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ARTICLE INFO ABSTRACT

Keywords: Somatosensory low threshold mechanoreceptors (LTMRs) sense innocuous mechanical forces, largely through
Human induced Pl‘friPOte"t stem cells specialized axon termini termed sensory nerve endings, where the mechanotransduction process initiates upon
Small molecule-derived neural precursor cells activation of mechanotransducers. In humans, a subset of sensory nerve endings is enlarged, forming bulb-like

Low threshold mechanoreceptors expansions, termed bulbous nerve endings. There is no in vitro human model to study these neuronal endings.

Piezo2 is the main mechanotransducer found in LTMRs. Recent evidence shows that Piezol, the other mecha-
notransducer considered absent in dorsal root ganglia (DRG), is expressed at low level in somatosensory neurons.
We established a differentiation protocol to generate, from iPSC-derived neuronal precursor cells, human LTMR
recapitulating bulbous sensory nerve endings and heterogeneous expression of Piezol and Piezo2. The derived
neurons express LTMR-specific genes, convert mechanical stimuli into electrical signals and have specialized
axon termini that morphologically resemble bulbous nerve endings. Piezo2 is concentrated within these enlarged
axon termini. Some derived neurons express low level Piezol, and a subset co-express both channels. Thus, we
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Abbreviations: iPSCs, induced pluripotent stem cells; smNPCs, small molecule-derived neuronal precursor cells; LTMRs, low threshold mechanoreceptors; Dpd,
days post differentiation.
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generated a unique, iPSCs-derived human model that can be used to investigate the physiology of bulbous
sensory nerve endings, and the role of Piezol and 2 during mechanosensation.

1. Introduction

Somatosensory neurons respond to mechanical stimuli from the
environment and body, regulating touch, proprioception and pain,
among others. Different somatosensory subtypes have distinct threshold
mechanosensitivities (Delmas et al., 2011). Among them, low-threshold
mechanoreceptors (LTMRs) mainly detect innocuous forces of low
threshold range (Li et al., 2011). Dysfunction of LTMRs is associated
with autism spectrum disorders (Tomchek and Dunn, 2007), and me-
chanical allodynia (Dhandapani et al., 2018). LTMRs are functionally,
anatomically and morphologically heterogeneous, classified as Ap-, Ad-
and C-LTMRs based on their axonal conduction velocity, soma size, axon
diameter, and myelination degree (Abraira and Ginty, 2013). Upon
mechanical activation, LTMRs convert force energy into mechanically-
activated (MA) currents of different kinetics: rapidly (RA), intermedi-
ately (IA), and slowly adapting (SA) (Drew et al., 2002; Hao and Delmas,
2010; Lechner and Lewin, 2013).

Cutaneous LTMRs extend peripheral nerves into the skin. The termini
of these nerves, termed sensory nerve endings, contain mechano-
transducers that are force-gated ion channels (Iggo and Andres, 1982). In
the skin, these terminal branches either end as free nerve endings or as
mechanosensory end organs containing accessory cells such as Merkel
cells, terminal glia or keratinocytes (Abraira and Ginty, 2013). In
humans, a portion of the peripheral nerve endings that innervate Merkel
cells and Meissner corpuscles are enlarged, forming bulb-like expansions
(Garcia-Mesa et al., 2017; Nolano et al., 2003; Nolano et al., 2008).
Human mechanoreceptors innervating the scleral spur and mouse
afferent nerve endings innervating Merkel cells are also enlarged (Tamm
et al.,, 1994; Woo et al., 2014). However, mainly due to their inaccessi-
bility in vivo (Delmas et al., 2011), the physiological relevance of the
enlargement of these sensory nerve endings in humans, remains un-
known. Thus, in vitro generation of human LTMRs with axonal termini
resembling bulbous sensory nerve endings, using stem cell technology,
may help to reveal the relevance of such enlarged structures.

Identification of Piezol and Piezo2 as mammalian mechano-
transducers marks a milestone in mechanobiology (Coste et al., 2010).
Piezo2 is the main functional mechanotransducer in human sensory
neurons (Chesler et al., 2016), and required for mechanosensitivity in
human stem cell-derived LTMR (Schrenk-Siemens et al., 2015). In vivo,
Piezo2 locates at the soma (Ranade et al., 2014) and sensory nerve
endings (Woo et al., 2014; Garcia-Mesa et al., 2017). Piezo2 generates
RA currents when expressed in HEK293T cells (Coste et al., 2010).

Piezol has an innate ability as a force transducer (Syeda et al., 2016).
It is accepted that Piezol is mainly expressed in non-sensory neurons,
due to its very low mRNA in mDRG (Coste et al., 2010). siRNA-mediated
knockdown of Piezol in mDRG primary culture has negligible effects on
RA current profiles, although results in slightly, but not significant,
attenuated IA currents (Ranade et al., 2014). However, Piezol is func-
tionally expressed in cultured human and mouse DRG neurons (Roh
et al., 2020). Despite the low basal expression in mouse sensory neurons,
Piezol suppresses axonal regeneration in response to injury, indicative
of its functional activity (Song et al., 2019). There is no human stem cell-
derived sensory neuronal model to study Piezol in vitro.

We established a robust differentiation protocol to generate human
LTMRs-like neurons (termed SZ-LTMRs), from iPSCs-derived neuronal
precursor cells that have multipotency and capability of self-renewal.
The SZ-LTMRs express functional Piezol at a low level, and concen-
trate Piezo2 into their enlarged axon termini that morphologically
mimic bulbous nerve endings found in vivo. Some of the SZ-LTMRs co-

express Piezol and Piezo2. We also detected Piezol mRNA in human
sensory ganglia. We thus provide a unique, iPSC-based culture system to
model the bulbous sensory nerve endings, and recapitulate the in vivo
expression profiles of Piezol and Piezo2.

2. Materials and methods
2.1. smNPCs maintenance and differentiation

Maintenance: Previously generated smNPCs (Naujock et al., 2014)
were grown on Matrigel (Corning, 354263) coated dishes, fed with N2/
B27 medium containing 3 pM CHIR99021 (Axon Medchem, The
Netherlands), 0.5 pM purmorphamine (PMA, Alexis, NY), and 150 pM L-
Ascorbic acid (Sigma, A4403). The cells were fed every 2 days. Cells
were detached by Accutase (MerckMillipore, SCR0O05, or PAA, L11-007)
and split at a ratio of 1:6 for passaging. Unless otherwise noted, smNPCs
at passages 59-62 were used in this study.

