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The evolutionarily conserved transcription factor
PRDM12 controls sensory neuron development
and pain perception
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Abbreviation: PRDM12, PR homology domain-containing member 12; HSAN, hereditary and sensory autonomic neuropathy;

TRHDE, tyrotropin-releasing hormone degrading enzyme; RA, retinoic acid; Brn3d, brain 3d; Tlx3, T-cell leukemia homeobox 3;

Hmx3, H6 family homeobox 3; Drgx, dorsal root ganglia homeobox; Sncg, Synuclein Gamma (Breast Cancer-Specific Protein 1);

Enl, engrailed-1; RT-qPCR, real-time quantitative polymerase chain reaction; MO, morpholino oligonucleotide; ChIP, chromatin
immunoprecipitation; S1IPR1, Sphi8ngosine-1-phosphate receptor 1; CGNLI, cyclin L1; IL1R1, interleukin 1 receptor type 1;

TRH(DE), tryrotropin-releasing hormone degrading enzyme; pCMVO, plasmid cytomegalovirus; DDK, DYKDDDDK epitope;
GAPDH, glyceraldehyde 3-phospate dehydrogenase; NBT/BCIP, nitro blue tetrazolium / 5-bromo-4-chloro-3-indolyl-phosphate;
SET, Su(var)3-9 and ‘Enhancer of zeste’; PDB, protein data base; HEK293, human embryonic kidney cell 293; PBS, phosphate buft-
ered saline; DAPI, 4',6-diamidino-2-phenylindole; GFP, green fluorescent protein; BSA, bovine serum albumin;

HRP, horseraddish peroxidase; ECL, enhanced chemiluminescence; FPKM, fragments per kilobase exon;

FDR, false discovery rate; GEO, gene expression omnibus; PMID, pubmed identification.

PR homology domain-containing member 12 (PRDM12) belongs to a family of conserved transcription factors
implicated in cell fate decisions. Here we show that PRDM12 is a key regulator of sensory neuronal specification in
Xenopus. Modeling of human PRDM12 mutations that cause hereditary sensory and autonomic neuropathy (HSAN)
revealed remarkable conservation of the mutated residues in evolution. Expression of wild-type human PRDM12 in
Xenopus induced the expression of sensory neuronal markers, which was reduced using various human PRDM12
mutants. In Drosophila, we identified Hamlet as the functional PRDM12 homolog that controls nociceptive behavior in
sensory neurons. Furthermore, expression analysis of human patient fibroblasts with PRDM12 mutations uncovered
possible downstream target genes. Knockdown of several of these target genes including thyrotropin-releasing
hormone degrading enzyme (TRHDE) in Drosophila sensory neurons resulted in altered cellular morphology and
impaired nociception. These data show that PRDM12 and its functional fly homolog Hamlet are evolutionary conserved
master regulators of sensory neuronal specification and play a critical role in pain perception. Our data also uncover
novel pathways in multiple species that regulate evolutionary conserved nociception.

Introduction and Results

Chronic and acute pain affects millions of people worldwide
producing an enormous financial and quality of life burden. The
detection of noxious or damaging stimuli (nociception) is an
ancient process that alerts living organisms to environmental dan-
gers.'” Harmful stimuli activate receptors on specific sensory

neurons called nociceptors,” which mediate information transfer
via the spinal cord to higher order processing centers resulting in
protective behaviors and awareness of pain.” Pain perception is
essential for an animal to thrive, and human patients that cannot
sense pain, such as patients with hereditary sensory and auto-
nomic neuropathy (HSAN), die prematurely due to multiple
injuries.
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We and others have shown that Prdm12, a member of the PR
domain containing zinc finger transcription factor family, is
selectively expressed in pl progenitors of the developing verte-
brate spinal cord where it promotes V1 interneuron cell fate. It is
also expressed in specific brain regions and in cranial ganglia.”®
Through RNAseq analysis of retinoic acid (RA) treated neural-
ized caps derived from control and Prdml2 overexpressing
embryos, about 300 differentially expressed genes were identified.
As expected, the list of regulated genes includes many V1 inter-
neuron markers. Intriguingly, among the list of upregulated
genes, we also found genes encoding transcription factors playing
essential roles in sensory neurogenesis such as Islez!, Brn3d, Tlx3,
Hmx3 and Drgx and sensory neuron markers such as Sncg and
Nprrf2, some of which have been previously implicated in noci-
ception.” ' Fig. 1A shows validation of these Prdm12 target

