF−/−;Bax−/− 82 Aβ Field LTMR cells, 162 Aβ 
RA LTMR cells, 124 Aδ LTMR cells, 395 Proprioceptors, 2558 ClusterA cells, 1878 

ClusterB cells, 362, ClusterC cells, 1461 ClusterD cells, 714 ClusterE cells; Extended Data 

Fig1a 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR cells, 1554 C-

LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 CGRP-γ cells, 

758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 Proprioceptors cells, 761 Sst 

cells, 488 Cold Thermoceptors cells; Extended Data Fig1b 209 Aβ Field LTMR cells, 297 

Aβ RA LTMR cells, 237 Aδ LTMR cells, 1392 C-LTMR cells, 445 CGRP-α cells, 473 

CGRP-ε cells, 153 CGRP-η cells, 334 CGRP-γ cells, 640 CGRP-θ cells, 243 CGRP-ζ 
cells, 3019 Mrgprd cells, 104 Proprioceptors cells, 787 Sst cells, 405 Cold Thermoceptors 

cells; Extended Data Fig1c 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ 
LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η 
cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 

Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells; Extended Data Fig 1d 214 

Aβ Field LTMR cells, 163 Aβ RA LTMR cells, 165 Aδ LTMR cells, 739 C-LTMR cells, 

284 CGRP-α cells, 188 CGRP-ε cells, 122 CGRP-η cells, 216 CGRP-γ cells, 359 CGRP-θ 
cells, 122 CGRP-ζ cells, 1704 Mrgprd cells, 103 Proprioceptors cells, 397 Sst cells, 284 

Cold Thermoceptors cells; Extended Data Fig1d 61 Aβ Field LTMR cells, 33 Aβ RA LTMR 

cells, 96 Aδ LTMR cells, 383 C-LTMR cells, 144 CGRP-α cells, 45 CGRP-ε cells, 26 

CGRP-η cells, 97 CGRP-γ cells, 208 CGRP-θ cells, 63 CGRP-ζ cells, 670 Mrgprd cells, 40 

Proprioceptors cells, 61 Sst cells, 128 Cold Thermoceptors cells; Extended data Fig 1e 30 

Aβ Field LTMR cells, 20 Aβ RA LTMR cells, 30 Aδ LTMR cells, 122 C-LTMR cells, 57 

CGRP-α cells, 87 CGRP-ε cells, 48 CGRP-η cells, 60 CGRP-γ cells, 9 CGRP-θ cells, 37 

CGRP-ζ cells, 555 Mrgprd cells, 37 Proprioceptors cells, 24 Sst cells, 105 Cold 

Thermoceptors cells; Extended Data Fig1f Mature/P5 merge, P5/P0 merge, E15.5/P0 merge, 

E15.5/E12.5 merge; Extended Data Fig2a,b n=15 biologically independent sections for each 

in situ at each axial level, Extended Data Fig3a–c 293 Aβ RA LTMR cells, 106 Aδ LTMR 

cells, 408 C-LTMR cells, 225 CGRP-α cells, 595 CGRP-ε cells, 127 CGRP-η cells, 329 

CGRP-γ cells, 199 CGRP-θ cells, 96 CGRP-ζ cells, 1103 Mrgprd cells, 131 cells, 656 Cold 

Thermoceptors cells; Extended Data Fig4a–e 257 Aβ Field LTMR cells, 273 Aβ RA LTMR 

cells, 182 Aδ LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 

CGRP-η cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd 

cells, 234 Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells, 1951 

Unspecialized sensory neuron (USN), 5402 Sensory neuron progenitor (SNP), 2781 Neural 
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crest progenitor (NCP), Extended Data Fig5a 696 Aβ Field LTMR cells, 734 Aβ RA LTMR 

cells, 659 Aδ LTMR cells, 3750 C-LTMR cells, 2072 CGRP-α cells, 1503 CGRP-ε cells, 

