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Prdm12 represses the expression of the visceral
neuron determinants Phox2a/b in developing
somatosensory ganglia

Simon Vermeiren,' Pauline Cabochette,’-” Maya Dannawi,’-” Simon Desiderio,’” Alba Sabaté San José,’
Younes Achouri,? Sadia Kricha,' Maren Sitte,®> Gabriela Salinas-Riester,> Benoit Vanhollebeke,’
Jean-Francois Brunet,*>¢ and Eric J. Bellefroid™-8*

SUMMARY

Prdm12 is a transcriptional regulator essential for the emergence of the somatic nociceptive lineage dur-
ing sensory neurogenesis. The exact mechanisms by which Prdm12 promotes nociceptor development
remain, however, poorly understood. Here, we report that the trigeminal and dorsal root ganglia hypo-
plasia induced by the loss of Prdm12 involves Bax-dependent apoptosis and that it is accompanied by
the ectopic expression of the visceral sensory neuron determinants Phox2a and Phox2b, which is, howev-
er, not sufficient to impose a complete fate switch in surviving somatosensory neurons. Mechanistically,
our data reveal that Prdm12 is required from somatosensory neural precursors to early post-mitotic
differentiating nociceptive neurons to repress Phox2a/b and that its repressive function is context depen-
dent. Together, these findings reveal that besides its essential role in nociceptor survival during develop-
ment, Prdm12 also promotes nociceptor fate via an additional mechanism, by preventing precursors from
engaging into an alternate Phox2 driven visceral neuronal type differentiation program.

INTRODUCTION

The vertebrate nervous system is deeply divided into “somatic” and “visceral” subsystems. In the sensory pathways, somatic neurons proj-
ect to the skin but also to muscles, joints, and viscera. They detect sensations that organisms “feels” (all sensations that are conscious such
as pressure, light touch, muscle extension, joint position, heat, cold, itch, and pain). Visceral sensory neurons (VSN) respond to internal
stimuli and control often in an unconscious way the activity of several body’s systems (respiratory, digestive, cardiovascular ...) to assure
homeostasis.' In the trunk, somatosensory neurons (SSN) are located in the dorsal root ganglia (DRG). In the head, they are located in the
trigeminal ganglia (TG) and in the proximal ganglia of nerves VI, IX, and X (i.e., the proximal part of the geniculate ganglia [GG] and the
superior and jugular ganglia [SJG]) and the special somatosensory vestibulocochlear ganglia (VG). VSN form the distal part of the GG,* and
the petrosal and nodose (PNG) ganglia (distal ganglia associated with cranial nerves IX and X). During peripheral nervous system (PNS)
development, those ganglia arise from distinct embryonic populations. While DRG and proximal GG/SJG derive exclusively from neural
crest (NC) cells, distal GG and PNG develop from distinct epibranchial placodes, and VG from the otic placode, with a possible minor
contribution of NC. TG are in contrast of mixed origin.” How this somatic/visceral dichotomy is established in developing sensory neurons
remains largely unknown. One transcription factor, however, stands out in this process, the evolutionarily conserved homeoprotein Phox2b
that, together with its close relative Phox2a, act as determinants of visceral neuronal fate in both afferent pathways (as well as their targets
in the hindbrain) and efferent autonomic pathways.*'” In sensory pathways, no counterpart regulator of the somatic neuronal fate has yet
been identified.

The Prdm12 gene encodes an evolutionarily conserved zinc finger transcriptional regulator selectively expressed in nociceptors, the SSN
specialized to detect noxious stimuli and in C-low-threshold mechanosensitive neurons (C-LTMRs) that become activated in response to light
mechanical stimulation."’ " Inactivation of Prdm12 leads to a marked hypoplasia of TG, DRG, and SJG, due to a selective loss of nociceptive
and C-LTMRs, while the other subtypes of sensory neurons, the myelinated mechanoreceptors (LTMRs) and proprioceptors are
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unaffected.”’~"® This observation explains why human patients with homozygous mutations in PRDM12 gene are unable to feel pain from
birth.'” The exact mechanisms by which Prdm12 promotes nociceptor development remain, however, poorly understood. Here, we investi-
gate these mechanisms, with an initial focus on developing cranial sensory ganglia in which Prdm12 function and mode of action have not
been characterized yet. Our results reveal that, besides promoting survival of developing TG and DRG nociceptors, Prdm12 is also essential
to prevent them to embark into an alternate visceral neuronal fate program.

RESULTS
Prdm12 is expressed independently of Neurog1 in cranial somatosensory ganglia

To study the role of Prdm12 in cranial sensory ganglia, we first reevaluated its expression during their development. Figure S1 shows that, as
previously reported,'’ Prdm12 is detected in developing nociceptors in TG, DRG, and SJG. We found that it is also expressed in the devel-
oping VAG but not in the somatic part of the GG, containing only mechanoreceptors, and is absent in epibranchial ganglia (GG, PNG) con-
taining VSN. Unlike in DRG, Prdm12 temporal expression profile has not yet been investigated in TG and SJG. Therefore, we performed dou-
ble immunostainings on mouse head sections at different embryonic stages, comparing Prdm12 expression to that of the NC cell marker
Sox10 and the pan-neuronal marker Islet1.”®'® We observed that at E10.5, Prdm12 is almost exclusively expressed in Sox10* cells in both
ganglia (Figure 1A). In TG, performing phospho-histone H3 (H3P™) stainings which marks proliferating cells in late G2 and M phase (thereby
labeling only a fraction of the cycling cells), we found that at E10.5, only some rare Prdm12" cells are H3P* cells, suggesting that most
Prdm12*Sox10" cells are already postmitotic (Figure 1B). From E11.5 onwards, Prdm12 becomes progressively excluded from Sox10" cells
and increasingly co-expressed with Islet? (Figure 1C). Thus, as observed in DRG, Prdm12 appears to be expressed from NC sensory precur-
sors during the development of cranial SSN.

In DRG, neurogenesis occurs in two temporal overlapping waves controlled by the proneural genes Neurog2 and Neurog1, Neurog1 be-
ing activated during the second wave of neurogenesis which generates most of the nociceptors. In TG and SJG, however, neurogenesis is
almost exclusively under Neurog? control.””~"” Previous studies have shown that in DRG Prdm12 is expressed in both Neurog2* and
Neurog1* precursors and that in the absence of Neurog?, Prdm12* nociceptors are dramatically reduced in number.'"'? To determine
how Prdm12 expression is related to that of Neurog T during cranial sensory neurogenesis and define the onset of their respective activation,
we compared their expression in TG and SJG of E11.5 and E12.5 Neurog1® ™" mouse embryos.'® At E11.5, in both cranial ganglia, we
observed that most GFP* cells do not co-express Prdm12 and that conversely, the majority of Prdm12* cells are GFP~, while at E12.5 the
vast majority of GFP* cells now co-express Prdm12, as observed in DRG (Figure 1D). So, it appears there are at that stage two populations
of cells that transition from mutually exclusive expression of one of the gene, to co-expression. While in TG and DRG some of the
GFP*Prdm12 cells may correspond to cells of the first wave of neurogenesis giving rise to the mechanoreceptor lineage, this is not the
case in SJG that are exclusively constituted of Prdm12* neurons and do not contain mechanoreceptors. We then assessed whether
Prdm12 expression in cranial ganglia is affected by the loss of Neurog1, which has been reported to severely compromise neurogenesis
in TG and SJG."®!” Despite the absence of neurons at TG and SJG prospective position in Neurog1 7S knockout embryos, Prdm12* cells
could still be observed at the levels of their respective nerves (Figure 1E). Thus, Prdm12 activation occurs independently of neurogenins in
both cranial and trunk ganglia.

Prdm12 depletion causes TG and DRG hypoplasia partly through Bax-dependent apoptosis

To assess the consequences of Prdm12 loss in cranial ganglia of Prdm12:2#*2Z embryos, we performed Islet1 immunostaining in a Sox10-
Venus reporter background.”® Using this system, we confirmed the previously reported hypoplasia of the TG and agenesis of SJG in E11.5
Prdm 12372 embryos'" (Figure 2A). Despite the reduced number of generated neurons and the absent expression of Ntrk1, encoding
the tyrosine kinase receptor TrkA that is required for nociceptive neuron survival, we found that Neurog1 and other downstream proneural
factors such as NeuroD1 were, however, detected in the hypoplastic TG of Prdm12-3#t2<Z embryos, indicating that neurogenesis is not
compromised per se (Figure 2B).