Differentiation: To induce peripheral sensory progenitors the main-
tenance medium was replaced with N2/B27 medium containing 10 pM
CHIR9902 to activate WNT signalling, 10 pM SU5402 (Sigma, D5942)
and 10 pM DAPT (Sigma, SML0443) to inhibit VEGF/FGF and NOTCH
signalling, respectively, and changed daily for the following 3 days. On
day 4, this medium was substituted by N2/B27 medium containing 10
ng/ml bone morphogenetic protein 4 (BMP4, R&D, 314-BP-010) to
facilitate the sensory neurogenesis during the next 8 days (Chambers
et al., 2012; Reinhardt et al., 2013; Tchieu et al., 2017). On day 5, the
smNPC colonies were detached as single cells using Accutase. 0.9 x 10°
cells were seeded on Matrigel-coated wells with 2 ml of N2/B27 medium
containing 10 ng/ml BMP4. From day 7 to 11 the cells were fed every
two days with the same medium. The initial seeding density and BMP4
treatment are critical for a successful differentiation. On day 11, the
BMP4 medium was substituted by mature medium containing 500 pM
dbcAMP (Sigma, D0627), 10 ng/ml GDNF, BDNF, 25 ng/ml NGF (all
from Peprotech) to enhance neuronal differentiation. The medium was
changed every 2 days until day 31. Starting from day 32, the cells were
cultivated with mature medium lacking dbcAMP. The cells used in most
experiments were differentiated for at least 60 days.

Dissociation of day 60 culture: Cells growing in 6-well plate were
exposed to 1 ml collagenase IV (Gibco, 200 U/ml, in DMEM) for 15
min, followed by incubation with 1 ml Accutase for additional 60 min,
both at 37 °C, mechanically dissociated in 1 ml medium and resultant
single cells were seeded on matrigel-coated plates. A high density of
seeded cells (0.5 million per cm?) is critical for survival during sub-
sequent culture.

2.2. Immunofluorescence of cultured cells

Cells were fixed with 3-4% (w/v) paraformaldehyde (PFA) for 20
min, permeabilized and blocked using PBS containing 0.2% (v/v) Triton
X-100 and 5% BSA or donkey serum. To stain Piezol and Piezo2, PFA
fixation was followed by cold methanol incubation as suggested by the
manufacturer. Fluorescence images were sequentially acquired using
either a Leica TCS SP2 laser scanning inverted confocal microscope
(Leica Microsystems, Mannheim, Germany) with the 63.5 x oil-im-
mersion objective or the Observer Z1 microscope (ZEISS) with 63.5 or
100 x oil-immersion objectives.

Data analysis: Confocal images were sequentially captured and
stacked with Fiji Image J (NIH). 2D projection images were generated
using the tool of maximum intensity projection (Fiji). TIFF images were
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imported into Adobe Photoshop CS6 to assemble figures with a resolu-
tion of 300 dpi. The numbers of Tujl, MAP2, Ret, NaV1.7, and TrkB
positive neurons and total cells (represented by DAPI staining) were
counted using ImageJ with Cell Counter plugin.

To quantify the percentage of co-expression of phosphorylated NF200
and Piezo2, we used two methods. First, we subjectively counted the
number of double-positive axons using overlapped images. However, due
to the 3D properties of the axon extensions in our culture, some of the
axonal boundaries were barely visible, impeding the reorganization of
individual axons, thereby influencing counting and quantification.
Therefore, we employed an automatic quantification using the Imar-
isColoc analysis tool (Bitplane), a 3D colocalization method based on
volume reconstructions, to compute the co-localization percentages be-
tween 2 different channels. In this method, the whole plane of images
was defined as region of interest (ROI) for the analysis. Unbiased auto-
matic thresholding of images from each channel was performed using 2D
histogram algorithm. The values representing ‘% of ROI colocalized’
obtained with the ‘Coloc Volume statistic’ were used for quantification.
We found in our images that the statistic co-localization percentage re-
ported by the ImarisColoc was about 10% lower than the co-occurrence
percentage from subjective counting, suggesting that the ImarisColoc
analysis did not over-estimate the co-occurrence percentage.

2.3. Whole cell recordings and mechanical stimulation on cryopreserved
SZ-LTMRs

The SZ-LTMRs at 19 or 31 dpd were dissociated with collagenase IV
and Accutase. The dissociated cells were frozen using cryopreservation
medium CryoStor® CS10 (STEMCELL Technology) previously used to
freeze hiPSCs-derived neurons (Rajamani et al., 2018) and transported
to the lab where the mechanical stimulation experiments were per-
formed. Prior to the patch-clamp recordings, the dissociated cells were
thawed and further cultivated until at least 50 dpd according to the
differentiation protocol.

Patch-clamp recordings were performed in the current- and voltage-
clamp whole-cell configuration using a Multiclamp 700B amplifier,
PCLAMP 10 software and a Digidata 1322A (Molecular Devices, USA).
Cells were held at —60 mV and data were sampled at a frequency of 20
KHz and low-passed filtered at 10 KHz. Patch electrodes of 4-7 MQ were
pulled from borosilicate glass capillaries and 70% series resistance
compensation was used. The pipettes were filled with an internal solu-
tion containing (in mM): 110 KCl, 10 NaCl, 10 HEPES, 1 EGTA, 1 MgCl,
adjusted to pH 7.3 with KOH (280-290 mOsmol/kg~}). Current injec-
tion was used to evoke action potentials with pulses varying from —20
PA to 400 nA over 300 ms.

Cells seeded on coverslips were transferred to a recording chamber
placed on the stage of a Leica DMI 3000B inverted microscope and
perfused with external control solution containing (in mM): 140 NacCl, 3
KCl, 1 CaCly, 2 MgCly, 10 glucose and 10 HEPES (pH 7.2; 300 mOsmol/
kg™ 1). Experiments were performed at room temperature (~24 °C).

Mechanical stimulation of SZ-LTMRs cell bodies was performed by
using a heat-closed glass pipette driven by a MM3A-LS piezoelectric
micromanipulator (Kleindiek Nanotechnik, Germany). The pipette was
positioned on a cell body at a 45-60° angle to the horizontal plane and
opposite to the recording pipette and was moved at 540 um s~ 1. A series
of mechanical steps in 1 pm increments were applied for 250 ms every
10s.

