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Induced pluripotent stem cells (iPSCs) are an established
cellular system to study healthy and diseased conditions in
a human context in vitro. Sensory neurons and signaling
mechanisms mediating the perception of pain share many
similarities but also substantial differences between mice
and humans, and thus, translating the findings from rodents
to humans is not always straightforward [7]. Although
human iPSC-derived nociceptors cannot fully recapitulate
the development of the human nociceptive pathway, the
study by Zeidler et al. [10], recently published in Advanced
Science, tries to fill this gap. In their comprehensive, data-
filled paper, the group of Michaela Kress (Institute of Phys-
iology, Medical University Innsbruck) investigated iPSC-
derived human nociceptor (iDN) development in the dish.
Their study provides novel insights into and new data for (i)
global gene expression during stem cell differentiation into
sensory neurons, (ii) novel miRNA candidates regulating
distinct stages of iDN differentiation, (iii) disease onset or
susceptibility windows for disease-associated gene sets, and
(iv) bundles all this information in the searchable online tool
NOCICEPTRA.

Using a small molecule—based differentiation method
modified from Chambers et al. [1], they first followed neu-
ron induction and maturation over a time frame of 36 days
(D36), sampling RNA at six different time points for analysis
by a combined long and short RNA sequencing approach to
cover long protein-coding mRNA as well as short micro-
RNA transcripts. Their initial protein-coding mRNA analy-
sis shows successful nociceptor differentiation and identified
6 hub-gene networks involving genes relevant for multifunc-
tional neuronal and synaptic development and neural tube
or neural crest genes. As expected, pluripotency markers
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were strongly downregulated during differentiation, whereas
neural crest cell markers peaked around D10 to D15, and
many nociceptive markers were continuously upregulated.
The transcriptome of differentiated neurons was more simi-
lar to that of dissociated human dorsal root ganglion (DRG)
cultures than of whole ganglia, which is most likely due to
the fact that DRGs comprise of much more than only sen-
sory neurons, e.g., satellite glial cells.

Using trajectory analysis, they were able to identify five
different iDN differentiation stages: A pluripotency stage
which similarly to the early differentiation stage (followed
by the neural progenitor stages) continuously decreases
during differentiation by measures of marker gene expres-
sion, while the nociceptor genes are upregulated during
nociceptor and maturation stages. Interestingly, there are
two complementary groups which seemingly inverse gene
regulation: early/late maturation genes and those in the early
neural progenitor group. Thus, the presented data convinc-
ingly recapitulate the stages of nociceptor differentiation
as described for mice [2, 3, 6] suggesting that nociceptor
fate determination is common among rodents and humans.
Nociceptor subtype specification and diversification is also
represented by the dataset as shown, e.g., by an increase of
nociceptor-specific ion channel expression from D16-D36.
Here a single cell-based analysis would add more detail and
clarity regarding the sensory neuron populations that evolve
during human development.

Several recent studies performed single cell transcrip-
tomic analysis on DRGs of non-human primates (macaque)
[4] and humans [9] and revealed significant sex differences
and inter-species divergence among specific nociceptor sub-
sets in human DRG subpopulation transcriptomes. For exam-
ple, whereas mice display an enriched expression of SCN9a
in nociceptors, macaque SCN9A is broadly expressed at
similar levels in all neuronal types. Zeidler et al. did not
directly address these aspects, although the iPSC lines they
used derived from two females and one male donor, and
comparisons may thus have been fruitful. Differentiation of
sensory neurons using the Chambers protocol shows high
variability [5, 8] and thus the choice of clones may also
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affect the outcome, which is an important factor to consider
when discussing RNAseq results from differentiated cells.

Beyond mRNA transcriptomic analysis, Zeidler et al.
set out to also identify the expression trajectories of small
non-coding microRNAs (miRNAs) whose many regula-
tory functions we only start to understand. Zeidler and col-
leagues establish a link between their findings from coding
and non-coding RNA analysis: they identified hub genes
that are most likely important (if not the most important)
regulators of the modules, and the authors additionally
performed a miRNA:mRNA target analysis for those hub
genes identified. Thereby they identified miRNAs which
e.g. regulate pre- and post-synapse development via hub
genes, which can potentially also act as master switches,
and miRNAs with impact on neurite outgrowth modula-
tion. This interesting approach could in the future also be
expanded to long non-coding RNAs (IncRNA), as they are
of increasing importance for nociceptor differentiation. The
author’s data set already covers IncRNAs and could easily
be implemented within their online tool NOCICEPTRA as
a searchable RNA.