The mechanism by which the loss of Prdm12 induces hypoplasia of cranial somatosensory ganglia remains unclear.'”™'® Therefore, we
looked at potential cell proliferation and survival defects in TG of Prdm12-3#t2Z empryos at E10.5 before the onset of Ntrk1 activation.
We found that the total number of cells as well as the number of Sox10" NC progenitors co-expressing activated-Caspase3 is increased
in TG of Prdm12-3#*2<Z embryos compared to controls (Figure 2C). In contrast, the overall number of proliferative cells evaluated using
H3P staining, and the number of proliferative Sox10* NC progenitors evaluated using H3P and Sox10 co-staining was similar in TG of
Prdm12-3¢t2<Z and control embryos (Figure 2D). To further investigate the role of Prdm12 in the survival of nociceptive neurons, we next
examined in TG, SJG, and DRG the effect of the loss of Prdm12 in a proapoptotic BCL-2 homolog Bax™'~ background known to prevent
neuronal death that takes place in the absence of NGF or TrkA.?"?? In TG and DRG, we found that the number of neurons (detected using
Islet or TIx3 immunostaining) in E13.5 Prdm12-2#t2<Z; Bax~/~ embryos is increased compared to that of Prdm 1227/t ambryos (Figure 3A).
On the opposite, no rescue of SJG development was observed in E13.5 Prdm 1212/12Z; Bax~/~ indicating that the observed agenesis of SJG
is not dependent of Bax-mediated apoptosis (Figure 3B). Importantly, no TrkA™ neurons could be observed in TG and DRG of Prdm12ta<#/ta<Z,
Bax'~ embryos, indicating that loss of TrkA expression is a direct effect of Prdm12 ablation, rather than a secondary consequence of cell
death. The fact that the deletion of Bax only partially rescues TG and DRG development and does not rescue at all SJG development suggests
that Prdm12 also contributes to sensory ganglia formation via other mechanisms.
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Figure 1. Prdm12 is expressed from neural crest precursors in developing cranial somatosensory ganglia independently of Neurog1

(A) Immunostaining for Prdm12 and the neural crest cell marker Sox10 on coronal sections through TG and SJG of mouse embryos at indicated stages. The
proportion of Prdm12* cells expressing Sox10 or not is represented in the histogram.

(B) Immunostaining with Prdm12 and H3P antibodies on coronal sections through TG and SJG of E10.5 mouse embryos. Graph on the right show quantification of
the immunostainings. In A and B, the ganglia are delimitated with a dashed line and insets show high magnification of double labeled cells.

(C) Quantifications of cells positive for Prdm12 and/or the post-mitotic sensory neuron marker Islet1 detected on coronal sections through mouse TG or SJG at
the indicated embryonic stages.
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(D) Immunostaining with Prdm12 and GFP antibodies on coronal sections through TG, SJG, and DRG of Neurog1°™* mouse embryos at E11.5 and E12.5. Insets
show magnification of region with representative Prdm12 staining.
(E) Images of mixed and individual channels are represented (E) Immunostaining with Prdm12 and B-Tubulin antibodies on coronal sections through TG and SJG

of Neurog1°F"* and Neurog1"/C"” mouse embryos at E11.5 and E12.5. Insets show magnification of region with representative Prdm12 staining. Scale bars,

50 um. SJG, superior-jugular ganglia; TG, trigeminal ganglia; DRG, dorsal root ganglia.

Loss of Prdm12 upregulates in trigeminal ganglia the expression of markers enriched in nodose ganglia neurons

Although the previous data indicate that most developing somatosensory nociceptive neurons lacking Prdm12 die during neurogenesis,
many X-Gal-stained cells can still be detected in TG and DRG of Prdm12-3#t2Z embryos at E13.5 and E14.5'" (Figure 4A), suggesting
that some of them survive until at least those stages without expressing it. We speculated that these cells that have lost Prdm12 may survive
because they adopt an alternate fate. To test this hypothesis, we analyzed by bulk RNA-seq the transcriptome of dissected TG of E13.5
Prdm 1234122 and control embryos. Using an adjusted p value <0,05 and an absolute Log2 fold change (FC) of > 1, a list of 341 differentially
expressed genes (DEGs) was obtained, among which 180 were up and 161 downregulated (Figure S2A and Table S1). As expected, nocicep-
tive neuronal markers such as Ntrk1, Scn10a, Trpv1, Runx1, or Ret, and markers of C-LTMRs (also expressing Prdm12) such as TH were among
the most downregulated. The downregulation of some of them was validated by ISH/IF (Figures S2B and S2C). The purinergic receptor P2X2
(P2rx2) and the zinc finger transcription factor Gata3 which are minimally expressed in adult DRG neuron classes” were among the most
upregulated genes. Figure 4B shows that they are indeed upregulated by the loss of Prdm12. Among the list of upregulated DEG was
also the brain-derived neurotrophic factor (BDNF)-receptor TrkB (Ntrk2) that in TG and DRG is selectively expressed in Prdm12 negative large
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Figure 2. Loss of Prdm12 causes trigeminal and dorsal root ganglia hypoplasia partly through neural crest precursor apoptosis

(A) Lateral views of the head of E11.5 Sox10-Venus Prdm12:°?/* control and Sox10-Venus Prdm 122?22 mouse embryos showing TG hypoplasia and agenesis
of the SJG in Prdm 12542 embryos (scale bar, 1000 pm). Right panels show immunostainings with the pan-neuronal marker Islet1 on coronal sections through
TG, SJG, and PNG of E11.5 control and Prdm12-2#/12<Z embryos expressing the Sox10-Venus reporter cassette. Insets show Venus with Islet1 and Islet1 staining
alone of the indicated area showing the near complete loss of Islet1” neurons in Prdm12-3¢#/ta<2 § )G (scale bars, 50 um). Graphs show the quantification of the
number of neurons (Islet1* or TIx3" cells) in TG of Prdm12-2%2<Z and control embryos at indicated stages. Absolute and relative numbers, in comparison to the
controls, are shown.

(B) In situ hybridization with Neurog1, NeuroD1, and Ntrk1 antisense probes on coronal sections through TG of E11.5 control and Prdm12-%#2? embryos.
(C) Immunostainings using antibodies for Sox10 and cleaved-Caspase3 on coronal sections through TG of control and Prdm12:%#12<Z embryos at E10.5 with
quantifications showing increased number of apoptotic cells and apoptotic Sox10* progenitors in TG anlagen of Prdm12:2#13Z embryos.

(D) Quantifications obtained from immunostainings using antibodies for Sox10 and H3P on coronal sections through TG of E10.5 control and Prdm12t#c#/ta<Z
embryos showing that the number of H3P™ cells and of H3P* Sox10" progenitors is not affected. Histograms are represented as mean + standard deviation
(SD). Each dot in histograms represents the mean values obtained for an individual biological replicate. Mann-Whitney tests have been applied. Calculated
p values are referred to as follow: *p < 0,05; **p < 0,01; ***p < 0.001 and ns for non-significant difference (p > 0,05). Scale bars in B and C, 50 um. DRG,
dorsal root ganglia; OV, otic vesicle; PNG, petrosal-nodose ganglia; SJG, superior-jugular ganglia; TG, trigeminal ganglia; VAG, vestibuloacoustic ganglia.

diameter LTMR. Figure 4C shows that an increased number of TrkB* neurons was observed in Prdm12:2#*2<Z TG while Ntrk3/TrkC, another
recognized LTMR marker”® was in contrast not misregulated. Measurements of neuron soma areas showed a shift in the proportion of small
diameter cells expressing TrkB, suggesting its ectopic expression in putative nociceptive precursors in Prdm12-#tZ TG (Figure 4D). We
then cross-referenced our list of DEGs to recently established single-cell RNA sequencing-based DRG neuron subtype classifications.”***
While as expected downregulated DEGs were enriched in nociceptive neuronal gene classes versus LTMR/proprioceptive classes (31 +
8 versus 15 + 4; mean number of gene per class +SD), upregulated genes did not show a significant enrichment in nociceptive versus
non-nociceptive DRG neuronal gene classes (13 + 5vs. 11 + 4; mean £ SD) (Figure S2D, Table S2). These results suggest that in TG, surviving
precursors lacking Prdm12 adopt an alternate neuronal fate that does not correspond to any other DRG SSN classes.

As one of the most upregulated genes in our list, Tmc3, encoding a putative mechanosensory channel has been reported to be ex-
pressed in nodose ganglia VSN,?® we next cross-referenced our list of DEGs to the adult vagal nerve ganglia neuron gene expression atlas.”
While no particular enrichment was attributed to downregulated genes (mean number of genes per jugular ganglia (JG) versus nodose
ganglia (NG) neuron classes of 26 + 4 versus 20 + 3; mean + SD), we found that the upregulated DEGs are more enriched in NG neuronal
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Figure 3. Inhibition of Bax-dependent apoptosis partly rescues trigeminal and dorsal root ganglia hypoplasia caused by the loss of Prdm12 but does not
restore TrkA expression

(A) Graphs showing the number of neurons (detected by immunostaining with Islet! or TIx3 antibody) in TG or DRG coronal sections of E13.5 embryos of
indicated genotypes.