Mechanically-activated currents were classified by their inactivation
time course in rapidly adapting (RA) (t < 10 ms), intermediately (IA)
(10 < © < 30 ms) or slowly adapting currents (SA) (t > 30 ms) as pre-
viously described (Hu and Lewin, 2006; Coste et al., 2010). Inactivation
time course was adjusted to a mono or double exponential equation
using the Clampfit 10 software (Molecular Devices, USA). In the case of
fits to a double-exponential, the reported time constant (t) corresponds
to the component with the largest weight.

The rest of Materials and Methods are in the supplementary section.
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3. Results
3.1. Generation of human neurons resembling LTMRs

We obtained small molecule-derived neuronal precursor cells
(smNPCs) from cord blood-derived iPSC by combining embryoid body
(EB) formation and small compounds inhibition (Reinhardt et al., 2013).
The Pax6'/Nestin® smNPCs lacked expression of several peripheral
nervous system (PNS)-enriched genes (Fig. S1A). To differentiate the
smNPCs into sensory neurons, a published protocol (Reinhardt et al.,
2013) was adapted with substantial modifications (details in Methods).
The differentiated cells extended processes resembling neurites after 20
days post-differentiation (dpd), and formed spherical cell clusters from
36 dpd (Fig. 1A,B). The clusters were around 600 pm wide, 200 pm
thick, with dense projections after 60 dpd. After 80 dpd, the projections
assembled into a fiber-like axonal network interconnecting the clusters
(Fig. 1B). The cells survived for at least 4 months.

We used, unless otherwise stated, cultures at 60 dpd, exhibiting
morphological stability. Comparative transcriptome profiling of the SZ-
LTMRs and smNPCs by RNA-seq revealed the induction of genes
involved in neuronal development, action potential, ion channel, syn-
aptic transduction and neurotransmission, among others (Fig. S1B).
Mitosis-related and DNA repair genes were significantly suppressed
(Fig. S1B), consistent with rare BrdU labelling (Fig. S1C). Paired com-
parison showed differential gene expression between smNPCs and SZ-
LTMRs (Fig. 1C). During differentiation, genes enriched in peripheral
lineages SCN9A and PRPH were strongly upregulated, while CNS-
specific genes FOXG1, FOXA2 and SOX21 (Chambers et al., 2012, Ray
et al., 2018) remained unaltered (Fig. 1C,F).

The thickness of the clusters impeded light penetration during im-
aging. Therefore, unless otherwise stated, we dissociated the clusters
with collagenase and Accutase to perform immunostainings, patch-
clamp and calcium imaging experiments (at least 8 days post-
dissociation from 60 dpd neurons). RT-qPCR was done with non-
dissociated SZ-LTMRs. Neuronal markers Tujl, MAP2, and NaV1l.7
were highly expressed (84.23 + 3.0% and 74.03 + 1.8% of SZ-LTMRs
expressed Tujl or MAP2, respectively; 45.70 + 2.3% of Tujl" cells
expressed NaV1.7) (Fig. 1D,E). We also found some glia cells expressing
$1008 in the culture (data not shown).

Functionally, approximately 10% of SZ-LTMRs fired spontaneous
action potentials (APs) and most of them generated evoked ones
(Fig. S1D). The Na™ and K" channels were functionally active, with the
former being tetrodotoxin (TTX)-sensitive (Fig. S1E), mirroring the very
low expression of TTX-resistant sodium channels (NaV1.5, NaV1.8 and
NaV1.9) (Fig. S1F), ruling out a sympathetic or nociceptive specification
of the SZ-LTMRs. Nociceptor-enriched TRP (transient receptor poten-
tial) channel agonists failed to evoke Ca?t increase, while KCl did
(Fig. S1G). The transcription factor MASH1, required for development of
sympathetic neurons, was transiently upregulated at 12 dpd (Fig. STH).
However, the sympathetic marker norepinephrine transporter (NET)
was not detected and only about 2% of cells expressed tyrosine hy-
droxylase (TH) at 60 dpd (Fig. STH,I).