555 CGRP-η cells, 1377 CGRP-γ cells, 1895 CGRP-θ cells, 743 CGRP-ζ cells, 7498 

Mrgprd cells, 462 Proprioceptors cells, 1733 Sst cells, 1246 Cold Thermoceptors cells, 1951 

unspecialized sensory neurons, 14982 cells with unmatched identity; Extended data Fig5b 

257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR cells, 1554 C-LTMR 

cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 CGRP-γ cells, 758 

CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 Proprioceptors cells, 761 Sst 

cells, 488 Cold Thermoceptors cells; Extended Data Fig5c n=3 biologically independent 

samples, Extended Data Fig6a,b Adult: 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 

182 Aδ LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 

CGRP-η cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd 

cells, 234 Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells, Postnatal day 5 

209 Aβ Field LTMR cells, 297 Aβ RA LTMR cells, 237 Aδ LTMR cells, 1392 C-LTMR 

cells, 445 CGRP-α cells, 473 CGRP-ε cells, 153 CGRP-η cells, 334 CGRP-γ cells, 640 

CGRP-θ cells, 243 CGRP-ζ cells, 3019 Mrgprd cells, 104 Proprioceptors cells, 787 Sst 

cells, 405 Cold Thermoceptors cells, Postnatal day 0 257 Aβ Field LTMR cells, 273 Aβ RA 

LTMR cells, 182 Aδ LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε 
cells, 270 CGRP-η cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 

Mrgprd cells, 234 Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells, 

Postnatal day 0 214 Aβ Field LTMR cells, 163 Aβ RA LTMR cells, 165 Aδ LTMR cells, 

739 C-LTMR cells, 284 CGRP-α cells, 188 CGRP-ε cells, 122 CGRP-η cells, 216 CGRP-γ 
cells, 359 CGRP-θ cells, 122 CGRP-ζ cells, 1704 Mrgprd cells, 103 Proprioceptors cells, 

397 Sst cells, 284 Cold Thermoceptors cells, Embryonic Day 15.5 61 Aβ Field LTMR cells, 

33 Aβ RA LTMR cells, 96 Aδ LTMR cells, 383 C-LTMR cells, 144 CGRP-α cells, 45 

CGRP-ε cells, 26 CGRP-η cells, 97 CGRP-γ cells, 208 CGRP-θ cells, 63 CGRP-ζ cells, 

670 Mrgprd cells, 40 Proprioceptors cells, 61 Sst cells, 128 Cold Thermoceptors cells, 

Embryonic Day 12.5 30 Aβ Field LTMR cells, 20 Aβ RA LTMR cells, 30 Aδ LTMR cells, 

122 C-LTMR cells, 57 CGRP-α cells, 87 CGRP-ε cells, 48 CGRP-η cells, 60 CGRP-γ 
cells, 9 CGRP-θ cells, 37 CGRP-ζ cells, 555 Mrgprd cells, 37 Proprioceptors cells, 24 Sst 

cells, 105 Cold Thermoceptors cells, Extended Data Fig7a n=3 biologically independent 

samples for the Avil in situ, control/knockout 776/435 Aβ Field LTMR cells, 728/1114 Aβ 
RA LTMR cells, 667/927 Aδ LTMR cells, 2928/2486 C-LTMR cells, 478/656 CGRP-α 
cells, 990/582 CGRP-ε cells, 721/589 CGRP-η cells, 711/540 CGRP-γ cells, 1845/2381 

CGRP-θ cells, 417/230 CGRP-ζ cells, 5556/7508 Mrgprd cells, 446/654 Proprioceptors 

cells, 1747/1460 Sst cells, 493/675 Cold Thermoceptors cells; Extended Data Fig 7b n=3 

biologically independent samples for the in situ, control/knockout 191/254 Aβ Field LTMR 

cells, 246/332 Aβ RA LTMR cells, 170/236 Aδ LTMR cells, 917/800 C-LTMR cells, 

706/545 CGRP-α cells, 495/365 CGRP-ε cells, 279/330 CGRP-η cells, 559/429 CGRP-γ 
cells, 907/605 CGRP-θ cells, 292/341 CGRP-ζ cells, 1977/2960 Mrgprd cells, 123/213 