(B) Immunostainings using Peripherin, TrkA and TIx3 antibodies on coronal sections through TG, SJG, and DRG of E13.5 control, Prdm 12524422 Bax~/~ and
Prdm12tec?/ta<Z, Bax~=/~ embryos. Scale bar, 50 pm. Histograms are represented as mean + standard deviation (SD). Each dot in histograms represents the
mean value obtained for an individual biological replicate. Mann-Whitney tests have been applied. Calculated p values are referred to as follow: *p < 0,05;
**p < 0,01; ***p < 0.001 and ns for non-significant difference (p > 0,05). DRG, dorsal root ganglia; SJG, superior-jugular ganglia; TG, trigeminal ganglia.

classes than in JG classes (16 + 3 versus 7 + 2 genes per class; mean + SD) (Figure S2E, Table S3). Among the upregulated DEGs enriched
in NG neuronal classes was the transcription factor Phox2a that is among the most defining genes for placode derived nodose neurons but
that is also expressed in sympathetic and enteric neurons”"”® (Figure S2A). Therefore, double immunostainings were performed with
Phox2a and Islet1 or TIx3 antibodies on TG of Prdm12:2#13<Z embryos between E12.5 and PO. Results obtained indicate that Phox2a™ cells
are found in about 30% of all TG neurons at E12.5 and that their number progressively decreases with time. While at E12.5 some of these
Phox2a™ cells were not co-expressing Islet1 or TIx3 and thus likely correspond to Phox2a™ progenitors, later on all of them express it and
thus represent post-mitotic Phox2a™ ectopic neurons (Figure 4E). Subclassification of upregulated DEGs into genes expressed only in
Prdm12* ganglia (i.e., JG and/or DRG) or only in Phox2" ganglia (i.e., NG, SG, and/or ENS) revealed an enrichment of upregulated
DEGs in Phox2" PNS structures, with 21 on 33 of these genes being NG markers (Figure S2F, Tables S4 and S5). We examined the expres-
sion of some of these DEGs (P2rx2 and Ntrk2) with enriched expression in NG neuron classes and found that, like Phox2a/b, they are
expressed in developing PNG (Figure S2G and Table S4). Thus, precursors lacking Prdm12 that survive in TG appear to initiate a Phox2a
driven differentiation program to acquire an NG VSN-like fate. To test this hypothesis, as Ntrk2/TrkB marks VSN in PNG but also populations
of LTMR neurons in which Prdm12 is virtually not expressed,'’ we asked whether some of the TrkB* supernumerary neurons found in
Prdm12-2#/12Z TG co-express the NG neuron marker Phox2a. Phox2a expression was indeed observed selectively in TG of E13.5
Prdm 12tac#/tacz embryos and 69,2% + 4,8% (mean + SD) of these Phox2a expressing cells co-expressed TrkB, indicating that supernumer-
ary TrkB* neurons could represent cells aberrantly engaged to acquire characteristics of NG VSN (Figure 4F). Consistently, Phox2a* neurons
co-expressing Gata3 were also detected in TG of E13.5 Prdm12-2#'%Z embryos by double immunostaining (Figure 4G). Those Phox2a*/
Gata3" neurons represent only a fraction of the Phox2a™ ectopic neurons (33,9% + 3,1%; mean =+ SD), which may reflect the more restricted
expression of Gata3 than that of Phox2a in NG neuron subtypes.”

Loss of Prdm12 transiently upregulates Phox2b in neural crest derived cells of developing trigeminal and dorsal root
ganglia

Phox2a expression precedes and positively regulates Phox2b in cranial viscerosensory ganglia.”” As Phox2b has a predominant function over
Phox2a” but was just below the cut-off used in our list of upregulated DEG (FC of 0,92), we examined its expression Prdm 123132 embryos.
By immunostaining, we found that Phox2b, like Phox2a, is ectopically expressed in TG of Prdm12:2#%2<Z embryos. While only very few
Phox2b* cells are already detectable in TG of E10.5 Prdm 1237t embryos (data not shown), they represent about 40% of the neurons
at stages E12.5 and E13.5. As observed for Phox2a, this number decreases later on, suggesting that many of those ectopic Phox2b* cells
are eliminated with time (Figure 5A). To test this idea, we compared the number of Phox2b™ neurons in TG and DRG of Prdm 12-ac%/tacz
and Prdm12-3#ta<Z. Bax~/~ E13.5 embryos. An increase in the number of Phox2b™ neurons was observed in both TG and DRG following
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Figure 4. Loss of Prdm12 leads to ectopic expression of visceral sensory neuron markers in developing trigeminal ganglia

(A) X-Gal staining on coronal sections through TG of E13.5 Prdm12"%%* and Prdm12%?*%< embryos showing that many cells that should have expressed
Prdm12 are still present in knock-out embryos.

(B) Immunostainings of P2X2 with TIx3 and Gata3 with TIx3 on coronal sections through TG of E13.5 Prdm12-2%*2Z and control embryos. Note the ectopic
expression of P2X2 and Gata3 in TIx3* neurons.

(C) Graphs showing the number of TrkB or TrkC-expressing cells in TG coronal sections compared between E13.5 control and Prdm 125222 embryos.

(D) Histograms representing the percentage of TrkB-expressing cells of indicated range of soma area observed in TG sections of E13.5 control and
Prdm12t2#ta<Z ambryos.

(E) Quantification of Phox2a™ neurons and progenitors in TG of Prdm12:2#132 embryos at indicated stages as revealed by co-immunostainings for Islet1 or TIx3
used as postmitotic neuronal markers.

(F) Immunostainings of Phox2a and TrkB on TG sections of E13.5 control and Prdm 123132 embryos counterstained with DAPI.

(G) Immunostaining revealing Phox2a*/Gata3*/TIx3* neurons in coronal sections through E13.5 TG of Prdm 1222 embryos. Insets show high magnifications
of the individual immunostainings of the indicated area. Histograms are represented as mean + standard deviation (SD). Each dot in histograms represents the
mean values obtained for an individual biological replicate. Mann-Whitney tests have been applied. Calculated p values are referred to as follow: *p < 0,05;

**p < 0,01; ***p < 0.001 and ns for non-significant difference (p > 0,05). Scale bars, 50 pm. TG, trigeminal ganglia.

inhibition of programmed cell death, suggesting that some ectopic Phox2b* neurons may indeed be cleared out with time by Bax-dependent
apoptosis (Figure 5B).

Phox2b is expressed in the PNS in all autonomic ganglia, in epibranchial placode derived ganglia and in some CNS structures.® ' To
assess the cellular origin of these ectopic Phox2b™ neurons in Prdm 12:2#t2<Z TG, we first compared Phox2b expression to that of the -Galac-
tosidase (B-Gal). As expected, the vast majority of ectopic Phox2b™ cells are B-Gal™ in TG of Prdm 12-2#t2Z embryos. However, not all B-Gal*
cells were Phox2b*, suggesting that the loss of Prdm12 either only lead to a VSN NG-like fate acquisition in a subgroup of neural precursors or
that Phox2b gene activation is transient (Figure 5C). Double immunostainings with Phox2b and Sox10 antibodies were then performed on
sections through TG of E11.5 Prdm12-#*<Z embryos showing that some ectopic Phox2b™ cells express Sox10. In TG of E11.5
Prdm12-3<#2<Z embryos with a Sox10-Venus background, we also found that most Phox2b* cells are also Venus* suggesting that many of
these ectopic Phox2b™ cells are of NC origin (Figure S3A). At that stage we also noticed an increased number of Phox2b™ cells along the
trigeminal nerve (nV) of Prdm122%%Z embryos compared to controls. These Phox2b™ cells do not express Sox10 or TIx3 and thus do
not correspond to NC cells or ectopic TG neurons. We speculated that these ectopic Phox2b™ cells may be CNS cells that accumulate along
the TG nerves of Prdm12:2712°Z embyryos. Supporting this hypothesis, we found that the hindbrain trigeminal nuclei marker Nkxé.1,57%?? one
the most highly upregulated gene in our DEG list, was detected in those Phox2b*TIx3" cells (Figure S3B). To determine the extent of Phox2b
activation in TG of Prdm 122212 embyryos, we turned to the Phox2b®®'*; Rosa26-S-1dTomato/* raporter system that allows persistent expres-
sion of tdTomato in cells that have activated Phox2b.* We observed massive tdTomato signal in TG but also in DRG neurons and nerve fibers
of Prdm12LaCZ/LaCZembryos compared to controls (Figures 5D and 5E). In the TG of Prdm12L“Z/LaCZembryos, we found that 34,4 + 2,3% of the
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Figure 5. Loss of Prdm12 leads to transient ectopic activation of Phox2b in trigeminal and dorsal root ganglia

(A) Left, immunostaining using an antibody for Phox2b and the pan-sensory neuron marker Islet1 on a coronal section through the TG of E13.5 Prdm12tec#/ta<Z
and control embryos, showing the presence of ectopic Phox2b* cells in TG of knock-out embryos. Right, the graph shows the proportion of Phox2b* neurons and
progenitors as revealed by immunostaining with the neuronal markers Islet1 or TIx3 in TG of Prdm12-°“/*2<Z embryos at the indicated stages.

(B) Quantification of Phox2b* neurons in TG and DRG of E13.5 Prdm12-3%t2Z: Bax~/~ and Prdm12-3c%/tacz embryos revealing their increased number in
Prdm12-3¢#/1a¢Z. Bax—/~ embryos.