We also addressed the neurotransmitter profiles by HPLC. GABA and
glutamate, characteristic of somatosensory neurons (Du et al., 2017),
were detected in large quantities in the supernatant and cell lysates of
non-dissociated SZ-LTMRs at 60 dpd (Fig. 1G). The concentrations of
acetylcholine (Ach), adrenaline and serotonin were very low, while
dopamine was undetectable, ruling out an autonomic phenotype (Matthes
and Bader, 2018). The high abundance of glutamate synthesis was
consistent with the induction of vesicular glutamate transporters VGLUT2
and VGLUTS3, but not CNS-enriched VGLUT1 (Jarvie and Hentges, 2012)
(Fig. S2A). RNA-seq also revealed the upregulation of GABA related genes
GAD1, GAD2, SLC32A1 and the fate determinants of GABAergic neurons
DLX1, 2, and 5 (Yang et al., 2017) (Fig. S2B). Furthermore, a significant
proportion of dissociated SZ-LTMRs, but not HEK cells, expressed both
glutamate and GABA (Fig. S2C,D), suggesting the co-synthesis of both
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Fig. 1. Differentiation of smNPCs into neurons with characteristics of LTMRs. (A) Schematic illustration of the differentiation protocol, including the different
treatments performed. (B) Morphological changes during the differentiation process. N > 30 independent differentiations. Bars, 100 pm. (C) Volcano plot showing
differentially expressed genes in the non-dissociated SZ-LTMRs at 60 dpd versus smNPCs. Upregulated (red) and downregulated (blue) genes are shown. Thresholds
for false discovery rate (FDR) and Log 2-fold change were 0.001 and 1, respectively. (D) Projection of confocal Z-stacks showing expression of MAP2, Tujl and
NaV1.7 in SZ-LTMRs at 8 days post-dissociation from 60 dpd cultures. Bars, 20 pm. (E) Graph showing percentages of neurons positive for Tujl, MAP2 and NaV1.7
(N = 434, 467 and 389 cells, respectively). (F) Fold changes (versus smNPCs) of PRPH, SCN9A, FOX2A and FOXG1 mRNA (normalized to GAPDH) during differ-
entiation, quantified by RT-qPCR. (N = 4). (G) Concentration of selected neurotransmitters in cell lysates and supernatants of non-dissociated SZ-LTMRs at 60 dpd. N
= 12 technical replicates. (H) Fold changes (versus smNPCs) of DRGX, NGN2, NGN1, and MAFA mRNA (normalized to GAPDH) during differentiation, quantified by
RT-qPCR. N = 3-4. (I) Projection of confocal Z-stacks showing TrkB and Ret in 8 days post-dissociated SZ-LTMRs from 60 dpd cultures. Bars, 10 pm. Graph showing
percentages of positive neurons. N = 465 (TrkB) and 401 (Ret) cells. (J) Representative traces of the three subtypes of mechanically activated currents, rapidly
adapting (RA), intermediately adapting (IA) and slowly adapting (SA, from left to right) recorded from dissociated SZ-LTMRs at around 50 dpd. The average me-
chanical thresholds of RA, IA and SA are 10.4 + 0.7, 10.5 & 0.5 and 5 + 2 um, respectively. (K) Pie plot showing the distribution of mechano-sensitive (18/74) and
mechano-insensitive (MI) SZ-LTMRs (56/74); the proportion of the different types of mechanically-activated (MA) currents is displayed with respect to the total
number of MA recorded neurons (n = 74). (L) Average inactivation kinetics (1) of different types of MA currents from all the cells. (M) Average values of peak current
density from cells producing different types of MA currentsEach dot represents one cell. Values are presented as mean =+ s.e.m.
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neurotransmitters. Additionally, the glutamatergic marker VGLUT2 and
the GABAergic marker GAD67 were expressed in the same neurons
(Fig. S2E). These results collectively suggested that the SZ-LTMRs might
be glutamatergic and GABAergic, resembling a subset of mDRG neurons in
vivo (Du et al., 2017). The SZ-LTMRs synthesized trace amount of Ach
(Fig. 1G), consistent with the low expression of choline acetyltransferase
(CHAT) (Fig. S2F), the enzyme responsible for Ach synthesis. It is worth
noting that rat DRG neurons also synthesize Ach (Bellier and Kimura,
2007). The same smNPCs can be primed to derive motor neurons (Nau-
jock et al., 2014), which require ISL1 for generation and survival, and
express CHAT for Ach synthesis. Lack of ISL1 expression (Fig. S2F) rules
out the possibility that SZ-LTMRs resemble motor neurons, indicating that
the smNCPs can be differentiated into different neuronal subtypes.
Overall, the expression and neurotransmitter profile of the SZ-LTMRs after
60 dpd suggested a PNS specification, but they were neither sympathetic
nor nociceptive.

We next examined the markers expressed in sensory neurons. About
81 genes were identified as DRG-enriched when comparing the tran-
scriptome of human DRG with those of 13 different tissues (Ray et al.,
2018). The genes with highest DRG enrichment scores (>100 transcripts
per million), such as STMN2, UCHL, GNG3, SNCG, or the ones specific to
DRG, such as AVIL and HTR3A, were significantly upregulated in the SZ-
LTMRs (Fig. S2G). Several transcription factors regulating the hDRG
transcriptomic landscape, (Zurborg et al., 2011, Ray et al., 2018),
including SHOX2, SCRT2, POU4F1, POU4F2, TLX3 and DRGx, were de
novo induced (Fig. S2G). Transcription of SCN10A, SCN11A, and RUNX1
specific to small-sized nociceptive DRG neurons, was minimal in the SZ-
LTMRs, although PRDM12 was slightly, but not significantly, induced
(Fig. S2G). In contrast, several genes enriched in large-sized DRG neu-
rons, NTRK2, NTRK3, CNTN1, (Miura et al., 2015) GABRB3, (Orefice
et al.,, 2016) and TRPV2, (Usoskin et al., 2015) were significantly
upregulated (Fig. S2G). The proprioceptor markers PVALB and SPP1,
(Usoskin et al., 2015) and the fate determinant RUNX3 (Levanon et al.,
2002) were not increased (Fig. S2G).

We then focused on genes typically expressed in LTMRs. RT-qPCR
analysis showed robust induction of NGN2, one crucial fate determinant
of LTMRs expressing TrkB and/or TrkC, (Bourane et al., 2009) but not of
NGNI1, required for development of TrkA™ DRG neurons (Lallemend and
Ernfors, 2012) (Fig. 1H). MAF (encoding c-Maf), controlling LTMRs
development, (Wende et al, 2012) was significantly upregulated
(Fig. S2G). However, we observed a weak and transient induction of
MAFA, a gene expressed in the early Ret™ LTMR subpopulation (Lecoin
et al., 2010) (Fig. 1H). TRKB/C but not TRKA were transcriptionally
induced (Fig. S2H). 66.33 + 2.2% and 52.88 + 3.5% of dissociated SZ-
LTMRs were TrkB" and Ret™, respectively (Fig. 1I). The high expression
of TrkB was also supported by the robust induction of Shox2 (Fig. S2G), a
transcription factor driving the generation of TrkB™ LTMRs (Abdo et al.,
2011). We visualized TrkB in non-dissociated clusters by light-sheet
fluorescence microscopy (Fig. S2I). NF200, a protein enriched in human
DRG neurons, was present in 71.69 4+ 10.9% of MAP2™" dissociated SZ-
LTMRs (Fig. S2J). CALB and FAM19A1, two novel LTMRs markers,
(Usoskin et al., 2015) were dramatically induced following differentiation
(Fig. S2H). Lack of TH (Fig. S1I) and RUNX1 (Fig. S2G) rules out the
possibility that SZ-LTMRs resemble C-LTMRs (Li et al., 2011).

The overall profile of gene expression prompted us to assess the
mechanosensitivity of SZ-LTMRs, a hallmark of LTMRs. We applied
indentation to the cell surface using an electrical-driven glass pipette and
recorded the responses using the voltage-clamp configuration at a holding
potential of —60 mV. We observed that, despite one freeze-thaw cycle
(see Methods), 24.3% of the cells still displayed mechanosensitivity by
generating RA, IA or SA (Fig. 1J,K), based on their inactivation time
course. All the MA currents showed graded increases in amplitude in
response to progressively larger indentation values (Fig. 1J), and were
mainly RA (Fig. 1K). Average inactivation kinetics (t) of each type of
currents were 3.1 & 0.4, 15.1 4 1.1 and 264.4 4 21.1 ms for RA, IA, SA
(Fig. 1L), respectively, similar to MA currents described in mouse
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mechanosensitive neurons (Coste et al., 2010, Hu and Lewin, 2006). The
average value of peak current density was significantly higher in SA
neurons (9.5 + 3.3 pA/pF), compared to RA (2.9 + 0.5 pA/pF) and IA
(2.3 + 0.9 pA/pF) neurons (Fig. 1M), recapitulating that of mouse sensory
neurons observed in our previous study (Fernandez-Trillo et al., 2020).
Overall, these results (low mechanical thresholds versus high current
densities) suggest that at least a subset of SZ-LTMRs is mechanosensitive.