Proprioceptors cells, 724/835 Sst cells, 427/392 Cold Thermoceptors cells; Extended Data 

Fig8e,f tSNE plots represent 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ 
LTMR cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η 
cells, 705 CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 

Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells; Extended Data Fig8h n=3 
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biologically independent samples for the immunostaining, Extended Data Fig 8j n=3 

biologically independent samples for the immunostaining, Extended Data Fig8k n=3 

biologically independent samples for the immunostaining and the in situ, Extended Data 

Fig9a n=3 biologically independent samples; Extended Data Fig9b–f 112/231 Aβ Field 

LTMR cells, 155/301 Aβ RA LTMR cells, 124/132 Aδ LTMR cells, 1124/1111 C-LTMR 

cells, 225/231 CGRP-α cells, 369/239 CGRP-ε cells, 105/76 CGRP-η cells, 235/117 

CGRP-γ cells, 573/674 CGRP-θ cells, 209/110 CGRP-ζ cells, 2174/2345 Mrgprd cells, 

95/170 Proprioceptors cells, 701/721 Sst cells, 175/201 Cold Thermoceptors cells Extended 

Data Fig9g n=8 biologically independent samples for luciferase shRNA, n=8 biological 

samples for Pou4f3 shRNA; Extended Data Figure 9h n=3 biologically independent 

samples; Extended Data Fig10a control 342 Aβ Field LTMR cells, 122 Aβ RA LTMR cells, 

413 Aδ LTMR cells, 783 C-LTMR cells, 363 CGRP-α cells, 314 CGRP-ε cells, 320 CGRP-

η cells, 418 CGRP-γ cells, 460 CGRP-θ cells, 352 CGRP-ζ cells, 1162 Mrgprd cells, 368 

Proprioceptors cells, 149 Sst cells, 442 Cold Thermoceptors cells, in NGF−/−;Bax−/− 82 Aβ 
Field LTMR cells, 162 Aβ RA LTMR cells, 124 Aδ LTMR cells, 395 Proprioceptors, 2558 

ClusterA cells, 1878 ClusterB cells, 362, ClusterC cells, 1461 ClusterD cells, 714 ClusterE 

cells; Extended Data Fig10c n=3 biologically independent samples for each in situ; 

Extended Data Table 1 257 Aβ Field LTMR cells, 273 Aβ RA LTMR cells, 182 Aδ LTMR 

cells, 1554 C-LTMR cells, 1440 CGRP-α cells, 850 CGRP-ε cells, 270 CGRP-η cells, 705 

CGRP-γ cells, 758 CGRP-θ cells, 333 CGRP-ζ cells, 2817 Mrgprd cells, 234 

Proprioceptors cells, 761 Sst cells, 488 Cold Thermoceptors cells.

Data availability.

Sequence data of this study have been deposited with accession code GSE139088. The data 

is also available for browsing and analysis via the HTML interface at https://

kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Sharma2019/all.

Code availability.

The computational code used in the study is available at GitHub (https://github.com/

wagnerde) or upon request.

Extended Data
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Extended Data Figure 1. Quality control metrics for DRG sensory neuron scRNA-seq data and 
canonical correlation analysis.
a-e. Distribution of the number of genes discovered in each cell (individual points) in each 

population of sensory neuron (underlying violin plot) in Adult (A), Postnatal day 5 (B), 

Postnatal day 0 (C), Embryonic day 15.5 (D), Embryonic day 12.5 (E). Individual cells with 

<1000 genes (considered to be low quality) or >10000 genes (considered to be likely 

doublets) discovered were eliminated from subsequent analysis. Individual cells with <2000 

UMIs (considered to be low quality) were excluded from subsequent analysis. UMI: unique 

molecular identifier

f. Integration of Adult/P5 (1st plot), P5/P0 (2nd plot), P0/E15.5 (3rd plot), E15.5/E12.5 (4th 

plot) using canonical correlation analysis to find common sources of variation between 

timepoints. Single cells are labeled as individual points, with color representing identified 

cell types and gray representing cells in the preceding timepoint.
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Extended Data Figure 2. Somatosensory neuron subtype composition varies across axial levels.
a. (Left) Schematic representing which axial levels were quantified. (Right) Quantification 

of single molecule RNA-FISH to determine the percentage of C6/7, T7/8, and L4/5 DRG 

neurons that corresponds to each transcriptionally defined somatosensory neuron subtype. 