(C) Triple immunostaining with Phox2b, B-Galactosidase (B-Gal) and TIx3 antibodies on coronal sections through TG of E12 Prdm 12tac#/tacZ embryos. Insets show
high magnifications of the indicated area with B-Gal channel alone and channel combinations for B-Gal and Phox2b or for B-Gal and TIx3 showing that most
Phox2b™ TIx3* neurons (pointed by orange empty arrowheads) are B-Gal*. White arrowheads point to some rare Phox2b™ TIx3" B-Gal” cells.

(D) Immunostainings using antibodies for Peripherin and tdTomato performed on coronal sections through TG of Prdm12-2%2<Z and control PO pups in a
Phox2b©"®/*; Rosa26t>dTemate/* hackground. Orange and blue framed insets are high magnifications of the indicated area in TG and trigeminal nerve (nV),
respectively, showing that a large increase of ectopic tdTomato™ neurons is detected in TG of Prdm12:2#+< compared to controls.

(E) Horizontal sections through cervical DRG of E13.5 Prdm 12tacZ/tacZ, phox2bCre/F; Rosa26MSttdTomato/+ and control embryos immunostained with tdTomato and
Peripherin antibodies. Histograms are represented as mean + standard deviation (SD). Each dot in histograms represents the mean values obtained for an
individual biological replicate. Mann-Whitney tests have been applied. Calculated p values are referred to as follow: *p < 0,05; **p < 0,01; ***p < 0.001 and
ns for non-significant difference (p > 0,05). Scale bars, 50 um. DRG, dorsal root ganglia; TG, trigeminal ganglia.

neurons were Phox2b™ at E13,5and 4,1 4+ 0,7% at PO, while 56,5 + 3,8% of the neurons were dTom™ at E13.5 and 37,2 4+ 4,9% at PO. Thus, in
Prdm12-3¢7%Z embryos, Phox2b is transiently ectopically expressed in TG and in DRG.

Ectopic expression of Phox2b does not change the innervation pattern of trigeminal neurons

To examine the fate of ectopic Phox2b* cells in Prdm12:2%2<Z embryos, we followed tdTomato™ neurons in somatosensory ganglia of
Prdm12-2#/tacZ. phox2b©e/*; Rosa26-St-tdTomato/+ embryos. In TG, we found that they express VSN markers Gata3 and TrkB, but still retain
expression of the pan-SSN marker Brn3a, arguing for a mixed neuronal identity (Figures S4A and S4B). While only some ectopic Phox2a/b™
neurons seemed to survive until birth in TG of Prdm12-2t2Z newborns (representing 4,1 + 0,7% of total neurons per section; mean + SD),
still an important number of tdTomato™ neurons (representing 37,2 + 4,9% of total neurons per section; mean + SD) is observed in the TG of
Prdm12-3<#2<Z 5 ups, some of which being TrkB*. By contrast, in control pups, only some rare tdTomato™ cells (neuronal and non-neuronal)
and some tdTomato* fibers could be observed, that have been suggested to be sympathetic in nature® (Figure S4C). To further assess the
functional consequences of the ectopic activation of a VSN-like developmental program in TG of Prdm12-2#12Z embryos, we next analyzed
TG central and peripheral innervation pattern using a Sox10-Venus and/or Phox2b"®*; Rosa265-t9Tomato* renorter system.*2° At E13.5, the
presence of tdTomato™ Peripherin® fibers innervating the spinal trigeminal tract (sp5) revealed that Prdm 12127t tdTomato-labeled trigem-
inal neurons are able to properly reach their central target as would TG neurons (Peripherin®) do in control embryos (Figure S4D). In the pe-
riphery, ectopic tdTomato signal could be observed in the maxillary and mandibular branches of the trigeminal nerve of Prdm12-a<#/tacZ
embryos, respectively, innervating the nostril (among which the whisker pad) and jaw regions, the expected terminal locations for TG neurons
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to innervate (Figure S4E). In order to determine if in TG of E18.5 Prdm12-3°413Z; phox2b"®/*; Rosa26t°-19Tomato’* ambryos, late surviving
tdTomato™ neurons effectively innervate the nostril region, we retrogradely labeled using NeuroVueJade dye®'* the upper lip and whisker
pad innervating neurons. In TG of Prdm12-3#2<Z \ye found tdTomato™ neurons labeled with the NeuroVue dye indicating that neurons that
express or have expressed Phox2b, however, project normally to their peripheral target (Figure S4F). Thus, the transient Phox2b expression is
not sufficient to cause somatic neurons to shift to a complete visceral identity.

Prdm12 remains required in early post-mitotic nociceptive precursors to repress Phox2b and its ectopic expression in DRG
does not cause a shift to an autonomic neuron identity

To determine whether in TG the persistent expression of Prdm12is required to repress Phox2a/b beyond the initial phase of neuronal spec-
ification, we conditionally inactivated Prdm12 by crossing Prdm 129X mice with Advillin-Cre mice that express the Cre recombinase from
around E12.5 in developing sensory neurons.** Immunostaining analysis indicates that in Advillin-Cre; Prdm 12019 embryos, Prdm12 starts
to be deleted in TG at E13.5 and that this deletion is effective by E14.5 (Figure S5A). In the hypoplastic TG of Advillin-Cre; Prdm121¥/fo% em-
bryos, we detected Phox2a*, Phox2b™, and Gata3* neurons, as observed in Prdm 12343 embryos but in lower proportions (Figures S5B
and S5C). These results show that Prdm12 is required from somatosensory neuron progenitors to early post-mitotic nociceptive precursors to
repress Phox2 genes.

In DRG of Advillin-Cre; Prdm 127X embryos, Phox2a and Phox2b are ectopically expressed, as observed in TG (Figures S5D and S5E). As
Phox2 genes are essential for the development of autonomic neurons in trunk NC cells, we asked whether their ectopic expression in Advillin-
Cre; Prdm1279°% embryos switches on late markers of sympathetic neurons such as DBH and the norepinephrine transporter gene Scléa2/
NET.***> Figures S5F and S5G show that none of these markers are detected in DRG of E14.5 Advillin-Cre; Prdm12%°/#°% embryos. As
expected from our RNAseq analysis, these markers are also undetectable in TG. Thus, DRG neurons ectopically expressing Phox2 genes
do not appear to acquire molecular characteristics of autonomic neurons. Together, these results reveal another mechanism by which
Prdm12 promotes nociceptor fate in somatosensory progenitors, by repressing cells from engaging into an alternate Phox2a/b-driven
gene program reminiscent in TG of the one at work in NG neurons.

Prdm12 functions as a context dependent repressor of visceral sensory neuron fate

As the data aforementioned demonstrate that Prdm12 is essential for the repression of Phox2b in developing sensory ganglia, we asked
whether it is sufficient to block its endogenous expression in VSN. Therefore, we generated a transgenic mouse that can overexpress
Prdm12 in specific cell types at any desired age. A transgene containing the CAG promoter upstream of a Lox-Stop-Lox-Prdm12-IRES-
EGFP (LSL-Prdm12) sequence was inserted into the Rosa2é locus (Figure 6A). To validate this transgenic mouse line, we first crossed mice
carrying the Rosa26--F9m12 3llele with Dbx1°" driver mice® which results in excision of the transcription stop sequence and permanent
co-expression of Prdm12 and EGFP in p0 spinal ventral progenitors in which Prdm12 is normally not expressed. This Cre driver mouse line
was chosen based on previous work that has shown that in the spinal cord Prdm12 is selectively expressed in p1 progenitors and promotes
V1 interneuron development by repressing the expression of the transcription factor Dbx1, which is expressed in the adjacent p0 progenitor
domain and promotes VO interneuron fate.®” We observed high levels of Cre-dependent recombination and Prdm12 expression, based on
anti-EGFP and anti-Prdm12 immunofluorescence in the ventral spinal cord of Dbx1°7¢/*: Rosa26-oL-Frdm12/+ embryos (Figure S6A). We next
verified that the Prdm12 transgene is functional by looking at the impact of Prdm12 ectopic expression on VO and V1 interneurons develop-
ment. We found that, as expected, the expression of Dbx1 in p0 and that of the Evx1 and Skor2 VO markers>® was reduced, while that of En1
thatlabels V1 interneurons is expanded (Figures S6B and S6C). We then used this genetic tool to examine the effects of the ectopic expression
of Prdm12 on Phox2b in developing viscerosensory ganglia. Therefore, we crossed Rosa26-°5F9m12 mice with Phox2b®"® mice,* and per-
formed immunostaining on head sections of E11.5-E13.5 embryos. In E11.5 Phox2b“"®’*; Rosa26-°574m12/* ambryos, we observed ectopic
expression of Prdm12 in the GG and the PNG. However, Phox2b expression appeared unaffected in these different VSN ganglia
(Figures 6B and 6C). To test the hypothesis that Prdm12 may be unable to downregulate Phox2b because Prdm12 is turned on later than
Phox2b in Phox2b™ precursors, after the choice of precursors to adopt a visceral sensory neuron fate has been taken, we also crossed
Rosa26-tFdm12 mice with Wnt1-Cre mice that drive Cre expression into NC cells. In E13.5 Wnt1-Cre; Rosa26"-F9m12* embryos, we
observed an ectopic expression of Prdm12 in sympathetic ganglia (SG). We found that in SG, Phox2b was also not affected by Prdm12 over-
expression (Figure 6D). Thus, although required to repress Phox2b in somatosensory ganglia, Prdm12 ectopic expression is not sufficient to
repress it in VSN or SG, indicating its activity is highly dependent of the cellular context.

