







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 25 May 2015



                    Transcriptional regulator PRDM12 is essential for human pain perception

                    	Ya-Chun Chen1,2 na1, 
	Michaela Auer-Grumbach3 na1, 
	Shinya Matsukawa4, 
	Manuela Zitzelsberger5, 
	Andreas C Themistocleous6,7, 
	Tim M Strom8,9, 
	Chrysanthi Samara10, 
	Adrian W Moore11, 
	Lily Ting-Yin Cho12, 
	Gareth T Young12, 
	Caecilia Weiss5, 
	Maria Schabhüttl3, 
	Rolf Stucka5, 
	Annina B Schmid6,13, 
	Yesim Parman14, 
	Luitgard Graul-Neumann15, 
	Wolfram Heinritz16,17, 
	Eberhard Passarge17,18, 
	Rosemarie M Watson19, 
	Jens Michael Hertz20, 
	Ute Moog21, 
	Manuela Baumgartner22, 
	Enza Maria Valente23, 
	Diego Pereira24, 
	Carlos M Restrepo25, 
	Istvan Katona26, 
	Marina Dusl5, 
	Claudia Stendel5,27, 
	Thomas Wieland8, 
	Fay Stafford1,2, 
	Frank Reimann28, 
	Katja von Au29, 
	Christian Finke30, 
	Patrick J Willems31, 
	Michael S Nahorski1,2, 
	Samiha S Shaikh1,2, 
	Ofélia P Carvalho 
            ORCID: orcid.org/0000-0002-7450-99801,2, 
	Adeline K Nicholas2, 
	Gulshan Karbani32, 
	Maeve A McAleer19, 
	Maria Roberta Cilio33,34, 
	John C McHugh35, 
	Sinead M Murphy36,37, 
	Alan D Irvine19,38, 
	Uffe Birk Jensen39, 
	Reinhard Windhager3, 
	Joachim Weis26, 
	Carsten Bergmann40,41,42, 
	Bernd Rautenstrauss5,43, 
	Jonathan Baets44,45,46, 
	Peter De Jonghe44,45,46, 
	Mary M Reilly47, 
	Regina Kropatsch48, 
	Ingo Kurth 
            ORCID: orcid.org/0000-0002-5642-837849, 
	Roman Chrast10,50,51, 
	Tatsuo Michiue4, 
	David L H Bennett6, 
	C Geoffrey Woods1,2 & 
	…
	Jan Senderek5 

Show authors

                    

                    
                        
    Nature Genetics

                        volume 47, pages 803–808 (2015)Cite this article
                    

                    
        
            	
                        13k Accesses

                    
	
                        111 Citations

                    
	
                            381 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Medical genetics
	Peripheral neuropathies


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    A Corrigendum to this article was published on 29 July 2015

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
Pain perception has evolved as a warning mechanism to alert organisms to tissue damage and dangerous environments1,2. In humans, however, undesirable, excessive or chronic pain is a common and major societal burden for which available medical treatments are currently suboptimal3,4. New therapeutic options have recently been derived from studies of individuals with congenital insensitivity to pain (CIP)5,6. Here we identified 10 different homozygous mutations in PRDM12 (encoding PRDI-BF1 and RIZ homology domain-containing protein 12) in subjects with CIP from 11 families. Prdm proteins are a family of epigenetic regulators that control neural specification and neurogenesis7,8. We determined that Prdm12 is expressed in nociceptors and their progenitors and participates in the development of sensory neurons in Xenopus embryos. Moreover, CIP-associated mutants abrogate the histone-modifying potential associated with wild-type Prdm12. Prdm12 emerges as a key factor in the orchestration of sensory neurogenesis and may hold promise as a target for new pain therapeutics9,10.
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                    Figure 1: Identification of mutations in PRDM12.[image: ]


Figure 2: Phenotype of affected individuals with PRDM12 mutations.[image: ]


Figure 3: A role for Prdm12 in sensory neuron development.[image: ]