genes in RA-treated neuralized animal cap explants by RT-
qPCR. To determine whether Prdm12 is required for sensory
neurons, embryos were injected with a Prdm12 antisense mor-
pholino (MO) and analyzed for the markers Sncg, strongly
expressed in trigeminal ganglia, as well as 7/x3 and Isler]
expressed more broadly in cranial sensory ganglia (Fig. 1B). All
markers were reduced in Prdm12 antisense MO treated embryos
(68% reduced and 30% unaffected, n = 43 for Sncg; 64%
reduced and 36% unaffected, n = 51 for 7/x3; 61% reduced,
27% unaffected and 12% increased, n = 51 for Isletl). In con-
trast, Sncg, Tlx3 and Isler] expression were unaffected in embryos
injected with control Prdmi2 mismatch morpholinos (66%
unaffected, 19% increased and 15% decreased, n = 53 for Sncg
66% unaffected, 19% increased and 15% decreased, n = 41
for T/x3; 60% unaffected, 25% increased and 15% decreased,
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Figure 1. Prdm12 gain and loss of function affects expression of sensory neuronal markers in Xenopus. (A) Real-time qPCR analysis to assess the expres-
sion of the indicated genes in stage 28 animal cap explants isolated from Xenopus embryos injected with noggin mRNA, mouse Prdm12 mRNA and
treated with retinoic acid (RA) as indicated. Expression levels (fold increase + SD) were normalized to GAPDH and compared to the expression level of
noggin-injected RA treated caps, which was arbitrarily defined as 1. (B) Lateral views of Xenopus tailbud or tadpole stage embryos injected unilaterally
with Prdm12 antisense morpholinos (MO) and hybridized with the indicated antisense probes. The injected side is revealed by LacZ staining in blue.
Note that all sensory markers tested are upregulated upon Prdm12 overexpression in caps, and in Prdm12 morphant embryos their expression is reduced
in trigeminal and epibranchial placodes. (C) Sequence alignment of Homo sapiens (Hos) and Xenopus laevis (Xel) PRDM12 proteins. Orange and blue bars
indicate the positions of the SET (PF00856) and ZnF_C2H2 (SM00355) domains, respectively. Conserved residues are boxed. Light blue boxes highlight
Cys and His residues which bind the Zn ions. Residues found to be mutated in patients are highlighted with red background and red triangles. NCBI pro-
tein accessions NP_067632 and NP_001079854. Alignment was rendered using ESPript (PMID: 24753421 deciphering key features in protein structures
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n = 20 for Islet]). In regions where Prdm12 is not expressed such
as the dorsal spinal cord, Sncg expression was, as expected, not
affected by Prdmi2 morpholino injections (data not shown).
These results indicate that PRDM12 has a critical role in the
specification of sensory neurons during Xenopus development.

In a manuscript submitted elsewhere PRDM 12 coding muta-
tions have been identified in several human HSAN patients.'*?
HSAN is a group of heterogeneous diseases characterized by the
absence of peripheral sensory neuronal function."” Since we
found that Prdm12 controls the specification of sensory neurons
in Xenopus and Prdm12 mutations may affect pain perception in
humans, we performed sequence comparisons between the

human and Xenopus Prdm 12 proteins. Intriguingly, the identified
human Prdm12 mutations, i.e. D31Y, S58fs, W160C, R168C,
and E172D, occurred in evolutionary conserved residues
(Fig. 1C). Some of the residues mutated in the HSAN patients
were even evolutionary conserved up to T7ichoplax adhaerens, a
simple multicellular Metazoa (Fig. S1). To evaluate the impor-
tance of these mutations, we first used a 3D modeling approach
(Fig. 2A). The mutated residues D31Y and S58fs could not be
modeled due to the lack of structural information in the respec-
tive region. The mutated residues W160C, R168C, and E172D
cluster in the PR methyltansferase domain, for which an X-ray
structure is available (PDB: 3EP0). Residues R168 and E172 are

< (¥ Q
S-S )
a b & &P
Flag
SN GAPDH
C
d.. Islet1 . Tix3 . Enl S
8 - [l Noggin RA/huPRDM12
29 7 ['] Noggin RA/huPRDM12/W160C
g’, 10 B Noggin RA/huPRDM12/R168C
= 6 - [7] Noggin RA/huPRDM12/E172D
5 8 5 [l Noggin RA/huPRDM12/D31Y
% 6 4 ["] Noggin RA/huPRDM12/558fs
= 3
4
2
21 1
0 0 -