Black dotted lines are used to highlight the subtypes present at different percentages at 

different axial levels.

b. Example images of single molecule RNA-FISH for transcriptionally distinct 

somatosensory neuron subtypes in C6/7 (top row), T7/8 (middle row) and L4/5 (bottom row) 

DRGs.

Sharma et al. Page 17

Nature. Author manuscript; available in PMC 2020 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 3. Dorsal root ganglia and trigeminal ganglia are constituted by similar 
somatosensory neuron subtypes.
a. tSNE visualization of trigeminal ganglia scRNA-seq data obtained from Adult (P28–42) 

mice. Colors denote principle cell types and dotted circles were added to aid in visualization 

of principal cell types. LTMR/proprioceptor specific gene expression overlaid onto t-SNE 

visualization of mature DRG sensory neurons.

b. Distribution of the number of genes discovered in each population of sensory neuron in 

adult trigeminal ganglia displayed as violin plot. UMI: unique molecular identifier.

c. Heatmap depicting expression of the genes enriched in somatosensory neuron subtypes 

resident in the dorsal root ganglia as well as their expression levels in cognate trigeminal 

ganglia subtype counterparts.

d. Heatmap depicting expression of the genes enriched in somatosensory neuron subtypes 

resident in the trigeminal as well as their expression levels in cognate dorsal root ganglia 

subtype counterparts. For c,d boxes represent IQR, whiskers represent minimum and 
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maximum values, and notches represent the 95% confidence interval of the median. TPT: 

tags per ten thousand. * denotes two sided Wilcoxon rank-sum test with Bonferroni 

corrected p < 0.01. TPT: tags per ten thousand.

Sharma et al. Page 19

Nature. Author manuscript; available in PMC 2020 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 4. Neural crest progenitors, sensory neuron progenitors and unspecialized 
sensory neurons express highly distinct gene programs.
a. Heatmap depicting cell cycle (S/G2/M) associated genes for the principal subtypes 

identified at E11.5.

b. Heatmap depicting expression levels of unspecialized sensory neurons enriched genes in 

both in mature somatosensory neuron subtypes and unspecialized sensory neurons.

c. (Left) Heatmap depicting expression of the genes enriched in unspecialized sensory 

neurons (USN) as well as their expression levels in neural crest progenitors (NCP) and 

sensory neuron progenitors (SNP). (Right) Violin and box plots depicting example genes 

enriched in USNs.

d. Heatmap depicting expression of the genes enriched in neural crest progenitors (NCP) as 

well as their expression levels in sensory neuron progenitors (SNP) and unspecialized 

sensory neurons (USN). (Right) Violin and box plots depicting example genes enriched in 

NCPs.
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e. Heatmap depicting expression of the genes enriched in sensory neuron progenitors (SNP) 

as well as their expression levels in neural crest progenitors (NCP) and sensory neuron 

progenitors (SNP). (Right) Violin and box plots depicting example genes enriched in SNPs. 

For a-e boxes represent IQR, whiskers represent minimum and maximum values, and 

notches represent the 95% confidence interval of the median. TPT: tags per ten thousand. * 

denotes two sided Wilcoxon rank-sum test with Bonferroni corrected p < 0.01.
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Extended Data Figure 5. Force directed layout of putative subtype-restricted transcription 
factors.
a. Force directed layout representation of DRG displaying with expression patterns 

displayed for the remaining putative subtype-restricted transcription factors.

b. tSNE visualization of Runx1, Runx3, Pou4f2 and Pou4f3 expression in the adult DRG. 