3.2. Piezo2 concentrates within enlarged axonal termini

Since Piezo2 is the main established mechanotransducer in LTMRs,
we used a previously validated antibody (Narayanan et al., 2016; Goto
et al., 2020; Lu et al., 2020; Alcaino et al., 2017), to address its
expression in the SZ-LTMRs. In non-dissociated cultures, strong signals
from Piezo2 and phosphorylated NF200 (pNF200), the axonal form of
NF200, were detected in round structures that had diameters ranging
2-10 pm, and were DAPI negative (Fig. 2A). Quantification showed that
Piezo2" structures were 34.7 -+ 9.3% of total cells, and 61.2% of Piezo2™"
structures co-expressed pNF200 (Fig. 2A). We hypothesized that during
microscopic imaging, the thickness of the compact clusters at 60 dpd
impeded light traveling to capture relatively weak signal from Piezo2
and pNF200. We thus dissociated the clusters into single cells. In 8 days
post-dissociated neurons from 60 dpd culture, pNF200 and Piezo2 were
both detected along axons and concentrated at enlarged axonal termini
(Fig. 2B). Coincidently, a recent paper (Johnson et al., 2021) reported
that a custom-made polyclonal antibody for spider Piezo protein also
gave rise to stronger signal in the nerves than in somata in the VS-3 slit
sensillum, a small mechanoreceptory organ sensing physical deforma-
tion or strain. Further quantification showed Piezo2 axons accounted for
44.5 + 6.6% pNF2002" axons (Fig. 2C). We also detected relatively
weak and strong Piezo2 signals in axons and termini, respectively, from
non-dissociated SZ-LTMRs at 36-40 dpd, when cells did not form similar
large clusters with those in 60 dpd culture that impeded light traveling
(Fig. 1B). Moreover, the staining signal was moderately lower in SZ-
LTMRs stably expressing Piezo2 shRNA than shRNA control, indi-
cating the specificity of the antibody (Fig. S3A,B). Thus, some axon
termini from non-dissociated and dissociated SZ-LTMRs enlarged to
form bulbous structures, which were morphologically distinct from
growth cones, the flat, sheet-like protrusions of growing axons (Fig. S3C
and (Specht et al., 1981)). Notably, in vivo, some nerve endings of LTMRs
are also enlarged, forming bulb-like expansions (Garcia-Mesa et al.,
2017; Nolano et al., 2003; Nolano et al., 2008), containing Piezo2 (Woo
et al., 2014; Garcia-Mesa et al., 2017).

We next characterized the bulbous structures using dissociated SZ-
LTMRs. Some Piezo2" or pNF200" structures contained Ret, NaV1.7,
and Peripherin and lacked Tujl (Fig. S3D-G). The Piezo2 structures in
the SZ-LTMRs were TH negative (Fig. S3H), in contrast to RNA-seq data
suggesting that PIEZOZ2 is enriched in the TH™ mDRG subset (Usoskin
et al., 2015). Single focal plane image showed that a-tubulin was not
concentrated in the structure (Fig. S3I), while projection of Z-stack im-
ages showed that tubulin bundles surrounded the enlarged termini
(Fig. S3J). These data suggested that the structures have a specialized
molecular composition.

We also asked whether the Piezo2" structures, especially the ones in
dissociated SZ-LTMRs, were unhealthy termini due to the dissociation
process that may lead to enlarged termini termed retraction bulbs, which,
however, mainly appear in damaged axons from the CNS but not PNS
(Sherriff et al., 1994). To rule out this possibility, we monitored the
morphology of the dissociated cells by phase contrast microscopy. Neurite
number and length increased over time and cells survived longer than 13
days post-dissociation (Fig. S3K). The cells progressively formed small
clusters, mimicking the behavior of primary mDRG culture in dishes
(Fig. 3F). Neurofilament L (NFL) staining confirmed the gradual increase
of axonal densities (Fig. S3L). Moreover, the mRNA of several genes
involved in stress response (ERG1), axon destruction (DLK1), regeneration
(ATF3), and maintenance (NMATZ2), was similar between the non-
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Fig. 2. Enrichment of Piezo2 within enlarged axon termini of the SZ-LTMRs. (A-C) Immunofluorescence showing Piezo2 and pNF200 in non-dissociated (A) and
dissociated (B,C) SZ-LTMRs. Graph in (A) shows the percentage of Piezo2 and Piezo2/NF200 double positive structures (right, N = 4). Boxed region in (B) is enlarged
in the three panels on the right (N > 7). Graph in (C) shows the percentage of Piezo2™" axons (normalized to pNF200", N = 4). Bars, 5 um. (D, E) Detection of Piezo2
mRNA in dissociated SZ-LTMRs by RNAscope fluorescent multiplex assay alone (D) or in combination with Tuj1 staining (E). The graph in (D) is from 806 cells from 3
independent experiments. Arrow in E shows axonal distribution of Piezo2 mRNA. N = 2. Bars, 20 um. Images except for the enlarged boxed region in (B) are
projections of confocal Z-stacks. Dissociated SZ-LTMRs refer to cells that are 8 days post-dissociation from 60 dpd cultures. Values are presented as mean =+ s.e.m.

dissociated and 3 days post-dissociated SZ-LTMRs (Fig. S3M). These ob-
servations suggested that typical axon damage response was not largely
induced after 3 days post-dissociation. Based on this and the observed
surrounding of a-Tubulin bundles (Fig. S3J) that is substantially devoid in
retraction balls (Ertiirk et al., 2007), and lack of amyloid precursor protein
(Fig. S3N) that accumulates in damaged axons (Coleman, 2005), we thus
concluded that Piezo2" structures in dissociated SZ-LTMRs represent
axonal termini of healthy neurons, echoing with the functionality of the

(=)}

dissociated SZ-LTMRs in generation of action potentials, Na and K cur-
rents, and response to KCl, etc.