Prdm12 is not required in late differentiating and mature nociceptors to repress Phox2 genes but continues to play a role in
the maintenance of some aspects of their molecular identity

In a previous work, we analyzed by RNA-seq the transcriptome of TG and DRG of Rosa26“°ER72, Prdm 12719/1°% adult mice treated with tamox-
ifen.*” In the list of common upregulated DEGs, although neither Phox2a nor Phox2b could be detected, we found a few genes upregulated
by the loss of Prdm12* (Figure 7A). Among them are Agtrla encoding a receptor for the neuropeptide angiotensin’® expressed in DRG in
non-peptidergic nociceptors, the neurotrophic receptor Ntrk3/TrkC?® enriched in LTMRs, Skor2 encoding a ski family member transcriptional
cofactor (also designated Corl2)*" expressed in LTMRs and Stk32a encoding the serine/threonine kinase 32A that is only weakly expressed in
DRG, mainly in non-peptidergic nociceptors.”® While Agtria and Ntrk3/TrkC are both also expressed in some NG neurons,” all four genes
are detected in sympathetic neurons.”**? We examined the expression of these markers in Nav1.8°"¢; Prdm1219/1°% mice that allow deletion
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Figure 6. Prdm12 ectopic expression is not sufficient to repress Phox2b expression in visceral ganglia of the PNS

(A) Schematic of the inducible Rosa26 9™ 12 |ocus allowing expression of Prdm12 and EGFP in a Cre-inducible manner.

(B and C) Immunostainings with Phox2b and Prdm12 antibodies on coronal sections through GG (A) and PNG (B) of E11.5 Phox2b®"®’*; Rosa26St-Frdm12/+ gnd
control embryos. Insets show magnifications of the indicated area. Histograms show quantifications of the immunostainings.

(D) Immunostainings of Phox2b and Prdm12 on coronal sections through SG from E13.5 Wnt1-Cre; Rosa26--¥™'2"* and control embryos. PNG, petrosal-
nodose ganglia; GG, geniculate ganglia; SG, sympathetic ganglia. Scale bars, 50 pm.

of Prdm12in nociceptors at perinatal stage™ and in Rosa26C®ER72. Prdm 127191 mice expressing a ubiquitous tamoxifen dependent Cre
recombinase. Figures 7B, 7C shows that the number of Skor2" and TrkC* neurons is increased in DRG of both Nav1.8°¢"*; Prdm12flox/flox
and Rosa26CERT/*. prdm12f10/flox mice. Upregulation of Stk32a and Agtria was also visible in DRG of Rosa26C"eERT2/+ . prdm 1 pflox/flox
mice (Figure 7C). Although none of these markers are specific of sympathetic neurons, these results suggest that Prdm12, independently
of its repressive action on Phox2b, prevents mature nociceptors to express markers of autonomous neurons.

DISCUSSION

Congenital insensitivity to pain (CIP) is rare autosomal recessive genetic disorders in which a person cannot feel pain from birth, due to either
undeveloped nociceptors or non-functional nociceptors. PRDM12that encodes a transcriptional regulator, is one of the very few genes whose
mutations cause CIP,** due to is requirement for the initiation of the nociceptive lineage.' '™ Besides CIP, biallelic polyalanine expansions in
PRDM12 have been described resulting in a milder, more localized congenital sensory disorder, designated Midface Toddler Excoriation
Syndrome (MITES). MIiTES is a condition reported in children characterized by severe midfacial lesions resulting from itch-induced excessive
scratching with little if any evidence of generalized pain insensitivity.”> How expansions of the PRDM12 polyalanine tract lead to cranial
specific nociceptor dysfunction is not known. Therefore, in this study, we have pursued our efforts to better understand the consequences
of the loss of Prdm12 on sensory neuron differentiation, with a focus on cranial ganglia.

Here, we show that in the absence of Prdm12, TG, and DRG hypoplasia observed in Prdm12 knockout embryos is partially rescued in a
Bax™’~ background, confirming the importance of Prdm12 for cell survival. Other studies have proposed that the absence of nociceptors
was mainly due to defective proliferation rather than increased cell death.'”'® The origin of this discrepancy is unclear. Differences in strain
used or stages/number of animals examined, retention of Prdm12 exon Il to V in the conditional knockout in the study by Landy et al., 2021,
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Figure 7. In perinatal and adult somatosensory neurons, Prdm12 continues to play a role in the maintenance of their molecular identity

(A) Heatmap depicting RNA-seq Log2 Fold Change expression level of selected genes in thoracic DRG collected from adult Rosa26<°ER"2; Prdm 1210 (jck O)
and control (ctrl) mice one month after tamoxifen injection normalized to the mean Log2 Fold Change of control replicates (Latragna et al., 2022).

(B) Immunostainings on cross-sections through DRG of E18.5 Nav1.85®"*; Prdm1279“°% embryos revealing absence of ectopic Phox2a/b* cells and increased
number of Skor2* and TrkC" cells in the absence of Prdm12 expression. Graphs showing quantification of the numbers of positive cells detected are shown.
(C) Immunostainings and RNAscope based in situ hybridization revealing increased number of Skor2", TrkC*, Agtrla® and Stk32a" cells on cross-sections
through DRG of Rosa26C"ERT2: prm12f10x/fox gnd Rosa26 " eERT/CreERT2 4yl mice. Histograms are represented as mean + standard error of mean (SEM).
Each dot in histograms represents the mean values obtained for an individual biological replicate. Mann-Whitney tests have been applied. Calculated
p values are referred to as follow: *p < 0,05; **p < 0,01; ***p < 0.001 and ns for non-significant difference (p > 0,05). Scale bars, 50 pm. DRG, dorsal root ganglia.
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may be variables explaining those discrepancies. SJG development was in contrast not rescued at all by Bax deletion suggesting that Prdm12
may control its formation via other mechanisms. Whether these ganglia fail to develop because of defects in NC migration, proliferation, and/
or specification remains to be further studied.

Phox2 factors act as master regulators of the entire visceral reflex neuronal circuits that control the digestive, cardiovascular, and respira-
tory systems. Indeed, within the PNS, on the efferent paths, Phox2 genes are essential for the development of the autonomic ganglia (sym-
pathetic, parasympathetic, and enteric). On the afferent paths, Phox2 transcription factors control the differentiation of the neurons of the
three epibranchial placode derived ganglia (geniculate, petrosal, and nodose). In their absence, visceral neurons change fate and acquire
asomatic molecular identity.* We report that upon the loss of Prdm12 some SSN before undergoing apoptosis start to express the homeobox
transcription factor Phox2b and its paralog Phox2a, which likely extend their survival. To date, no such phenotype has been observed in
sensory ganglia of embryos knock-out for the other regulators of somatosensory neurogenesis. To our knowledge, only the homeobox tran-
scription factor Lbx1 has a similar function reported in relay neurons in the hindbrain.”® When examining Prdm12 expression in the PNG of
Phox2b'##*2<Z embryos, we found that it is not ectopically expressed as initially reported for Poudf1,* suggesting that the visceral-to-somatic
transition observed in Phox2b 2?32 may not be complete (Figure S7), which remains to be further investigated.

In developing TG, we show that some of those ectopic Phox2b™ neurons are eliminated with time and that changes in response to the
ectopic activation of Phox2b in TG are limited. Indeed, (i) only a limited number of markers specifically enriched in VSN were found upregulated
in our transcriptomic analyses of TG of Prdm12 knockout embryos; (i) ectopic Phox2b™ neurons that survive around birth in TG of Prdm12
knockout embryos show central and peripheral projections typical of SSN and (i) the somatic determinant Brn3a was still expressed in ectopic
Phox2b™ neurons. Brn3a plays essential functions in developing sensory neurons as, like Prdm12, the repression of gene programs character-
istic of other tissues (including non-neuronal ones such as cardiac/cranial mesoderm).”” Its unaltered expression in SSN of Prdm12 knockout
embryos may likely explain some of their preserved SSN features. These data further suggest that in cranial sensory pathways, visceral and so-
matic sensory fates are related.” Whether alterations of the fate of SSN in developing TG ganglia as reported in this study also occur in MiTES
patients and are responsible for their facial altered sensitivity remains to be investigated. Besides this cell autonomous function of Prdm12in TG
progenitors in the choice between somatic or visceral sensory fate, we also observed defects in Prdm12/2?'2Z embryos in the localization of a
pool of hindbrain Phox2b*™ Nkx6.1* branchio-visceral motoneurons.®”*?” How the loss of nociceptive fibers indirectly affects the migration of
these branchio-motor neurons and whether it has any consequence on the formation of other PNS structures remains unknown.