Figure 4: Consequences of PRDM12 mutations.[image: ]
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Contributions
M.A.-G., Y.P., L.G.-N., W.H., R.M.W., J.M.H., U.M., M.B., D.P., C.M.R., K.v.A., C.F., G.K., M.A.M., J.C.M., S.M.M., A.D.I., U.B.J. and C.G.W. enrolled patients in the study and provided patient care. Y.P., L.G.-N., E.P., J.M.H., E.M.V., P.J.W., M.R.C., C.B., B.R., J.B., P.D.J., M.M.R., R.K., I. Kurth, C.G.W. and J.S. obtained DNA samples, skin biopsies and nerve biopsy specimens. Y.-C.C., M.A.-G., T.M.S., C.W., M.S., T.W., F.S., M.S.N., S.S.S., O.P.C., A.K.N., C.G.W. and J.S. carried out linkage analysis and PRDM12 mutation screening. Y.-C.C., M.Z., C. Samara, A.W.M., R.S. and R.C. performed expression studies on Prdm12. Y.-C.C., S.M., M.Z., C.W., R.S., M.D., C. Stendel, F.R., T.M. and J.S. assessed functional consequences of mutations in PRDM12. A.C.T., A.B.S., I. Katona, J.W. and D.L.H.B. analyzed skin biopsies from CIP patients. S.M. and T.M. performed experiments in Xenopus embryos. Y.-C.C., L.T.-Y.C. and G.T.Y. were responsible for experiments involving pluripotent stem cells. R.S. and J.S. carried out protein modeling. A.W.M., R.W., J.W., I. Kurth and D.L.H.B. gave critical advice. M.A.-G., C.G.W. and J.S. oversaw the project, participated in data analysis and directed and supervised the research. The manuscript was written by Y.-C.C., M.A.-G., C.G.W. and J.S. with input from other authors.
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Integrated supplementary information

Supplementary Figure 1 Detection and segregation analysis of the PRDM12 mutations in CIP families.
Mutations segregate with the disease consistent with autosomal recessive inheritance. All affected probands are homozygous for the respective mutations. m: mutation; wt: wild type.


Supplementary Figure 2 Multiple sequence alignment of human PRDM12 and orthologous sequences.
Multiple protein sequence alignment generated with the program ClustalW. Sequence comparison showed that the PRDM12 missense mutations (red arrows) observed in patients with CIP affect amino acids that are identical in PRDM12 and its orthologs. Orange bar: PR/SET domain; blue bars: ZF motifs; green bar: poly-alanine tract.


Supplementary Figure 3 Distribution of PRDM12 poly-alanine tract lengths within different ethnic groups.
The length distribution of the PRDM12 poly-alanine tract showed a similar spectrum in different populations. The number of chromosomes analysed is given below the diagrams.


Supplementary Figure 4 Skin biopsy findings.
Skin biopsy from the lower lip, patient P7. (a) Dermal nerve fibres do not cross the dermal-epidermal border (dotted line). Staining with pan-neuronal marker PGP9.5, scale bar: 50 μm. (b) Dermal nerve containing myelinated fibres. Co-staining with PGP9.5 and myelin marker protein MBP; scale bar: 25 μm. (c) Innervation of sweat glands. Co-staining with PGP9.5 and VIP, a marker for a subpopulation of autonomic neurons; scale bar: 25 μm.


Supplementary Figure 5 Prdm12 expression in the peripheral nervous system.
(a) Prdm12 mRNA is contained in mouse dorsal root ganglia (DRG) but not in sympathetic ganglia (SG) at E13.5. Gapdh was used as loading control. A no reverse transcriptase control (No RT) was used to exclude amplification from genomic DNA. (b) Purified DRG neurons (obtained by treating DRG explant cultures with 5-Fluorouracil) but not cells from the mouse Schwann cell line (MSC80) express Prdm12. The purity of the cell preparation was proven by RT-PCR for the S100 gene (Schwann cell marker) and the identity of neurons was confirmed by RT-PCR for Tuj-1 (neuron-specific class III β-tubulin). E13.5 DRG tissue and liver were used as positive and negative controls, respectively.


Supplementary Figure 6 Electrophysiological properties of iPSC-derived sensory neurons and gene expression of hESC-derived sensory neurons.
(a) IPSC-derived sensory neurons (from a parallel culture of those used for RT-qPCR analysis in Fig. 3c) expressed tetrodotoxin (TTX)-resistant nociceptor ion channels (Nav1.8) after 52 days in culture demonstrating the cells utility as a model of human DRG neurons. Voltage-gated sodium currents were elicited in whole-cell voltage-clamp by voltage steps from -120 mV to 0 mV in the absence (control, black), presence (drug, red), and after washout (recovery, blue) of 500 nM TTX (scale bar, 10 nA and 25 ms). (b) The electrophysiological recording confirmed the membrane expression of nociceptor ion channels as a TTX-resistant sodium current (Nav1.8) was observed following TTX application (control=557.1±78.9 pA/pF, TTX (500 nM)=113.9±19.4 pA/pF, wash=486.4±62.2 pA/pF; n=5). (c) HESC-derived sensory neurons expressed PRDM12 during differentiation. PRDM12 expression was quantified by RT-qPCR and was found to peak at the neural crest specification stage of development (Day 9). The differentiated cells were shown to also express canonical markers of sensory neurons, NGF receptor NTRK1 and ion channel SCN9A, indicating cell specification into sensory neuron phenotype.