We further proved the expression of Piezo2 in the SZ-LTMRs by in situ
hybridization using RNAscope (Fig. 2D,E). We detected Piezo2 mRNA in
61.4 + 1.6% of SZ-LTMRs, in both cell bodies and axons, even when
treatment for Tujl immunofluorescence staining subsequent to ISH
weakened the mRNA signal (Figs. 2D, E, 4B). Axonal distribution of Piezo2
mRNA suggests that an efficient protein synthesis is required for axon
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Fig. 3. Presence of Piezol in the SZ-LTMRs and human sensory ganglia. (A) Co-
expression of Piezol and NF200 in dissociated SZ-LTMRs. Graph shows per-
centage of Piezol™ and Piezol™ NF200" cells (N = 4-5). Bar, 20 pym. (B,C)
Detection of Piezol mRNA alone (B) and together with B-Tubulin-III protein (C,
indicated by arrows) in dissociated SZ-LTMRs. Graph in (B) shows percentage of
Piezol™ cells (N = 964 cells). Bars, 20 pm. (D) Average F340/380 ratio of
dissociated SZ-LTMRs challenged with 20 uM Yodal in standard Ca®*-con-
taining solution (black, n = 188) or in Ca’"-free solution (grey, n = 249). 60
mM KCl was applied at the end of the experiments to verify a neuronal
phenotype of the recorded cells. (E) Scatter plot (left) and percentages of Yodal
responsive cells (right) showing the response or lack of response of individual
SZ-LTMRs represented as F340/380 nm ratios following application of Yoda-1
in standard Ca®*-containing solution or without Ca*". Each dot represents
one cell. (F) Presence of Piezol, peripherin and NF200 in cultured mDRG
neurons. Some of the single Z-sections are shown in Fig. S40. N = 7. Bar, 20 pm.
(G) Representative traces (left) showing the time-lapse recording of Yodal-
induced Ca®" flux in Yodal (20 uM) challenged mouse primary DRG neurons.
Graph (right) showing Yodal induced increase of F340/380 ratios from indi-
vidual cells. N = 63 (1.25 mM Ca*") and 101 (0 mM Ca*" 5 mM EGTA) cells,
respectively. (H) Detection of Piezol mRNA in hTG and hDRG tissues by
RNAscope. Black arrows and arrowheads indicate neurons with and without
pink puncta, respectively, indicating Piezol mRNA. Yellow arrows point to
lipofuscin granules. Stronger intensity was detected at the periphery of neurons
and in surrounding non-neuronal cells. Bars, 25 pm. All confocal images are
projections of Z-stacks. Dissociated SZ-LTMRs refer to cells at 8 days post-
dissociation from 60 dpd cultures. Values are presented as mean + s.e.m.

biology, echoing with the high Piezo2 protein levels detected in axons
(Fig. 2C). We did not detect Piezo2 protein in the majority of smNPCs,
except in few spontaneously differentiated cells expressing NF200
(Fig. S30). However, PIEZO2 mRNA levels were significantly upregulated
upon neural differentiation, albeit at moderate levels (Fig. S3P).

Lastly, we found that the antibody recognizing residues 1600-1650
stained soma localized Piezo2 in mouse DRG neurons (Fig. S4N), but not
in SZ-LTMRs (Fig. 2B), Piezo2 gene has >18 variants in sensory neurons
(Szczot et al., 2017). Lack of Piezo2 in the soma of SZ-LTMRs could be
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due to a possible difference in Piezo2 splicing between human and
mouse (Szczot et al., 2017), resulting in a Piezo2 variant(s) located in
the soma of the SZ-LTMRs that is not detected by this antibody. Alter-
natively, the different staining patterns observed between SZ-LTMRs
and mDRG could also be due to differences in the cell culture condi-
tions and/or to antibody specificity. We used the other Piezo2 antibody,
recognizing residues 146-212, to stain non-dissociated, and 8 days post-
dissociation SZ-LTMRs (Fig. S3Q, left and right, respectively). Both
Piezo2 antibodies stained the Piezo2 structures in non-dissociated neu-
rons. However, we detected Piezo2 in the cell bodies and enlarged
bulbous structures of SZ-LTMRs with the second Piezo2 antibody
(recognizing residues 146-212; Fig. S3Q, right). We also confirmed the
specificity of this antibody in 1 day post-dissociation SZ-LTMRs
expressing shPiezo2 (Fig. S3R).

Overall, our results suggest that the SZ-LTMRs express Piezo2 at the
axon termini, axons and cell bodies in both dissociated and non-dissociated
neurons. Hence, we generated human LTMRs that have specialized axon
termini morphologically resembling bulbous nerve endings

3.3. Piezol is expressed in SZ-LTMRs and human sensory ganglia

We next addressed whether the SZ-LTMRs expressed Piezol using a
previously validated anti-Piezol antibody (Gudipaty et al., 2017, Jetta
et al., 2019, Mazzuoli-Weber et al., 2019, Silver et al., 2020, Yao et al.,
2020). We further validated this antibody using ARPE-19 cells, a human
epithelial cell line expressing high level of PIEZO1, but not PIEZ0O2 mRNA
(Fig. S4A). Two commercial siRNAs targeting PIEZO1 (siRNA1724 and
siRNA1725), but not an siRNA control, reduced Piezo1 signal at the cell
surface (Fig. S4B,C), confirming the specificity of the antibody, as before
(Gudipaty et al., 2017), although plausible non-specific signal was found
in the nucleus of knockdown cells (Fig. S4B). We detected Piezol within
cell bodies, but not axons, of 51.84 + 8.71% of dissociated cells, co-
expressed with NF200 in 39.23 + 9.44% of total cells (Fig. 3A). Incu-
bation with the immunizing antigen peptide depleted Piezol staining in
SZ-LTMRs (Fig. S4D). RNAscope showed that 45.40 + 3.465% of SZ-
LTMRs transcribed Piezol mRNA (Fig. 3B). These cells expressed Tujl
(Fig. 3C). The RNAscope probe was Piezol specific since siRNA1724
decreased the signal in ARPE19 cells while the non-targeting siRNA did
not (Fig. S4E). Furthermore, knockdown of Piezo1 by lenti-shRNAs in SZ-
LTMRs decreased the immunostaining signal (Fig. S4F,G), further sup-
porting the specificity of the antibody staining.