InDRG, our results indicate that the constitutive or conditional loss of Prdm12also leads to an upregulation of Phox2 genes. In Advillin-Cre;
Prdm12719/1x ambryos, despite the ectopic expression of Phox2b, cells do, however, not acquire an autonomic fate. Forced Phox2 gene
expression using retroviral vectors in trunk NC cultures and in DRG of chick embryos has been shown, however, to be sufficient to promote
sympathetic neuron generation.*® As Phox2 genes are expressed throughout embryonic sympathetic neuron development and as continued
expression of Phox2b during differentiation has been shown to be required in SG,**“*? it is likely the transient nature and late onset of the
ectopic Phox2b expression observed in DRG of Prdm 122?22 embryos that explains the inability of NC cells to acquire characteristics of
sympathetic neurons. It has been shown recently that trunk NC cells differentiate in a stepwise manner through a series of binary lineage re-
striction decisions. A first phase of decision occurs in progenitors that separates sensory neuro-glial (and melanocyte fates) from bipotent
autonomic-mesenchymal fated cells. A second later decision occurs in trunk NC cells that separate cells adopting an autonomic fate from
others acquiring a mesenchymal fate.” Applying our data to this model would suggest that Prdm12 is involved in both of these lineage bi-
furcations, acting first with proneural factors'' to promote a sensory (nociceptive) fate and later through its ability to repress Phox2b to block
autonomic neuron differentiation.

By temporally controlling Prdm12 inactivation, we found that its ongoing expression in DRG is still required to repress Phox2b in early
differentiating postmitotic nociceptive neurons and that this is no longer the case in late differentiating and mature nociceptors of adult
mice. Interestingly, in mature nociceptors of adult mice, we showed that loss of Prdm 12 still upregulates a few markers related to autonomous
neurons. As these markers are not selective of autonomous neurons only, further studies are, however, needed to define the precise molecular
changes that occurs upon loss of Prdm12in mature nociceptors. This is an important question given the potential of Prdm12 as a target for the
development of novel analgesics.”

Transcription factors are essential determinants of cell fate acquisition and stability. They mediate their role via direct DNA binding to
regulate transcription and chromatin accessibility. Transcription factors can act as lineage switches by activating cell-type specific transcrip-
tional programs or by repressing the programs of alternative lineages.”””® How Prdm12 controls the expression of its targets, promoting
Ntrk1/TrkA and repressing Phox2b expression in developing nociceptors remains unknown. Our data and that of others suggest that at least
in some context Prdm12 acts as an epigenetic repressor or corepressor, via the recruitment of the histone methyltransferase EHMT2/G%a or
other corepressors.®’**>® Whether Prdm12 directly represses Phox2b transcription as part of a transcriptional repressive complex binding to
the Phox2b locus or alternatively, whether the ectopic expression of Phox2b may be secondary to another transcriptional abnormality result-
ing from the absence of Prdm12 remains to be addressed. Our observation that Prdm12 is not sufficient to repress Phox2 genes in VSN
supports the idea that Prdm12 needs an appropriate permissive environment or dedicated partners to repress its targets. Defining its inter-
actome in sensory neurons will thus be of paramount importance to understand its mechanism of action in somatosensory neurogenesis.

Limitations of the study

While this study provides further evidence for the importance of Prdm12 in the survival of developing nociceptors and demonstrates that it is
also required to prevent precursors to engage into an alternate Phox2 driven visceral neuronal type differentiation program, its mechanism of
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action remains unknown. It remains unclear whether Prdm12 directly represses Phox2 and directly activates TrkA, whether it has sequence-
specific DNA binding capacity, and how it acts as an epigenetic regulator to control chromatin landscape. These are important questions
for future studies. In nociceptors in which Prdm12 is inactivated conditionally at the adult stage, we identified several markers expressed
in autonomic neurons that are upregulated independently of Phox2b suggesting that Prdm12 plays a role in the stability of the nociceptive
fate. However, because none of them are selective to autonomic neurons, further studies are needed to define the molecular function of
Prdm?12 in mature nociceptors.
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Antibodies

Rabbit polyclonal anti-GFP

Rabbit polyclonal anti-H3P

Mouse monoclonal anti-Islet1

Mouse monoclonal anti-Nkx6.1

Rabbit polyclonal anti-P2X2

Mouse monoclonal anti-Sox10

Rabbit polyclonal anti-TH

Mouse monoclonal anti-Brn3a

Chicken polyclonal anti-Peripherin

Rabbit polyclonal anti-DsRed

Mouse monoclonal anti-GATA-3

Goat polyclonal anti-TrkB

Goat polyclonal anti-TrkC

Rabbit polyclonal anti-cleaved Caspase 3

Goat polyclonal anti-TrkA

Rabbit Polyclonal anti-TrkA

Rabbit polyclonal anti-BTubulin Il

Mouse monoclonal anti-Neurofilament (NF-M)
Chicken polyclonal anti-B-galactosidase

Rabbit polyclonal anti-Skor2

Rabbit Polyclonal anti-Phox2a

Rabbit Polyclonal anti-Phox2b

Guinea-pig polyclonal anti-Prdm12

Guinea-pig polyclonal anti-TIx3

Rabbit polyclonal anti-TIx3

Goat anti-rabbit IgG Alexa Fluor 488 conjugated
Goat anti-rabbit IgG Alexa Fluor 594 conjugated
Goat anti-rabbit IgG CF405S conjugated

Goat anti-mouse |gG Alexa Fluor 488 conjugated
Goat anti-mouse IgG Alexa Fluor 594 conjugated
Goat anti-guinea pig IgG Alexa Fluor 488 conjugated
Goat anti-guinea pig IgG Alexa Fluor 594 conjugated
Donkey anti-rabbit IgG Alexa Fluor 488 conjugated
Donkey anti-rabbit IgG Alexa Fluor 405 conjugated
Donkey anti-guinea pig IgG Alexa Fluor 488 conjugated
Donkey anti-guinea pig IgG Alexa Fluor 405 conjugated
Donkey anti-goat IgG Alexa Fluor 594 conjugated
Donkey anti-chicken IgG Alexa Fluor 488 conjugated

Molecular Probes
Millipore

DSHB

DSHB

Alomone labs
Abcam

Pel-Freez Biologicals
Millipore

Abcam

Takara Bio

Santa Cruz Biotechnology
R&D Systems

R&D Systems

Cell Signaling

R&D Systems

gift from L. Reichardt
Merck

DSHB

Abcam

Novus Biologicals
gift from J.-F. Brunet
gift from J.-F. Brunet
Desiderio et al.""

gift from Thomas Midiller
gift from Thomas Miiller
Molecular Probes
Molecular Probes
Gentaur

Molecular Probes
Molecular Probes
Molecular Probes
Molecular Probes
Abcam

Abcam

Jackson ImmunoResearch Labs

Abcam

Molecular Probes

Jackson ImmunoResearch Labs

Cat# A-6455; RRID:AB_221570

Cat# 06-570; RRID:AB_310177

Cat# 39.4D5; RRID:AB_2314683
Cat.#F55A10-s; RRID:AB_532378
Cat.# APR-003; RRID:AB_2040054
Cat.# ab216020; RRID:AB_2847913
Cat.#P40101-150; RRID:AB_2617184
Cat.# MAB1585; RRID:AB_94166
Cat.# ab106276; RRID:AB_10863669
Cat.# 632496; RRID:AB_10013483
Cat.# SC268; RRID:AB_2108591
Cat.# AF1494; RRID:AB_2155264
Cat.# AF1404: RRID:AB_2155412
Cat.# 9661; RRID:AB_2341188

Cat.# AF1056; RRID:AB_2283049
N/A

Cat.#T2200; RRID:AB_262133

Cat.# 2H3; RRID:AB_531793

Cat.# ab9361; RRID:AB_307210
Cat.# NBP2-14565; RRID:AB_2632379
N/A

N/A

N/A

N/A

N/A

Cat.# A-11008; RRID:AB_143165
Cat.# A-11012; RRID:AB_141359
Cat.# 20082; RRID:AB_10561326
Cat.# A-11029; RRID:AB_2534088
Cat.# A-11005; RRID:AB_141372
Cat.# A-11073; RRID:AB_2534117
Cat.# A-11076; RRID:AB_141930
Cat.# ab150073; RRID:AB_ 2636877
Cat.# ab175651; RRID:AB_ 2923541
Cat.# 706-545-148; RRID:AB_2340472
Cat.# ab175678; RRID:AB_ 2827755
Cat.# A11058; RRID:AB_ 142540
Cat.# 703-545-155; RRID:AB_2340375

Chemicals, peptides, and recombinant proteins

Tamoxifen

NeuroVue®Jade

Merck

Polyscience, Warrington, PA

Cat.#T5648
Cat.# 248 37-1
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Critical commercial assays

TruSeq RNA Library Preparation Kit v2 lllumina Cat.# RS-122-2001; RS-122-2002

Deposited data

RNA-seq Data
RNA-seq Data

This manuscript

Latragna et al.*”