Figure 2. Human PRDM12 mutations cause structural instability and impair induction of sensory neuronal markers. (A) The structural modeling of the
human PRDM12 mutations is based on the crystal structure of the human PRDM12 methyltransferase domain (PDB:3EPQ). Mutated residues and the sub-
stitutions are colored in green and gray, respectively, and shown in stick representation. Protein is shown using cartoon and bonds representations. N-
and C-terminal parts are colored in violet and cyan, respectively. (B) Western blot analysis using anti-flag antibodies to detect DDK-tagged wild type
PRDM12 or the indicated human PRDM12 mutant proteins transiently transfected into HEK cells. Note that we failed to detect the truncation mutant
S58fs. (C) Immunofluorescence analysis of HEK cells transiently transfected with DDK-tagged human wild type PRDM12 (WT) or the human R160C, D31Y,
and E172D PRDM12 mutants. Arrows indicate protein aggregates of the mutant R160C and E172D protein as well as loss of nuclear staining for the
mutant D31Y. The DDK-tag was visualized with anti-flag antibodies (green); nuclei are counterstained with DAPI (blue). Overlays appear in white. Repre-
sentative images are shown. Magnifications 100x. (D) Real-time RT-PCR analysis of the expression of the indicated genes ( £SEM) in stage 26 Xenopus
animal cap explants isolated from embryos injected with noggin mRNA, together with wild type or mutated human Prdm12 mRNAs as indicated and
treated with retinoic acid (RA). Data are presented as the mean =+ SEM of 3 idependent experiments. Expression levels (fold change) were normalized to
GAPDH and compared to the expression level of noggin-injected RA treated caps, which was defined as 1. Significance was determined by Student’s t-
test, where p-values were defined as: * P < 0.05; **P < 0.01; *** P < 0.001.
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both located in a loop fragment (amino acids 166—175) of the PR
domain and, in the wild type protein, interact closely by forming
a salt bridge between their guanidine and carboxyl groups,
respectively. This contact stabilizes the loop structure whose
geometry is further constrained by the nested C-terminal part of
the protein (Fig. 2A, colored in cyan), the most rigid fragment
of the domain according to B-factor values. Specifically, the
R168C substitution disables the ionic interaction with E172.
Similarly, introduction of Asp, having a side chain that is shorter
than that of Glu, at position 172 weakens the salt bridge with
R168, since conformational rearrangements of the loop are lim-
ited by the C-terminus of the PR domain (Fig. 2A). The
W160C substitution, also located in PRDM12 PR domain, can
potentially result in 2 significant structural effects: 1) destabiliza-
tion of the hydrophobic core of the domain due to the introduc-
tion of a less hydrophobic, smaller side chain, and 2) misfolding
of the domain due to a potential disulfide bond formation with
the neighboring C166 (the only cysteine in the PR domain). The
latter can also occur with the R168C mutation. We next exam-
ined subcellular localization of the mutant PRDM12 proteins in
HEK293T transfected cells (Fig. 2B, C). While wild type
PRDMI12 protein exhibits exclusive nuclear localization with
punctate staining, W160C, R168C, and E172D mutant proteins
cluster into large aggregates in the nucleus (Fig. 2C, and Fig.
S2A). The D31Y mutant lost nuclear staining and localized pri-
marily in the cytoplasm (Fig. 2C). Thus, the Prdm 12 mutations
impact the structure of the protein and its subcellular
localization.

To determine whether these mutations affects PRDM12 func-
tion, we expressed the wild type and various mutated forms of
human Prdm12 in Xenopus retinoic acid (RA) treated neuralized
caps. Ectopic expression of human Prdmli2, as its Xenopus
Prdm12 ortholog,® induced the sensory neuronal markers Islet]
and T3 (Fig. 2D). The V1 interneuron marker, £n1, was as
expected,® also induced by human PRDM12 (Fig. 2D). Impor-
tantly, all mutants analyzed, with the exception of E172D,
resulted in a reduced ability to induce Islezl and 7/x3 as com-
pared to wild type human PRDM12. Among them, the frame
shift mutation S58fs, which results in an early stop codon, and
the W160C mutation exhibited the strongest impact on Islet]
and 7/x3 induction (Fig. 2D). Of note, all of the human muta-
tions tested, with the exception of E172D, also reduced the abil-
ity of PRDMI12 to induce Enl, the V1 interneuron marker
(Fig. 2D). This data shows that PRDM12 is highly evolution-
arily conserved and that the identified mutations alter the func-
tional properties of the transcriptional regulator PRDM12.

As PRDM12 controls the specification of sensory neurons in
Xenopus and PRDM 12 mutations may be the cause of impaired
pain perception in humans, we asked whether PRDM12s func-
tion in pain perception is evolutionarily conserved. Since Xenopus
is not an established model for behavioral pain studies, we turned
to Drosophila genetics. We and others have previously shown
strong functional conservation in nociception between flies and
mammals. For example, TRPA1, the TRP channel Painless, or
the calcium channel subunit straightjacket/a283 are required for
flies to sense and escape from noxious heat insult.'®"® Most

1802 Cell Cycle

importantly, Drosophila genetics allows us to specifically knock-
down genes in nociceptive sensory neurons and thus avoid any
confounding developmental effects on other tissues such as the
central nervous system.”™*' In Drosophila, 4 PRDM family
members containing a PRDM/SET domain have been found,
namely, CG43347, CG13296, Hamlet and Blimpl. Among
these 4, we used RNA interference to knockdown expression of
Hamlet and Blimp1 (Fig. 3A) specifically in nociceptive ppK-
positive type IV multidendritic sensory neurons using the ppK-
Gal4 driver. Nociceptive behavior was assayed as the latency
response to a local heat stimulus applied to abdominal segments
A4-A6 of fly larvae. We detected increased latency responses, i.e.,
reduced nociception, using 2 different Hamler UAS-RNAI lines
(BDSC 26728 and VDRC 40763) as compared to controls
(Fig. 3B, C). Knock-down of BlimpI did not result in any appar-
ent nociceptive phenotype as compared to the control lines
(Fig. 3B, C). Similar to our data observed in hamler RNAi
knockdown lines, we also detected increased latency in the noci-
fensive responses of hypomorph hamlet mutant flies (Fig. S2B).
Finally, we expressed the human PRDMI2 mutants in nocicep-
tive neurons using the ppK-Gal4 driver. Overexpression of all the
human PRDM 12 mutants tested resulted in impaired nocifensive
behavior in Drosophila as compared to overexpression of the wild
type, which was not different from control (Fig. 3D). These data
show that hamlet is a functionally relevant PRDM 12 fly homolog
that controls nociceptive behavior and that expression of human
PRDM 12 mutants in nociceptor neurons impairs pain perception
in Drosophila.