To further confirm Piezol expression, we measured Ca?* responses
induced by Yodal, a Piezol-specific irreversible agonist (Syeda et al.,
2015). Yodal induced low but significant Ca®* influxes in 8-12 days
post-dissociated SZ-LTMRs, with an average F340/380 ratio of +0.17 +
0.02 and —0.01 + 0.002 in the presence and absence of extracellular
calcium, respectively (Fig. 3D,E). The large majority of cells were
responsive to 60 mM KCl (Fig. 3D), confirming their neuronal fate.
Representative traces during the time-lapse recording of SZ-LTMRs are
shown in Fig. S4H, consistent with previous studies showing that Yodal-
induced calcium influx is slow, without decay, and poorly reversible in
non-neuronal cells (Wang et al., 2018; Syeda et al., 2015), and neuronal
cell line N2A (Zhang et al., 2017) wherein Piezol was discovered as a
mechanotransducer (Coste et al., 2010). Based on the Yodal responses,
SZ-LTMRs were classified as high (F340/F380 ratio higher than 0.3,
14.3% of the total cells), low (F340/F380 ratio 0.1-0.3, 38.8% of the
total cells), and negative (F340/F380 ratio lower than 0.1, 46.9% of the
total cells) (Fig. 3E). Furthermore, the Yodal induced Ca influx was
largely suppressed in SZ-LTMRs expressing shPiezol (Fig. S4I). Collec-
tively, these results indicated that over 50% of SZ-LTMRs expressed
functional Piezol at low level recapitulating in vivo situation.

We next asked whether Piezol expression was induced following
differentiation. PIEZO1 mRNA remained low during the differentiation
process (RT-qPCR, Fig. S4J). Five different regions covering representa-
tive parts of full-length PIEZO1 mRNA were also weakly detected in the
SZ-LTMRs by conventional RT-PCR (Fig. S4K). However, Piezol protein
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was not detected in most smNPCs by the antibody used except in few cells
spontaneously expressing NF200 (Fig. S4L), indicating that PIEZOI
expression could be post-transcriptionally induced in the SZ-LTMRs
(further discussed below). Furthermore, the inconsistence between
PIEZO1 mRNA and protein levels is also described elsewhere
(https://www.proteinatlas.org/ENSG00000103335-PIEZO1 /tissue). This
led us to address PIEZO1 protein expression in mDRG neurons, where the
channel is functionally active (Song et al., 2019), despite low mRNA levels
(Coste et al., 2010, Ranade et al., 2014). Projections of Z-stack confocal
images showed that a substantial portion of primary cultured mDRG
neurons expressed Piezol (Fig. 3F). Three of the single Z-sections showed
Piezol signal at the cell surface, cytoplasm, and nuclear membrane
(Fig. S4M). The nuclear envelope signal suggested a possible non-specific
staining, although nuclear immunoreactivity for the same antibody was
reported to be specific to Piezol in epithelial cells (Jetta et al., 2019).
Similar to the pattern observed in SZ-LTMRs, Piezol in mDRG neurons
was mainly compartmentalized within the soma (Fig. 3F), while Piezo2
was found in both axons and soma (Fig. S4N). Functionally, around 79%
of cultured mDRG neurons responded to Yodal, with an average F340/
380 ratio of 0.56 + 0.04 that was higher than 0.17 + 0.01 in SZ-LTMRs
(Fig. 3E,G). However, Yodal has a lower EC50 for mouse (17.1 pM)
than for human Piezol (26.6 pM) (Syeda et al., 2015).

We also addressed Piezol expression in human sensory ganglia.
PIEZO1 mRNA was weakly detected by RNAscope in some neurons in one
hTG and hDRG (Fig. 3H), similar with the low mRNA level in SZ-LTMRs
(Fig. 3B, S4L, M). We observed higher and more uniform PIEZO1 mRNA
in non-neuronal cells than in neurons (Fig. 3H), although Piezol was
initially identified as a neuron-specific gene in normal brain tissue (Satoh
et al., 2006). Our data collectively suggest that Piezol is expressed in
sensory neurons, consistent with a recent report (Roh et al., 2020).

Piezol protein synthesis is induced from low abundance mRNA in SZ-
LTMRs (Fig. S4J,K,) and mDRG (Ranade et al., 2014). Several mecha-
nisms, including epigenetic regulation and non-coding RNAs (ncRNAs),
influence mRNA translation. Human genomic annotation data showed 3
antisense ncRNAs predicted to target PIEZO1 (Fig. S40). Two of them
(LOC339059 and LOC100289580) were upregulated following differen-
tiation. The untranslated regions (UTRs) of human PIEZ0O1 mRNA have
high GC contents indicative of structural stability. Both UTRs were pre-
dicted by RNAfold software to form secondary structures with multiple
loops. RNA looping at the 5'-UTR generally enhances translation effi-
ciency by facilitating 40S ribosome scanning (Pack et al., 2015). The
IRESPred tool predicted that human PIEZO1 3'-UTR contains a potential
internal ribosomal entry site element, known to increase the translation
of upstream mRNA (Paek et al., 2015). Additionally, PIEZO1 mRNA has a
Kozak-like sequence (CCAGCCAUGG), optimizing translation. Finally, it
is possible that the half-life of PIEZO1 mRNA is much lower than that of
the protein. Overall, these factors may determine Piezol protein syn-
thesis in DRG neurons expressing low mRNAs. Thus, PIEZO1 expression
in the SZ-LTMRs could be induced by post-transcriptional regulatory
mechanisms, known to control gene expression during neuronal differ-
entiation in vitro and in vivo (Baser et al., 2019).

Overall, the SZ-LTMRs expressed low level of Piezol at mRNA levels,
mimicking what is found in human tissues. Despite this, the SZ-LTMRs
could efficiently synthesize functional Piezol protein from low mRNA
level. Thus, we generated the first stem cell-derived human sensory
model to study Piezol.