GEO: GSE211929
GEO: GSE182904

Experimental models: Organisms/strains

iScience

Mouse: Prdm12t2<Z Desiderio et al."" N/A

Mouse: Prdm 121 Desiderio et al."" N/A

Mouse: Rosa26"14T°mate: B6: 12956-G(ROSA)26Sor™ 1 4(CAG-dTomatolHze/) Madisen et al.> JAX: 007908

Mouse: Advillin-Cre; B6.129P2-Avi|tm2crelFawa’) Zhou et al.”? JAX:032536

Mouse: Rosa26~"°FRT2; B6.129 Gt(ROSA)26Sor™ ! Ce/ERTATY Ventura et al.”’ JAX:008463

Mouse: Phox2b** Pattyn et al.” N/A

Mouse: Phox2b-Cre D'Autréaux et al.* N/A

Mouse: Sox10-Venus Shibata et al.” N/A

Mouse: Ngn1°F*:Neurog1t™A"4/Neurog1t™'4nd Ma et al.’® N/A

Mouse: Dbx1-Cre; Dbx1tm2(creApie Bielle et al.>¢ N/A

Mouse: Nav1.8-Cre Stirling et al.*? N/A

Mouse: Bax™'~; B6.129X1-Bax™"* Knudson et al.” JAX:002994

Mouse: Wnt1-Cre Danielian et al.>” N/A

Mouse: Rosa26-S-Frdm12 This manuscript N/A

Oligonucleotides

Prdm 12 - Fwd: 5'-AGTTTGTACATTCCCTGGGAGTAAGACTCC-3' This manuscript N/A

Prdm 12 - Rev: 5'-AGCCAGGGGAAGAATGTGAGTTGC-3' This manuscript N/A

Prdm 12— Fwd: 5'-GCTGATCGAGTCCAGGAGAC-3' This manuscript N/A

Prdm12f1°*_ Rev: 5'-CCAAACATCCACAACCTTCA-3' This manuscript N/A

Cre - Fwd: 5-CGATGCAACGAGTGATGAGGTTC-3' This manuscript N/A

Cre - Rev: 5-GCACGTTCACCGGCATCAAC-3' This manuscript N/A

Sox10-Venus — Fwd: 5-AAGACGTGGAGGCGGGACGC-3' This manuscript N/A

Sox10-Venus — Rev: 5'-CACCACCCCGGTGAACAGCTCC-3 This manuscript N/A

Neurog1 WT - Fwd: 5-TGGTGTCGTCGGGGAACGAG-3' This manuscript N/A

Neurog 16 - Fwd: 5-AAGGCCGACCTCCAAACCTC-3' This manuscript N/A

Neurog1®FP/WT - Rev: 5'-CCTGTACATAACCTTCGGGC-3' This manuscript N/A

Rosa26sttdTemate _ Fyd: 5'-GGCATTAAAGCAGCGTATCC-3' This manuscript N/A

Rosa26-SttdTemate _ Rey: 5/.CTGTTCCTGTACGGCATGG-3' This manuscript N/A

Bax WT - Fwd: 5-GCAGAGGGTTAAAAGCAAGG-3' JAX Protocol JAX:002994

Bax Mutant- Fwd: 5'-CTTCCTGACTAGGGGAGGAG-3' JAX Protocol JAX:002994

Bax WT/Mutant- Rev: 5-ACCCAGCCACCCTGGTCT-3’ JAX Protocol JAX:002994

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/

Star Alignment software 2.3.0e Dobin et al.*° https://bioweb.pasteur.fr/packages/
pack@STAR@2.3.0e

SAMtools 0.0.18 Li et al., 2009 http://samtools.sourceforge.net/

Bioconductor

Anders and Huber.®'

R/Bioconductor
DEseq2 1.8.2

https://bioconductor.org/

http://bioconductor.org/

(Continued on next page)
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Other

Stk32a RNAscope probe ACD Biotechne Cat.# 509691
Agtr1a RNAscope probe ACD Biotechne Cat.#481161-C3
RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Eric Bellefroid
(ebellefr@ulb.ac.be).

Materials availability

The Rosa26-°5F9m12 mouse line generated in this study is available from the lead contact upon completion of a Material Transfer Agreement.

Data and code availability
e RNAseq raw data files have been deposited on the NCBI Gene Expression Omnibus and are publically accessible (GEO Accession
viewer (nih.gov)). Accession numbers are listed in the key resources table.
e This paper does not report original code.
e All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials.Any additional
information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All animal experiments were performed with approval from the CEBEA (Comité d'éthique et du bien-étre animal) of the IBMM-ULB and con-
formed to the European guidelines on the ethical care and use of animals. All mice were maintained on a C57BL/6J background and 2-
8 months old mice of either sex were used. Mice were housed under standard conditions and given chow and water ad libitum. Air circulation
in the facility was filtered and temperature monitored at 20°C. Experiments were designed to minimize the number of animals used. Primers
used for genotyping were indicated in the key resources table. The following mouse strains were used: Prdm12-%%* and Prdm12flex/flexi1,
Rosa2619Tomat (Aj14, JAX# 007908); Advillin-Cre (JAX# 032536)"*;Rosa26"*5RT? (JAX# 008463)°’; Bax '~ (JAX#002994)*"; Phox2b"</*
and Phox2b-Cre mice.”” Sox10-Venus,”® Neurog1®™'® Dbx1-Cre®® and Nav1.8-Cre*® mice were gifts from S. Shibata, Francois Guillemot,
A. Pierani and E. Bourinet, respectively.

CRISPR Cas9-mediated knock-in into the Rosa26 locus was used to generate the conditional Prdm12 overexpressing (Rosa26-5-—"rdm12/+)
mice. PR26 CAG/GFP Asc plasmid was used as conditional (Cre/loxP) targeting vector (addgene #74285). Mouse Prdm12 coding sequence
was amplified by PCR and was cloned into the targeting vector using the Ascl cloning site. sgRNA26-1°” was used as guide RNA to create
double-strand break at the Rosa26 intronic Xbal site. The guide RNA is split in two parts: 1) crRNA (20 nucleotides), corresponding to the
target sequence (protospacer) with a tail (16 nucleotides) and 2) tracrRNA (67 nucleotides), containing the hairpin recognized by Cas9
with an extremity complementary to the crRNA tail. Annealed crRNA/tracrRNA (2.4 pmol/pL), Cas? nuclease V3 (200 ng/uL) and Prdm12 tar-
geting vector (10 ng/uL) were mixed in IDTE buffer and injected into the pronucleus of B6D2F2 mouse zygotes. Injected zygotes were incu-
bated in KSOM medium at 37°C for at least 2 h before being transferred into oviduct of CD1 pseudo-pregnant female mice. Identification of
positive founders with correct targeting was done by PCR genotyping and confirmed by sequencing. crRNA, tracrRNA (1072534), Cas?
nuclease V3 (1081059) and IDTE (11-01-02-02) were ordered from Integrated DNA Technology (IDT).

METHOD DETAILS
Embryo processing

In situ hybridizations and immunofluorescence stainings were performed on cryostat sections as previously described.'"*” Detailed methods
and antisense probes and antibodies used can be found in SI Appendix, supplemental materials and methods. Quantitative analyses were
carried out on at least 3 independent animals of each genotype. Statistical analysis was performed using the GraphPad Prism software.

Tamoxifen treatment

Tamoxifen (Merck) was dissolved in corn oil and administrated intraperitoneally (1.9 mg/25g body weight) in more than 56- day-old 4 times in a
week for the Rosa26°®R72; Prdm 121 mice. Injected animals were killed 28 to 35 days after the last Tamoxifen injection for analysis.
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In situ hybridizations and immunostainings

For in situ hybridization, embryos or, if older than E12.5 head and body parts, were dissected in cold RNase-Free (RF) PBS 1X, fixed over-night
(O/N) in 4% PFA (diluted in RF-PBS) at 4°C, and cryoprotected by incubation in sucrose 30% (diluted in RF-PBS) until tissue sank. Fixed infused
tissues were then embedded in gelatin 7,5% - sucrose 15% (diluted in RF-PBS) and stored at —80°C before cryostat sectioning (20 um). In situ
hybridization were performed as previously described.” Antisense RNA probes were synthetized using the MEGAscript T7/T3 or SP6 kit
(ThermoFisher) following the manufacturer’s instructions and labeled using the digoxigenin-11-UTP (Roche). Images collection and analysis
were performed using a stereo microscope Olympus SZX16 and the software CellSens Entry V2.1 or Zeiss Axio Observer Z1. using the
ZENblue software.

Plasmids used to generate antisense probe for mouse Prdm12,%° Engrailed—ké’4 Evx1,"" Dbx1,* Neurog7,Hg Ntrk1,"” Ret®® Runx1,%
Scn10a,%” NeuroD1,%® Poudf1,'® DBH'? have been described previously. EST Horizon clone 1d:30431573 was used to generate the Slcéa2 anti-
sense probe.