To identify genes downstream of PRDM12, we next per-
formed RNA sequencing of transcriptomes from human fibro-
blasts derived from patients carrying the PRDM12 D31Y and
E172D mutations (kindly provided by Drs. Auer-Grumbach and
Senderek). Total protein levels of PRDM12 in patient fibroblasts
as compared to their respective first-order and sex-matched rela-
tives were not affected by either mutation in PRDM 12 (Fig. 4A).
When we performed differential gene expression analyses using
RNAseq, we identified only 19 genes whose expression was sig-
nificantly affected by both PRDAMI2 mutations as compared to
wild type fibroblasts derived from their respective parents
(Fig. 4B). Some of these hits were confirmed by RT-qPCR as
well as Western blotting (Fig. 4C, and not shown). To screen for
the functional relevance of these PRDM targets in nocifensive
responses, we again used nociceptor specific RNAi-mediated
knockdown in fruit fly larvae. Using the automated homolog pre-
diction databases Ensambl Compara and OrthoDB, we could
assign  Drosophila homologues for tetratricopeptide repeat
domain 12 (TTC2), disintegrin and a metallopeptidase with
thrombospondin type 1 motif 9 (ADAMTSY), ubiquitin specific
peptidase 53 (USP53), mesenchyme homeo box 2 (MEOX2),
WNTT1 inducible signaling pathway protein (WISP1), nuclear
receptor subfamily 4 group A member 1 (NR4A1; also known as
nerve growth factor IB, NGFIB, or Nur77), and thyrotropin-
releasing hormone degrading enzyme (TRHDE). Knocking
down the Drosophila TTC12, USP53, MEOX2, and NR4A1
homologues using the nociceptor specific driver line ppK-Gal4,
we detected a significant decrease in the nocifensive behavior as

Volume 14 Issue 12
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Figure 3. Knockdown of Hamlet causes hypoalgesia in Drosophila. (A) Protein sequence alignment of human PRDM12 and the Drosophila PRDM-family
members Hamlet and Blimp1 SET domains. The human W160, R168 and E172 residues mutated in patients are denoted by red arrows. Conserved (red
background) and partially conserved (red letters) residues are highlighted in blue boxes. Sequences with the following accessions were used here:
PRDM12 NP_067632=Q9H4Q4; Hamlet NP_724130; Blimp1 NP_647982. (B) Sensory-neuron specific knockdown of hamlet using a ppk-Gal4 driver (class
IV md-da neurons) results in increased latency response times ( £SEM) to a thermal stimulus of 46°C. Results were confirmed in 2 different RNAi lines
(26728 and 40763). Knockdown of the closely related blimp1 gene did not affect the thermal nocifensive response (right panel). The ppK-Gal4/+ driver
line is shown as a control. **** P < 0.0001 (Kruskal-Wallis non-parametric test for median comparisons with Dunn’s post-hoc multiple comparisons test).
(€) Average percentage of larvae ( =SEM) responding at each time point (1-10 seconds) to a 46°C noxious thermal stimulus; data corresponding to panel
b. Mean response times ( =SEM) and p-values are indicated for each line. (D) Average percentages of larvae ( £SEM) responding at each time point (1-10
seconds) to a 46°C noxious thermal stimulus for ppK-Gal4 control flies and fly lines that were engineered to express the indicated human mutations in
nociceptive neurons. Mean response times ( -=SEM) and p-values are indicated for each line. n > 60 for all thermal nociception assays.

compared to controls (Fig. S2C). Of note, Usp53 mRNA has
been found to be significantly upregulated in inflammatory
pain'” and mutations in MEOX2 have been linked to Alzheimer
disease.”> TTCI2 is a candidate gene for mechanical nociception
(geneweaver.org) and has been associated with nicotine and alco-
hol dependence.”>** NR4A1 has been linked to pain responses
to cold stimulation.”> Moreover, NR4A1 is rapidly induced by
nerve growth factor (NGF), previously shown to be required for
the differentiation and survival of primary sensory fibers.”®
Finally, we previously identified SIPRI as a regulator of nocicep-
tion in Drosophila,” later confirmed as a mediator of nociception
in mice.?”?® Of note, SIPR1 was also found in the list of
Prdm12 upregulated genes we identified by RNA-Seq analysis of