Supplementary Figure 7 PRDM12 expression in adult human tissues.
No PRDM12 expression was observed by RT-PCR using cDNA from various tissues and leukocytes (Clontech Human MTC Panel I and II, cat. no.: 636742 and 636743). Amplification of GAPDH was used to ensure integrity of the cDNA. Functionality of PRDM12 primers was tested with cDNA from human DRG.


Supplementary Figure 8 Prdm12 expression and knockdown in Xenopus embryos.
(a) Prdm12 expression overlapped with the sensory placode marker Islet1 (yellow and green arrowheads) but was absent from other cranial placodes such as lens (Six3). Whole-mount in situ hybridisation, lateral views of late tailbud-stage embryos (stage 26). Gene expression domains of cranial placodes (colored outlines) in Xenopus laevis are shown in the schematic drawing (lateral view, late tailbud stage (modified from25)). An asterisk marks Prdm12 expression in diencephalon. PN: expression in pronephros. (b) Inhibition of Myc-Prdm12 translation by specific morpholino. Embryos were co-injected with Myc-Prdm12 mRNA and Control MO (5, 10, 20 ng/embryo) or Prdm12 MO (5, 10, 20 ng/embryo) at 2-cell stage and protein extracts were obtained from 26-stage embryos. Western blotting analysis was performed with anti-Myc and anti-α-tubulin antibodies. (Note that in situ hybridisation is not suitable to measure Prdm12 knockdown as the morpholino affects protein translation but does not predictably change the rate of mRNA degradation.) (c) Knockdown of Prdm12 by Prdm12 MO only marginally affected lens placode markers Six3 and Pax6 and otic placode marker Pax8 in Xenopus embryos. Embryos injected with Control MO (20 ng/embryo) or Prdm12 MO (20 ng/embryo) were analyzed at late tailbud stage (stage 28) by whole-mount in situ hybridisation. For normal gene expression domains of cranial placodes see (a), PN: pronephros. The results were categorized and quantified (n≱40 alive embryos per condition). Differences between Control MO- and Prdm12 MO-treated embryos were assessed statistically: ns, not significant (two-sided Mann-Whitney U-test).


Supplementary Figure 9 Consequences of PRDM12 mutations.
(a) Effects of PRDM12 mutations on protein expression. Transfected missense mutant and wild-type mouse Myc-Prdm12 showed similar levels in COS-7 cells. Prdm12 signals were normalized to α-tubulin and GFP (transfection control). The graphs represent mean values of n independent experiments (biological replicates) and error bars represent SD. Differences between control (wild type) and Prdm12 mutants were assessed statistically: ns, not significant (Welch’s t-test). (b) Localisation in HEK-293T cells. Wild-type and missense mutant human HA-PRDM12 protein labelled nuclei in a diffuse pattern. (c) Co-immunoprecipitation of Prdm12 with G9a. Myc-Prdm12 and FLAG-G9a were expressed in COS-7 cells and immunoprecipitated using anti-Myc antibody. For quantification, bound G9a was normalized to Prdm12 protein amount in the IP fraction and the G9a protein amount in the cell lysate. The graphs represent mean values of n independent experiments (biological replicates), and error bars represent SD. Differences between control (wild type) and Prdm12 mutants were assessed statistically: ns, not significant (Welch’s t-test). (d) Chromatin fractionation of COS-7 cells transfected with human HA-PRDM12. Wild type and mutant PRDM12 appeared in both fractions. Alpha-tubulin (soluble fraction) and acetylated histone 3 (chromatin fraction) were used as controls to determine fraction purity.


Supplementary Figure 10 Prdm12-induced H3K9 dimethylation.
Animal cap cells from Xenopus embryos were co-microinjected with Myc-Prdm12 of Xenopus, mouse or human origin, Wnt8 and Chrd mRNA and cultured until mid-neurula stage (stage 15). A dose-dependent increase of H3K9me2 (compared to negative control) was observed between 0.5, 1 and 2 ng/embryo doses of Myc-Prdm12, irrespective of whether the frog protein or its mammalian orthologs were overexpressed.
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