Forimmunofluorescence staining, embryos were dissected in cold PBS 1X, fixed 20 min in 4% PFA at 4°C, then cryoprotected by incubation
in sucrose 30%. Embryos were then embedded in gelatin 7,5% - sucrose 15% and stored at —80°C. After freezing, embryos were cryosec-
tioned at 14-18 um. For the staining procedure, all sections were dried 20 min at RT, rinsed 3 X 10 min with PBS, blocked with 10% normal
serum (donkey or goat) in 0.1% PBST (0.1% Triton X-100 in PBS) for 2 h, and incubated with primary antibody(ies) in blocking solution overnight
at4°C. The following day, sections were rinsed 3 X 10 min with PBST and incubated with secondary antibodies 1 h at RT with secondary anti-
body(ies) diluted in the same buffer. Sections were then rinsed 3 x 10 min in PBST, counterstained with DAPI and/or rinsed 2 X 5 minutes in
PBS and mounted under coverslips in Dako fluorescence mounting medium (DAKO cat.#53023) and rapidly imaged. Primary and secondary
antibodies used in this study were listed in the key resources table. Antigen retrieval, by boiling for 10 min in sodium citrate (10 mM), was
needed for optimal labeling with anti-Islet and anti-Brn3a antibodies. Images collection and analysis were performed using a wide-field fluo-
rescence microscope Zeiss Axio Observer Z1 or a laser-scanning confocal microscope Zeiss LSM 710 using the Zeiss Zen microscopy software.

NeuroVuelade retro labeling

For NeuroVueJade retro labeling (Polyscience, Warrington, PA), embryos head were first dissected in cold PBS 1X, fixed 20 min in 4% PFA at
4°C, and then left in 1% PFA for several days at 4°C. On the day of the labeling, the head of the embryos were immobilized by inserting a
needle into the tong and the neck and small incisions with forceps were made in the middle of the whisker pads in order to facilitate the inser-
tion of small triangle pieces of NeuroVueJade (green emitting dye; excitation maximum, 478 nm; emission maximum, 508 nm). The heads are
then rapidly put back in 1% PFA and left for incubation in the dark at RT for around three weeks. The NeuroVueJade signal progression in the
tissue was regularly checked using a binocular with fluorescent lamp. Once the signal reached nerves at the level of the eyes, heads were post-
fixed in 4% PFA —0,25% glutaraldehyde on ice for 20 min, then quickly washed in cold PBS 1X and incubated in sucrose 30% at 4°C in the dark
until tissue sank. Embryos heads were embedded in gelatin 7,5% - sucrose 15% and stored at —80°C before cryostat sectioning. IF experi-
ments were next performed on 25 um parasagittal sections with a modified protocol,” that uses digitonin (stock at 50 mg/mL dissolve in
DMSO) which is a more compatible detergent for co-staining with lipophilic dyes than Triton X100. Briefly, the sections were washed in
PBS 1X, then incubated 1 h at RT in blocking solution (10% serum and digitonin 1/50 in PBS 1X). Primary and secondary antibodies were
diluted in blocking solution, and all washes of the second day of experiment were done with PBS 1X. After DAPI staining and PBS washes,
sections were mounted in DAKO fluorescence mounting medium (DAKO cat.#53023) and analyzed with a laser-scanning confocal microscope
Zeiss LSM 710.

RNAscope
For sample preparation, individual DRG from mice were rapidly dissected in cold RF PBS 1X. DRG were embedded in OCT medium (VWR
cat# 361603E), frozen in dry-ice and stored at —80°C until they were sectioned. DRG were sectioned at a thickness of 15-20 pm and

RNAs were detected by RNAscope (Advanced Cell Diagnostics) using the manufacturer’s protocol. The following probes were used:
Stk32a (ACD Biotechne cat.# 509691) and Agtrla (ACD Biotechne cat.# 481161-C3).

X-gal staining on embryo sections

Embryos 20 pm sections were fixed in 4% PFA for 30 min at RT. After three washes of 30 min at RT in “detergent rinse” solution (2 mM MgCl2,
0.01% sodium deoxycholate, 0.02% NP-40 diluted in PBS 1X), the sections were then incubated in the dark at 37°C in staining solution
composed of detergent rinse solution with 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 and 1 mg/ml of X-gal. When X-gal staining was sufficient,
sections were rinsed several times in PBS 1X, post-fixed in 4% PFA for 20 min at RT and rinsed several times in PBS 1X before mounting in
DAKO fluorescence medium (DAKO cat.#53023).

RNA sequencing and data processing

Trigeminal ganglia were dissected in cold RF PBS 1X and store at —80°C in TRIZOL (ThermoFisher cat.# 15596026). For TG isolation, E13.5
control and Prdm12 KO embryos with a Sox10-Venus background were used to facilitate dissection. RNA was extracted using the illustra
RNAspin Mini RNA isolation kit (GE Healthcare cat.# 25-0500-70). Quality and integrity of RNA was assessed with the Fragment Analyzer
from Advanced Analytical by using the standard sensitivity RNA Analysis Kit (DNF-471). RNA-seq libraries were performed using 100 ng total
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RNA of a nonstranded RNA Seq, massively parallel mRNA sequencing approach from lllumina (TruSeq RNA Library Preparation Kit v2, Set A;
48 samples, 12 indexes, Cat. NRS-122-2001). Libraries were prepared on the automation (Beckman Coulter’s Biomek FXP workstation). For
accurate quantitation of cDNA libraries, a fluorometric-based system, the QuantiFluordsDNA System from Promega (Madison, WI) was
used. The size of final cDNA libraries was determined by using the dsDNA 905 Reagent Kit (Fragment Analyzer from Advanced Bioanalytical)
exhibiting a sizing of 280 bp in average. Libraries were pooled and sequenced on the lllumina HiSeq 4000 (SE; 50 bp; 30 Mio reads/sample).
Sequence images were transformed to BCL files with the Illumina software BaseCaller software, which were demultiplexed to fastg
files using bcl2fastg v2.20.0.422. Sequencing quality was asserted using FastQC software (http://www.bioinformatics.babraham.ac.uk/
projects/fastgc/)(version 0.11.5). Sequences were aligned to the Mus musculus GRCm39 genome using the STAR aligner software version
2.7.8a,16 allowing for 2 mismatches within 50 bases. Subsequently, read counting was performed using feature-eCounts version 2.0.1.34
Read counts were analyzed in the R/Bioconductor environment version 4.1.0 (www.bioconductor.org) using the DESeq2 package version
1.32.0.37 Candidate genes were selected as those with an FDR-corrected P-value #0.05. Genes were annotated using the M musculus
GTF file mm10 version 104 used to quantify the reads within genes.

Analysis of cell type attribution to the identified dysregulated genes in E13.5 Prdm 122?13 TG was performed using the gene expression
atlases developed by Usoskin et al. 20157 (linnarssonlab.org/drg/), Zeisel et al. 20187 (mousebrain.org) and Kupari et al. 2019? (https://
ernforsgroup.shinyapps.io/vagalsensoryneurons/). Dysregulated genes were categorized as “Neuron enriched” if they had significant
expression in at least in one neuronal cell type (and no or limited expression in non-neuronal cell types), in at least one of the used gene
expression visualization tools. RNA-seq data have been deposited at Gene Expression Omnibus (GEO) under accession GSE211929.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analyses were carried out on at least 3 independent animals of each genotype. All statistical analyses and the generation of
graphs were performed using the GraphPad software.

Statistical tests used are specified in the legends of the figures and supplementary figures wherever appropriate. In cases in which our
datasets did not follow normal distribution, nonparametric statistical tests have been applied. In cases in which our datasets do not contain
enough biological replicates to be able to determine whether they follow a normal distribution or not, non-parametric tests have been also
applied. No statistical methods have been used to determine sample sizes.

iScience 26, 108364, December 15, 2023 19



http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioconductor.org
http://mousebrain.org
https://ernforsgroup.shinyapps.io/vagalsensoryneurons/
https://ernforsgroup.shinyapps.io/vagalsensoryneurons/

	ISCI108364_proof_v26i12.pdf
	Prdm12 represses the expression of the visceral neuron determinants Phox2a/b in developing somatosensory ganglia
	Introduction
	Results
	Prdm12 is expressed independently of Neurog1 in cranial somatosensory ganglia
	Prdm12 depletion causes TG and DRG hypoplasia partly through Bax-dependent apoptosis
	Loss of Prdm12 upregulates in trigeminal ganglia the expression of markers enriched in nodose ganglia neurons
	Loss of Prdm12 transiently upregulates Phox2b in neural crest derived cells of developing trigeminal and dorsal root ganglia
	Ectopic expression of Phox2b does not change the innervation pattern of trigeminal neurons
	Prdm12 remains required in early post-mitotic nociceptive precursors to repress Phox2b and its ectopic expression in DRG do ...
	Prdm12 functions as a context dependent repressor of visceral sensory neuron fate
	Prdm12 is not required in late differentiating and mature nociceptors to repress Phox2 genes but continues to play a role i ...

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Mice

	Method details
	Embryo processing
	Tamoxifen treatment
	In situ hybridizations and immunostainings
	NeuroVueJade retro labeling
	RNAscope
	X-gal staining on embryo sections
	RNA sequencing and data processing

	Quantification and statistical analysis