www.tandfonline.com

Prdm12 overexpressing RA treated neuralized caps and the
SIPRI1 gene was bound by Prdm12 as detected by CHIP-Seq.®
We finally assessed the role of the Drosophila CG11951,
homolog of tyrotropin-releasing hormone degrading enzyme
(TRHDE) in nocifensive behavior. We focused on TRHDE,
because it has been reported that TRH, the substrate for
TRHDE, can affect pain in human and rodents.”*>' Moreover,
we found that TRH is strongly upregulated in our Prdm12 over-
expressing RA treated neuralized caps,® a result validated by RT-
qPCR (Fig. 1A). PpK-Gal4- driven knock-down of CG11951, a
fly homolog of TRHDE, indeed resulted in a significanty
impaired nocifensive response to the noxious heat stimulus as
compared to their respective controls (Fig. 4D). Importantly, 2
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Figure 4. Identification of TRHDE as a novel pain gene. (A) Western blot analysis of fibroblasts from patients (pat.) carrying D31Y or E172D PRDM12 muta-
tions and their sex matched parents (par.), respectively, reveal no change in expression of endogenous PRDM12 protein levels. GAPDH is shown as a
loading control. (B) Heat map of the 19 genes significantly deregulated by DESeqz2 in fibroblasts from both patients as compared to their respective first
order relatives. (C) Western blot analysis shows a decrease in TRHDE and S1PR1 protein levels in patient (pat.) fibroblasts as compared to the respective
first order relatives (par.). Tubulin is shown as a control. (D) Average percentage of larvae ( £=SEM) responding at each time point (1-10 seconds) to a
46°C noxious thermal stimulus testing control (ppK-Gal4/+) flies and ppK-Gal4 RNAi fly lines to knock-down gene expression of the fly TRHDE homolog
(CG11951) in nociceptive neurons. Moreover, a line (BDSC18316) carrying a mutation in the fly TRHDE homolog showed increased response times to the
thermal stimulus. Mean response times (-SEM) and p-values (Kruskal-Wallis non-parametric test for median comparisons with Dunn’s post-hoc multiple
comparisons test) are indicated for each line. (E) Confocal images of dorsal cluster (ddac) class IV neurons at abdominal segment A5 labeled by UAS-
mCD8-GFP (green) driven by ppk-Gal4 (ppK-Gal4;mCD8-GFP) at the third instar larval stage. RNAi knockdown of the Drosophila TRHDE homolog (ppk-
Gal4>RNAI-CG11951) exhibits a significant decrease in dendritic branching and dendritic field size as compared to control neurons. 8-bit tracing of ddaC
cell body and dendrites are shown on the left of their respective images. Scale bar represents 100 um. (F) Quantification of dendritic branch order by
the centrifugal counting method reveals significantly reduced branching, especially in higher order branches. (G) The total number of dendritic branch
terminals in ppk-Gal4>RNAi-CG11951 is significantly decreased compared to the control ppK-Gal4;mCD8-GFP line (same color-coded labeling as in panel
f is used). Data in f and g are shown as mean =+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (Two-way ANOVA with Bonferroni’s multiple
comparisons test and unpaired 2-tailed t-tests with Welch'’s correction).

independent RNAI lines to knock-down TRHDE exhibited
impaired nociception in Drosophila (Fig. 4D). Moreover, a
TRHDE mutant Drosophila line (BDSC 18316) also exhibited
markedly enhanced latency to respond to noxious heat (Fig. 4D).
To evaluate the developmental impact of TRHDE perturbations
on nociceptor neurons, we finally expressed the fluorescent mem-
brane label UAS-CD8 GFP in PPKI-positive nociceptor neurons,
and analyzed the impact of 7TRDHE knockdown on neuronal mor-
phology. Larvae with 7RDHE knockdown showed a marked
reduction in branching and dendritic field coverage (Fig. 4E, F).
Moreover, RNAi-mediated knockdown of the fly 7RDHE
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homolog markedly reduced dendritic nerve terminals in type IV
nociceptive neurons (Fig. 4G). These data show that the Drosoph-
ila TRHDE homolog controls dendritic morphology of nociceptive
neurons, ultimately resulting in altered pain sensitivity.

Discussion
Patients with HSAN present early in life, suggesting a likely

developmental component to this condition.'” There are at least
11 known mutations that cause HSAN, however, none of the
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identified HSAN genes are transcriptional regulators."”> More-
over, little is known of the transcriptional regulation required for
the establishment of peripheral sensory neurons. In the manu-
script submitted elsewhere, mutations in PRDMI2 have been
linked to impaired pain perception in human patients.'*® Our
results extend these data by showing that PRDM12 controls the
induction of sensory neuronal markers in Xenopus. These data are
in agreement with the recent observation that Prdm12 is impor-
tant for preplacodal development®® and neuronal specification in
the spinal cord.”® Furthermore, we show that the fly PRDM12
homolog Hamlet controls nociceptive behavior in Drosophila lar-
vae. In support of our results that Hamlet is the relevant evolu-
tionary conserved PRDM-family member involved in
nociception, it has been previously shown that Hamlet is involved
in the specification of peripheral sensory neurons in the fly
embryo and regulates the differentiation of neuroblasts in the
central nervous system.?>** Whether PRDM12 also controls the
proliferation of neuronal progenitors and specifies defined neuro-
nal lineages in trigeminal and dorsal root ganglia in mammals
needs to be tested in future experiments.