3.4. A subset of SZ-LTMRs co-express Piezol and Piezo2

Given that SZ-LTMRs expressed Piezol and Piezo2, and a small
proportion of mDRG neurons co-express Piezol/2 mRNAs ex vivo (Wang
et al., 2019), we then asked whether the SZ-LTMRs co-express Piezol/2
by RNAscope. As shown in Fig. 4A, 31.4 + 1.3% of SZ-LTMRs co-
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Fig. 4. Co-expression of Piezol and Piezo2 in SZ-LTMRs. (A,B) Projections of
confocal Z-stacks showing Piezol and Piezo2 mRNA alone (A) or together with
B-Tubulin-III protein (B) in dissociated SZ-LTMRs. The graph in (A) shows the
percentage of Piezol"/Piezo2" cells from 3 independent experiments (N = 669
cells). The white arrow in (A) points to cells of co-expression of Piezol and
Pieo2. The arrowhead and arrow point to Piezol/2 double positive neurons and
axonal distribution of Piezo2 mRNA, respectively. Bar, 25 pm. Mean =+ s.e.m.

expressed Piezol/2 mRNAs. RNaseA treatment resulted in lack of
detected transcripts (Fig. S5). Combination of RNAscope and Tujl
staining showed co-expression of Piezol/2 in SZ-LTMRs, with Piezo2
mRNA distribution in some axons (Fig. 4B).

4. Discussion

We established a differentiation protocol to generate neurons
resembling human LTMRs from smNPCs that were derived from iPSCs.
As shown in the original study (Reinhardt et al., 2013), the cellular
identity of smNPCs mimics that of neural plate border cells. The smNPCs
express PAX6 and SOX9, markers of neuroectoderm and neural crest
cells, respectively. Those cells are multipotent to differentiate into both
PNS and CNS lineages. For instance, the smNPCs used in this study were
primed by retinoic acid for generation of motor neurons (Naujock et al.,
2014). In our protocol, we primed the smNPCs into PNS lineage by
sequential activation of WNT and BMP4 signaling. The smNPCs can be
easily propagated, and their multipotency is retained over multiple
passages. One advantage of the protocol is the avoidance of iPSCs
cultivation, which may cause variation among batches and passages.
This differentiation protocol is highly robust as shown by the morpho-
logical consistence over 30 differentiations performed so far. The pres-
ence of NGF did not induce presence of nociceptors in our differentiated
culture, as observed previously (Schrenk-Siemens et al., 2015).

We demonstrated the LTMR phenotype by showing the expression of
specific markers including NGN2, SHOX2 and MAF for fate specification
of TrkB"Ret™ LTMRs subtype, the co-synthesis of GABA and glutamate
for neurotransmission, and the expression of Piezol and/or Piezo2 for
mechanotransduction. Human LTMRs expressing Piezo2 and responding
to mechanical indentation were previously derived from iPSCs (Schrenk-
Siemens et al., 2015, Nickolls et al., 2020, Saito-Diaz et al., 2021). In
these LTMRs producing RA currents only, the sole mechanotransducer
was Piezo2, and its subcellular location was not addressed. It would be
also interesting to check the functional expression of Piezol in the
human LTMRs reported previously (Schrenk-Siemens et al., 2015,
Nickolls et al., 2020, Saito-Diaz et al., 2021).

One interesting finding of our study is the generation of enlarged
Piezo2" end structures that have a morphology of bulbous nerve end-
ings, providing the first human model to investigate the specialized
structures in a context of neuronal integrity, when compared to mouse
skin-nerve preparations, an ex vivo model lacking neuronal somata.
Isolation of Piezo2" structures by synaptosome preparation strategy
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used in our previous study (Zhu et al., 2015), will help characterizing
their molecular composition. Furthermore, the enlarged termini provide
an in vitro model for recording mechanosensitivity of axonal endings.

We showed expression of Piezol in the SZ-LTMRs and in human
sensory neurons by antibody staining and RNAscope. Whether Piezol
functions as a mechanotransducer in SZ-LTMRs remains to be
confirmed. However, a recent study reported that cultured mouse and
human DRG neurons express functional Piezol (Roh et al., 2020). In that
study, 10 pM Yodal induced transient, and reversible calcium signals in
the majority of DRG neurons, differing from the slow and irreversible
patterns observed in our SZ-LTMRs and other studies (Zhang et al., 2017;
Wang et al., 2018; Syeda et al., 2015). This discrepancy could be due to
the concentrations of Yodal used. Since Yodal has very high EC50 for
human Piezol (Syeda et al., 2015), we speculate that lower concentra-
tion of 10 pM could induce reversible calcium signals, as shown in the
study (Roh et al., 2020). Moreover, the SZ-LTMRs express low level of
functional Piezol and slowed response to Yodal compared to ARPE-1
cells and similar to those of sensory neurons in vivo.

One controversial finding of our report is the subcellular location of
Piezol. In the SZ-LTMRs and cultured mDRG neurons, it is mainly
restricted to the cell bodies. This is inconsistent with a recent study
showing that Piezol inhibits axonal regeneration of peripheral sensory
neurons during injury (Song et al., 2019), pointing to a potential location
in the axons. However, nerve injury can trigger transportation of soma
components required for mechanoelectrical transduction to the injured
afferents (Koschorke et al., 1994), resulting in ectopic expression of
mechanotransducers at the injury site, where an enhanced mechanical
sensitivity is developed (Koschorke et al., 1994). It is unknown whether
this axonal location of Piezol, if it exists, is due to an injury-dependent in
situ upregulation, or a redistribution of soma-located Piezol.

We observed co-expression of Piezol and Piezo2 mRNAs in some SZ-
LTMRs. Since Piezo2 is the well-established mechanotransducer, we
suggest that at least the SZ-LTMRs co-expressing Piezol and Piezo2 have
characteristics of LTMRs. This, in turn, indicates the presence of Piezol
in this subtype. It was previously reported that knockdown of Piezol in
mDRG neurons slightly (but not significantly) decrease IA currents
(Ranade et al., 2014), which requires simultaneously activated RA and
SA channels (Rugiero et al., 2010). Moreover, broad expression of
exogenous Piezol in mouse DRG in vivo selectively enhances IA current
production (Zhang et al., 2019). We observed that small proportion of
SZ-LTMRs generated intermediately adapting (IA) currents (Fig. 1J).
Whether Piezol and Piezo2 generate SA and RA currents, respectively,
and together produce IA currents, warrants future study using the SZ-
LTMRs as suitable model.

Overall, we have generated a robust differentiation method to obtain
human LTMRs that contain bulbous nerve endings containing Piezo2.
About half of the SZ-LTMRs express Piezol, and some co-express both
channels, providing the first in vitro model to study the role of both
channels in human LTMRs. We believe that these neurons will serve as a
model to study human mechanotransduction.
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