To make the complex data and their analysis pipelines
accessible and manageable for other researchers, the authors
developed the mentioned online tool NOCICEPTRA to ana-
lyze and visualize time trajectories of genes and miRNAs
of interest. This valuable tool allows for general exploration
of gene and miRNA expression, hub modules and pathways
as well as disease susceptibility windows with the option
to specifically zoom into genes of interest, their expression
trajectory during nociceptor differentiation and potential
regulation by miRNAs. With the increasing availability of
big data, such tools become more and more important and
will hopefully in the future also include state-of-the art sin-
gle cell and single nuclear sequencing data and approaches.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long

@ Springer

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chambers SM et al (2012) Combined small-molecule inhibition
accelerates developmental timing and converts human pluripotent
stem cells into nociceptors. Nat Biotechnol 30(7):715-720. https://
doi.org/10.1038/nbt.2249

2. Chen CL et al (2006) Runx1 determines nociceptive sensory neu-
ron phenotype and is required for thermal and neuropathic pain.
Neuron 49(3):365-377. https://doi.org/10.1016/j.neuron.2005.10.
036

3. Kramer I et al (2006) A role for Runx transcription factor signal-
ing in dorsal root ganglion sensory neuron diversification. Neuron
49(3):379-393. https://doi.org/10.1016/j.neuron.2006.01.008

4. Kupari J et al (2021) Single cell transcriptomics of primate
sensory neurons identifies cell types associated with chronic
pain. Nat Commun 12(1):1510. https://doi.org/10.1038/
s41467-021-21725-z

5. Lampert A et al (2020) Human sensory neurons derived from
pluripotent stem cells for disease modelling and personalized
medicine. Neurobiol Pain 8:100055. https://doi.org/10.1016/j.
ynpai.2020.100055

6. Marmigere F et al (2006) The Runx1/AMLI transcription factor
selectively regulates development and survival of TrkA nocicep-
tive sensory neurons. Nat Neurosci 9(2):180-187. https://doi.org/
10.1038/nn1631

7. Mogil JS (2019) The translatability of pain across species. Philos
Trans R Soc Lond B Biol Sci 374(1785):20190286. https://doi.
org/10.1098/rstb.2019.0286

8. Neureiter A, E E, Lampert A (2022) “Differentiation of iPS-cells
into peripheral sensory neurons” in Methods in Molecular Biol-
ogy “Stem Cell Assays”. Springer Nature

9. Nguyen MQ, von Buchholtz LJ, Reker AN, Ryba NJ, Davidson
S (2021) Single-nucleus transcriptomic analysis of human dorsal
root ganglion neurons. Elife 10:e71752. https://doi.org/10.7554/
eLife.71752

10. Zeidler M et al (2021) NOCICEPTRA: Gene and microRNA sig-
natures and their trajectories characterizing human iPSC-derived
nociceptor maturation. Adv Sci (Weinh) 8(21):¢2102354. https://
doi.org/10.1002/advs.202102354

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nbt.2249
https://doi.org/10.1038/nbt.2249
https://doi.org/10.1016/j.neuron.2005.10.036
https://doi.org/10.1016/j.neuron.2005.10.036
https://doi.org/10.1016/j.neuron.2006.01.008
https://doi.org/10.1038/s41467-021-21725-z
https://doi.org/10.1038/s41467-021-21725-z
https://doi.org/10.1016/j.ynpai.2020.100055
https://doi.org/10.1016/j.ynpai.2020.100055
https://doi.org/10.1038/nn1631
https://doi.org/10.1038/nn1631
https://doi.org/10.1098/rstb.2019.0286
https://doi.org/10.1098/rstb.2019.0286
https://doi.org/10.7554/eLife.71752
https://doi.org/10.7554/eLife.71752
https://doi.org/10.1002/advs.202102354
https://doi.org/10.1002/advs.202102354

	Nociception, Transcriptomics ET CETERA: NOCICEPTRA​
	References