The conservation of PRDM12/Hamlet in nociception and
sensory neuronal specification allowed us to model the relevance
of the identified human PRDMI2 mutations, also because all
human mutant residues are conserved between Xenopus and
human PRDMI12 and 2/3 of the mutant residues in the con-
served domains are identical between human PRDM12 and fly
Hamlet. We indeed found that the PRDM12 mutations impact
the structure stability of the protein and its subcellular localiza-
tion. Functionally the human mutations affect induction of sen-
sory neuronal markers in Xemopus and change nocifensive
behavior in Drosophila. As PRDM12 is expressed in multiple
human tissues, might act as a tumor suppressor gene in human
chronic myeloid leukemia® and in fly was identified as a tran-
scriptional regulator essential for the proliferation of neuroblasts
the effect of the human
PRDM12 mutation in pain perception could be secondary to

. 4
in the central nervous system’

consequences in other organ systems. Importantly, our experi-
ments in Xenopus and Drosophila allowed us to directly assess the
effect of PRDM12/Hamlet in sensory pain neurons in vivo,
avoiding potential confounding effects of the PRDMI12 muta-
tions on other tissues. All data taken together clearly support the
notion that PRDM12 and its functional fly homolog Hamlet are
evolutionary conserved master regulators of sensory neuronal
specification and play a critical role in pain perception.

Using RNA-seq in patient fibroblasts harboring 2 distinct
PRDM 12 mutations, we found a small number of genes deregu-
lated. Some of the targets have been previously linked to pain or
neuro-development. Moreover, we found an overlap of these tar-
gets in RNA-seq and Prdm12 ChIP-seq assays in our Xenopus
experiments, e.g. SIPR1, CGNLI1, IL1R1, or TRH, the target
for TRHDE.® Fly genetics allowed us to test the role these candi-
dates in nociception 77z vivo using sensory neuron specific knock-
down of the respective fly homologues. We therefore functionally
linked multiple PRDM12 target genes to impaired nocifensive
behavior in Drosophila. One of the genes functionally validated
was the Drosophila TRHDE homolog. Cell fate mapping showed

www.tandfonline.com

that the Drosophila TRHDE homolog controls dendritic mor-
phology of nociceptive neurons, ultimately resulting in altered
pain sensitivity. Whether other identified PRDM12 targets also
control the development and morphology of sensory neurons
remains to be tested. Importantly, our data in multiple species
extend beyond the description of human PRDM12 mutations to
uncover key pathways that regulate evolutionary conserved pain
perception.

Methods

Functional assays in Xenopus

Prdm12 wild type (NM021619) and mutants (480G>C to
generate Trpl60Cys, 91G>T to generate Asp31Tyr, 502C>T
to generate Argl68Cys and 516G>C to generate Glul72Asp
mutations) were made (GenScript) and cloned into pCMV6
Empty vector with a DDK-tag at C-terminus (OriGene). The
Prdm12 expression vectors used in frog microinjection experi-
ments were obtained by PCR from these pCMV6 constructs.
The PCR products were cloned between the EcoRI and Xhol
sites of the pCS2-Flag vector. Xenopus embryos were obtained
from adult frogs by hormone induced egg-laying, in vitro fertil-
ized using standard methods®® and staged.”” Synthetic mRNAs
were prepared using SP6 mMESSAGE mMACHINE (Ambion).
Expression vectors were linearized with Notl and transcribed
with SP6 RNA polymerase. The Prdm12 antisense morpholino
oligonucleotide (MO) and the control Prdm12 antisense mis-
match have been described.® For 7 sizu analyses, embryos were
injected in one-cell of 2 to 4-cell stage embryos (200pg mRNA
or 20 ng of morpholino/blastomere), and fixed at tailbud or early
tadpole stages. In all experiments, embryos were coinjected with
LacZ mRNA (50 pg/blastomere) to mark the manipulated side.
For animal cap assays, synthesized mRNA was microinjected
into the animal region of each blastomere of 4-cell stage embryos
(200 pg mRNA/blastomere). Animal caps were dissected at the
blastula stage (stage 9) and cultured in 1x Steinberg medium,
0.1% BSA with or without RA (w10 M) until sibling embryos
reached the desired stage. All microinjection experiments have
been repeated independently at least 2 times.