TPT: tags per ten thousand.

c. (Left) Single molecule RNA FISH for Runx1 and Runx3 in E11.5, P0 or adult DRGs. For 

E11.5, the spinal cord and DRG are labeled as references. (Right) Single molecule RNA 

FISH for Pou4f2 and Pou4f3 in E11.5, P0 or adult DRGs. For E11.5, the spinal cord and 

DRG are labeled as references. (Bottom) Quantification of the RNA-FISH. * represents two-

sided t-test p<0.01.
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Extended Data Figure 6. The expression of somatosensory neuron subtype specific genes during 
development.
A. Box plots representing subtype specific genes at E12.5, E15.5, P0, P5 and Adult (P28–

42) for each identified somatosensory neuron subtype. Boxes represent IQR, whiskers 

represent minimum and maximum values, and notches represent the 95% confidence 

interval of the median. TPT: tags per ten thousand. * denotes two sided Wilcoxon rank-sum 

test with Bonferroni corrected p < 0.01.

B. Normalized line plots displaying what percentage of adult-levels of subtype specific gene 

expression are detected at E12.5, E15.5, P0, and P5. The black line represents the median of 

each time point with Adult being defined as ‘100%’. Upper and lower bands represent a 

95% confidence interval (defined as ± 1.87 * IQR/√n, where n=sample size, IQR: 

Interquartile range)
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Extended Data Figure 7. DRG counts and TF analysis in Pou4f2 and Pou4f3 mutants.
a. Representative images of Avil smRNA-FISH from T7/8 DRGs in Pou4f2KO(Cre)/WT (left) 

or Pou4f2KO(Cre)/KO(Cre) (right) littermate control DRGs. Quantification of estimated cell 

count per DRG presented to the right of the images.

b. Representative images of Avil smRNA-FISH from T7/8 DRGs in Pou4f3WT/WT (left) or 

Pou4f3KO/KO (right) littermate control DRGs. Quantification of estimated cell count per 

DRG presented to the right of the images.

c. Box plots displaying the expression levels of subtype-restricted TFs in each 

somatosensory neuron subtype in Pou4f2WT/WT (left column) or Pou4f2KO(Cre)/KO(Cre) 

(right column) littermates.

d. Box plots displaying the expression levels of subtype-restricted TFs in each 

somatosensory neuron subtype in Pou4f3WT/WT (left column) or Pou4f3KO/KO (right 

column) littermates. For c,d boxes represent IQR, whiskers represent minimum and 
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maximum values, and notches represent the 95% confidence interval of the median. TPT: 

tags per ten thousand.
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Extended Data Figure 8. Generation and validation of Bmpr1bT2a-Cre and Avpr1aT2a-Cre mouse 
lines.
a. Targeting strategy for inserting a T2a-Cre-TGASTOP codon; Frt-PGK:NeoR-pA-Frt cassette 

immediately upstream of the stop codon in the Bmpr1b gene.

b. Single molecule RNA-FISH for both Bmpr1b and GFP in Bmpr1bT2aCre ; AAV-

CAG:FLEX-GFPP14 I.V. mice to confirm the specificity and utility of the Bmpr1bT2a-Cre 

allele.

c. Targeting strategy for inserting a T2a-Cre-TGASTOP codon; Frt-PGK:NeoR-pA-Frt cassette 

immediately upstream of the stop codon in the Avpr1a gene.

d. Single molecule RNA-FISH for both Avpr1a and tdTomato in 

Avpr1aT2a-Cre(ΔNeo) ;Rosa26 LSL-tdTomato/WT mice to confirm the specificity and utility of 

the Avpr1aT2-aCre allele.

e. (Top left) tSNE representation of transcriptionally mature DRG overlaying the expression 

pattern of Avpr1a, (Remaining images) Representative immunostaining images of tdTomato 
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and CGRP in skin sections obtained from Avpr1aT2a-Cre; Rosa26LSL-tdTomato animals. TPT: 

tags per ten thousand.

f. (Top left) tSNE representation of transcriptionally mature DRG overlaying the expression 

pattern of Bmpr1b. (Remaining images) Representative immunostaining images of tdTomato 

and CGRP in skin sections obtained from Bmpr1bT2a-Cre; AAV-CAG:FLEX-GFPP14 I.V. 