For RT-qPCR analysis of Xenopus animal caps, total RNA was
extracted using the RNAspin Mini RNA isolation kit (GE
Healthcare), cDNAs were synthesized with iScript cDNA synthe-
sis kit (Biorad), RT-PCR reactions were carried out following the
Gene Amp PCR kit protocol (Perkin Elmer) and real time RT-
PCR was performed using the Step One Plus Real Time PCR
system (Applied Biosystems) with Q-PCR core kits for SYBR
Green I (Eurogentec). Samples were normalized with Xenopus
GAPDH. Primers used are available upon request. All PCR-
based assays were carried out in duplicates or triplicates. Error
bars represent SEM. For in situ analysis, Xenopus embryos were
fixed in 4% paraformaldyde for 1-2 hours. Whole mount 77 situ
hybridizations were performed as described®® using digoxigenin-
or fluorescein-labeled antisense probes revealed with NBT/BCIP.
The Sncg, TIx3 and Isletl probes were generated as
described.'?*%%°
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Structural modeling of PRDM12 mutant proteins
and alignments

For structural modeling, mutations were mapped onto the 3D
X-ray structure of the PRDM12 SET domain (PDB: 3EPO,
amino-acid residues 60-229). The mutations were modeled into
the structure by PyMol (http://www.pymol.org/)” which was
also used for visualization. Salt bridge analysis was carried out
using VMD. % Sequence alignments alignment was performed
using Mafft (PMID: 23329690, MAFFT multiple sequence
alignment software version 7: improvements in performance and
usability) and rendered with ESPript (PMID: 24753421 Deci-
phering key features in protein structures with the new END-
script server). Homology searches were performed using Ensembl
Compara
index.html).

(http://www.ensembl.org/info/genome/compara/

Subcellular localization of human PRDM12 mutants
in HEK293 cells

For immunofluorescence, wild type and mutated versions of
human PRDM12 in pCMV6 vector with a DDK-tag at C-termi-
nus (OriGene) were used. HEK293 cells were plated on cover-
slips and transiently transfected the next day using Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions.
24 hours after transfection, cells were washed with phosphate
buffered saline (PBS) and fixed for 10 min with 4% Roti-Histo-
fix (Roth). Following a wash with PBS, cells were blocked with
1% bovine serum albumin (BSA, Sigma) and 0.01% Triton-X
100 in PBS, washed again with PBS and incubated for 3 hours at
room temperature with anti-Flag antibody (Sigma) at 1:500 dilu-
tion in blocking buffer. Cells were then washed with PBS and
incubated for 1 hour at room temperature with Alexa Fluor 568
goat anti-mouse antibodies (Molecular Probes) at 1:400 dilution
in PBS. Following a wash with PBS, coverslips were mounted
onto the slides using Vectashield Mounting Medium with DAPI
(Vector Laboratories) to visualize the nuclei. Images were taken
on Axio Imager Z2 Stativ and taken at 100X magnification.

Drosophila stocks, thermal nociception assay,
immunohistochemistry and confocal analysis

UAS-dicer-2,""*%  pickpocket1.9-GAL4,”> UAS-mCD8-GFP,
FRT40A, and UAS-RNAi-hamlet (26728) were obtained from
the Bloomington Drosophila Stock Center. Hamlet mutants and
UAS-hamlet were gifts from H.Bellen.***> All other RNAI lines
to knockdown gene expression in sensory neurons were obtained
from the Vienna Drosophila RNAi Center. For neuronal mor-
phology analysis, driver lines carrying a fluorescent reporter
(UAS-DCR2;ppk-GAL4;UAS-mCD8-GFP)  were crossed to
include a single copy of the UAS-RNAi-hamler or UAS-hamlet
construct. Flies were reared on cornmeal-molasses-yeast agar at
25°C, 70% humidity over a 12 hr light/dark cycle.

Larval nociceptive behavior was analyzed using previously
described methods.*®*”*° Briefly, third instar larvae were trans-
ferred to a 100 mm petri dish containing a thin film of distilled
water and allowed a 10 minute incubation period. After this
time, a heat probe (46°C) was applied at abdominal segments
A4-A6. The response time was recorded as the time elapsed
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between application of the heat probe and the elicitation of the
characteristic nocifensive response, a 360° rolling motion about
the lateral axis to escape the noxious heat. For immunohis-
tochemistry, third instar larvae were dissected in HL-3 saline
solution on a Sylgard dissecting plate. Specimens were then fixed
in 4% paraformaldehyde for 20 minutes at room temperature.
Specimens underwent 4 15 minute washes with PBT (PBS with
0.4% triton X-100) and were incubated in 500 .l of 0.25% BSA
(bovine serum albumin diluted in PBT) for 45 minutes under
gentle shaking at room temperature. Primary antibodies were
diluted in 500 pl of 0.25% BSA at a dilution of 1/1000 for rab-
bit anti-GFP (Invitrogen) and 1/200 for mouse Nc82 (Develop-
mental Studies Hybridoma Bank, Iowa) and the larvae were then
incubated with the antibodies overnight at 4°C. After four 10
minute washes in PBT, the conjugated secondary antibodies
(goat anti-rabbit Alexa488 and goat anti-mouse Alexa555 (Invi-
trogen) were diluted to 1/500 in 500 wl of 0.25% BSA and
added to the larvae for 1.5 hours at room temperature under gen-
tle shaking. Prior to mounting for microscopy, the larvae were
washed in PBT 6 times, each for 10 minutes.