animals. TPT: tags per ten thousand.

g. Representative immunostaining images of GFP in skin sections obtained from 

Pou4f2KO(Cre);AAV-CAG:FLEX-GFPP14 I.V animals.

h. Quantification of ending morphology for CGRP-α (Avpr1aT2a-Cr);Rosa26LSL-tdTomato) 

and CGRP-η (Bmpr1bT2a-Cre;AAV-CAG:FLEX-GFPP14 I.V.) somatosensory neuron 

subtypes.

i. Schematic representation of the skin with the distinct morphological ending types of 

CGRP-α and CGRP-η neurons displayed.

j. Representative images of CGRP immunostaining in skin samples of 2–3 week old 

Pou4f3WT/WT (left) or Pou4f3KO/KO (right) littermate controls. Statistical comparisons were 

done using a two-tailed t-test. * represents p<0.01

k. Representative images of GFP immunostatining in skin samples of 3–4 week old 

Pou4f2KO(Cre)/WT (top left) or Pou4f2KO(Cre)/KO(Cre) (right) littermate controls and 

representative RNA-FISH for GFP in Pou4f2KO(Cre)/WT and Pou4f2KO(Cre)/KO(Cre) littermate 

controls are displayed below the skin immunostaining images. In h * represents two-way 

ANOVA with a Tukey’s HSD post-hoc analysis p < 0.01. In j,k * represents two-sided t-test 

p<0.01Bar graphs in h,j,k show mean +/- s.e.m.
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Extended Data Figure 9. Postnatal depletion of Pou4f3 results in a loss of subtype specific gene 
expression in CGRP-α and CGRP-η □eurons.
a. Quantitative RT-PCR analysis using cDNA generated from animals transduced with 

Luciferase or Pou4f3shRNA expressing AAVs. Error bars represent mean +/- standard error of 

the mean. Statistical comparisons were done using a paired two-sample t-test. * represents p 

< 0.01.

b. Distribution of the number of UMIs discovered in each population of control sensory 

neuron. UMI: unique molecular identifier.

c. Distribution of the number of UMIs counted in each each population of shRNA sensory 

neuron. UMI: unique molecular identifier

d. t-SNE visualizations of scRNA-seq data for neurons generated from LuciferaseshRNA 

(Left) and Pou4f3shRNA littermates DRGs (Right).
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e. Boxplots showing the fold-change distribution of cell-type specific gene expression in 

sensory neuron subtypes expressing the highest and lowest levels of Pou4f3 when comparing 

LuciferaseshRNA and Pou4f3shRNA littermate control samples.

f. Boxplots showing the fold-change distribution in a randomized and expression matched 

control gene set

g. Control or Pou4f3-depleted mice were exposed to two surfaces with the indicated 

temperature (x-axis), and the percentage of time spent in the 30°C chamber over a 5-minute 

test period.

h. Representative images of CGRP immunostaining in skin samples of 1–2 week old 

LuciferaseshRNA (left) or Pou4f3shRNA (right) littermate controls. In a,g,h mean +/- s.e.m 

displayed. In a * represents two-sided t-test p<0.01. In g * represents two-way ANOVA with 

a Tukey’s HSD post-hoc analysis p < 0.05.
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Extended Data Figure 10. Subtype restricted TF expression profiles in NGF−/−; Bax−/− cell 
clusters
a. Heatmap depicting expression of the subtype-restricted TFs in P0 somatosensory subtypes 

(left) or the clusters from NGF−/−; Bax−/− mutants (Right).

b. Single molecule RNA FISH for pairs of subtype restricted TFs in NGF−/−;Bax−/− (Top) or 

littermate NGF−/−; Bax−/− mutants (Bottom).

c. Quantification of the RNA-FISH data showing the number of Pou4f3/Shox2 double-

positive, Pou4f3/Hopx double-positive, Bcl11a/Hopx double-positive, Neurod1 single-

positive or Neurod6 single-positive neurons.

d. Schematized model of gene expression programs as cells traverse development 

milestones. Transcriptionally unspecialized sensory neurons that emerge from Sox10+ and 

Neurogenin+ progenitors co-express multiple TFs which become restricted to select subtype 

as neurons mature. These TFs are responsible for establishing the transcriptional 
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specializations found in each neuronal subtype. In c * represents wo-sided t-test p<0.01. 

TPT: tags per ten thousand.
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Figure 1. scRNA-seq of developing and mature DRG sensory neurons.
a. t-SNE visualizations DRG scRNA-seq data.

b. UMAP visualization of DRG scRNA-seq data from E11.5 with developmental trajectory 

and gene expression information overlaid. TPT: tags per ten thousand.

c. Quantification of tdTomato+ neurons and representative image. Mean +/- s.e.m. is 

indicated.

d. Heatmap and quantification of genes enriched in each somatosensory neuron subtype as 

well as their expression levels in unspecialized sensory neurons. USN: unspecialized sensory 

neuron. Boxes represent IQR, whiskers represent minimum and maximum values, and 

notches represent the 95% confidence interval of the median. TPT: tags per ten thousand. * 

denotes two-sided Wilcoxon rank-sum test with Bonferroni corrected p < 0.0001.
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Figure 2. Transcriptional development of DRG neuron subtypes.
a. Force-directed layout of DRG sensory neurons overlaid with time point or cell type 

information.

b. Force-directed layout of DRG development overlaid with expression of indicated genes.

c. Heatmap of subtype-restricted TFs in each somatosensory neuron subtype of adult 

ganglia. TPT: tags per ten thousand.
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Figure 3. Refinement of TF expression in developing somatosensory neurons.
a. Developmental trajectory of sensory neurons (left) and tSNE visualization with TF 

expression overlaid. TPT: tags per ten thousand.

b. Schematic description of the AvilCreERT2; Rosa26LSL-tdTomato labeling strategy.

c. tSNE visualization of AvilCreERT2; Rosa26LSL-tdTomato scRNA-seq with cell type identity 

or tdTomato expression overlaid. TPT: tags per ten thousand.

d. Schematic representing strategy for labeling neurons with Pou4f2Cre/WT mice.

e. smRNA-FISH and quantification for the indicated transcripts. Mean +/- s.e.m is indicated. 

* represents two-tailed t-test. p<0.01.
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Figure 4. Pou4f2 and Pou4f3 regulate select somatosensory neuron subtype identities.
a. t-SNE visualizations of scRNA-seq data for neurons generated from Pou4f3WT/WT and 

Pou4f3KO/KO littermates.

b. t-SNE visualizations of scRNA-seq data for neurons generated from Pou4f2WT/WT and 

Pou4f2KO/KO littermates.

c. Fold-change distribution of cell-type specific genes when comparing Pou4f3KO/KO and 

Pou4f3WT/WT littermates control samples.

d. Fold-change distribution of cell-type specific genes when comparing Pou4f2KO/KO and 

Pou4f2WT/WT littermates. In c,d Boxes represent IQR, whiskers represent minimum and 

maximum values, and notches represent the 95% confidence interval of the median and * 

denotes two sided Wilcoxon rank-sum test with Bonferroni corrected p < 0.01. TPT: tags per 

ten thousand.
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Figure 5. The extrinsic cue NGF is required for subtype specific gene expression and TF 
expression patterns.
a. t-SNE visualizations of scRNA-seq data for neurons generated from P0 Bax−/− and NGF
−/−; Bax−/− littermates.

b. Cell-type specific gene expression in proprioceptor and A-fiber mechanoreceptor sensory 

neuron subtypes in Bax−/− and NGF−/−; Bax−/− littermates.

c. Cell-type specific gene expression in all other sensory neuron subtypes in Bax−/− and 

NGF−/−; Bax−/− littermates, Boxes represent IQR, whiskers represent minimum and 

maximum values, and notches represent the 95% confidence interval of the median. In b,c 

all clusters are different from controls by two sided Wilcoxon rank-sum test with Bonferroni 

corrected p < 0.01. TPT: tags per ten thousand.
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