For confocal microscopy, Drosophila specimens were mounted
in water and visualized using a Leica DMI-6000 inverted micro-
scope and an SP8 Scanning Laser Confocal system using a 20X
(dry, 0.7 numerical aperture) objective (Leica, Wetzlar, Ger-
many). Excitation was achieved using 488 nm and 552 nm lasers
with respective intensities of 3.55% and 4.33% and gain of
550V. The class IV ddaC neuron found at abdominal segment
A5 from the left and right aspects of each larva was visualized
and captured. Z-stack images were collected at 1024 x 1024 res-
olution in 0.8 pm steps, speed 400 Hz with a zoom factor of
0.8. Z-stacks were condensed into a maximum projection using
the Leica Application Suite 4.2 program and exported as .jpg
files. Images of class IV sensory neurons were processed to 8-bit
black and white images using Image].48 These neurons were ana-
lyzed for total number of branch terminals and dendritic branch
order quantification, using the centrifugal counting method as
described previously.*

Western blot analysis

Small biopsy of the gingiva during a reconstructive surgical
procedure obtained from a female patient carrying the D31Y
PRDM12 mutation, and skin biopsy from her mother as a con-
trol (from Dr. Auer-Grumbach, AKH, Vienna), were diced with
a surgical blade and incubated for several weeks in Cnt.BM.2
media with appropriate supplements (CELLnTEC) and 1 unit/
ml of Pen/Strep (Invitrogen) in a humidified 37°C, 5% CO,
chamber. Once the fibroblasts from the biopsy created a conflu-
ent monolayer the cells were then transferred to a 10 cm tissue
culture dish or frozen at —80°C for further analysis. Fibroblasts
from a male patient carrying the E172D PRDM12 mutation and
those of his father as a sex matched control were a kind gift from
Dr. Senderek (Ludwig-Maximilians-University Munich). Con-
fluent cells on a 10 cm culture dish were harvested and lysed
using RIPA buffer (Sigma). Protein concentrations were deter-
mined using BioRad Protein Assay (BioRad), and 20 ug of each
lysate were ran on a precast 4-20% Bis Tris Gel (Novex, Life
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Technologies), transferred to a nitrocellulose membrane and sub-
jected to Western blot analysis using standard protocols. Briefly,
anti-PRDM12 rabbit polyclonal antibodies (Sigma) at 1:1000
dilution were incubated with membranes overnight at 4°C,
washed 4 times with 0.1% Tween-20 in PBS, and finally incu-
bated with anti-rabbit horseradish peroxidase (HRP)-linked
whole antibodies (donkey; GE Healthcare) for 1 hour at room
temperature. Chemiluminescence was generated using the ECL
kit (GE Healthcare) according to manufacturer’s protocol, and
membranes were exposed to film (Amersham Hyperfilm ECL,
GE Healthcare) for several exposure times. For transiently trans-
fected HEK cells, the procedure was identical except for the pri-
mary antibody step, where we used anti-flag (Sigma) antibodies
at 1:500. For detection of TRHDE and S1PR1 proteins in fibro-
blasts, anti-TRHDE (N-18, Santa Cruz Biotechnology) and
anti-S1PR1 antibodies (Millipore) were used at 1:200 dilution
followed by appropriate secondary antibodies. To confirm equal
loading, membranes were blotted with ant-GAPDH HRP
linked antibodies (Cell Signaling) for

temperature .

1 hour at room

Gene expression profiling

Total RNA was prepared from confluent fibroblasts grown in
10 cm dissue culture using RNeasy Mini Kit (Qiagen) according
to manufacturer’s instructions. Quality of RNA samples were
confirmed by Agilent Bioanalyzer 2100. Libraries of PolyA-
mRNA of parental control and patient fibroblasts were sequenced
by 50-bp single-end Illumina mRNA sequencing (http://www.
csf.sc.st/facilities/ngs/). Reads were aligned using Tophat v2.0.10
and bowtie v0.12.9, FPKM estimation was performed with Cuf-
flinks v2.1.1, aligned reads were counted with HTSeq, and differ-
expression analysis was performed with DESeq2.
Differentially expressed genes were selected using a cut-off at a P
value of less than 0.05 (FDR adjusted for multiple testing). The
data have been deposited in NCBI’s Gene Expression Omnibus
and are accessible through GEO Series accession number
GSE61600  (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSEG61600).

ential

Statistical analyses

For analysis of larval pain behavior, we have performed the
Kruskal-wallis non-parametric test for median comparison fol-
lowed by the Dunn’s post-hoc test. For analysis of dendritic
branching and dendritic branch terminals we used a 2-way

ANOVA test and an unpaired Student’s t-test, respectively.
Unless otherwise stated, data are represented as mean values =+

SEM.
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