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Abstract
Hairlessness is a breed-specific feature selected for in some dog breeds but a rare abnormality in some others such as Scot-
tish Deerhounds (SD). In SDs, the affected puppies are born with sparse hair but lose it within the first 2 months leaving the 
dogs completely hairless. The previous studies have implicated variants in FOXI3 and SGK3 in hairlessness; however, the 
known variants do not explain hairlessness in all breeds such as SDs. We investigated the genetic cause in 66 SDs, including 
a litter with two hairless dogs. We utilized a combined approach of genome-wide homozygosity mapping and whole-genome 
sequencing of a hairless SD followed by recessive filtering according to a recessive model against 340 control genomes. 
Only two homozygous-coding variants were discovered in the homozygosity regions, including a 1-bp insertion in exon 2 
of SGK3. This results in a predicted frameshift and very early truncation (49/490 amino acids) of the SGK3 protein. Addi-
tional screening of the recessive variant demonstrated a full segregation with the hairlessness and a 12% carrier frequency 
in the SD breed. The variant was not found in the related Irish Wolfhound breed. This study identifies the second hairless 
variant in the SGK3 gene in dogs and further highlights its role as a candidate gene for androgen-independent hair loss or 
alopecia in human.

Introduction

Purebred dog breeds exhibit numerous different coat types 
and some breeds lack the coat altogether. The Chinese 
Crested and Peruvian and Mexican Hairless dogs are bred 
for almost hairless appearance. They have sparse or no body 
hair, but varying amounts of hair on the head, the tip of the 
tail, and distal parts of legs are allowed. These hairless dogs 
commonly have abnormal dentition (oligodontia and mis-
shapen teeth) and occasionally malformations of the outer 
ear and auditory canal, as well (Drögemüller et al. 2008; 

Kupczik et al. 2017). Therefore, the trait selected in these 
breeds represents a medical condition, namely, ectoder-
mal dysplasia. The trait is dominant and embryonic lethal 
as homozygous. It is caused by a 7-bp duplication, which 
results in a frameshift and a premature stop codon in the 
forkhead box I3 (FOXI3) gene (Drögemüller et al. 2008). 
The association of the FOXI3 transcription factor in canine 
ectodermal dysplasia embarked further studies to implicate 
its crucial functions during the development of the ecto-
dermal organs such as hair follicle and teeth across species 
(Shirokova et al. 2013; Jussila et al. 2015; Shirokova et al. 
2016; Birol et al. 2016). A member of the same gene fam-
ily, FOXI2, has also been recently suggested to contribute to 
ectodermal dysplasia (Kurban et al. 2017).

Another type of hairless breed is American Hairless Ter-
rier (AHT), where puppies are born with sparse hair that is 
permanently lost in a few weeks after the birth. The AHT 
breed was formed by purportedly selecting spontaneously 
hairless dogs from the Rat Terrier breed. The hairlessness 
in AHTs is an autosomal recessive trait caused by a 4-bp 
deletion in the serum/glucocorticoid regulated kinase family 
member 3 (SGK3) gene (Parker et al. 2017). The deletion 
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in exon 4 results in a frameshift and premature stop codon 
removing the STKc_SGK3 catalytic domain of the protein.

Hairless dogs have been reported also in Scottish Deer-
hounds (SD) as an undesired phenotype with unknown 
genetic background. SD is an old sighthound breed origi-
nating from Scotland where it was used for hunting red deer 
until the end of nineteenth century before becoming a show 
breed. Our aim here was to identify the genetic cause and 
we describe the second hairless allele in SGK3, which rep-
resents a candidate gene for congenital human hair loss or 
alopecia.

Materials and methods

Study cohort and DNA extraction

EDTA blood samples were collected for DNA isolation 
from 66 Scottish Deerhounds (2 affected and 64 unaffected 
dogs) and 91 unaffected Irish Wolfhounds (IW). All dogs 
were privately owned dogs and the samples were collected 
with the dog owners’ informed consent. Genomic DNA was 
extracted from white blood cells using a semi-automated 
Chemagen extraction robot (PerkinElmer Chemagen Tech-
nologie GmbH, Germany), and concentration was meas-
ured using a Qubit fluorometer (Thermo Fisher Scientific, 
USA) or Nanodrop ND-1000 UV/Vis spectrophotometer 
(Nanodrop technologies, USA). The samples were stored at 
− 20 °C. Sample collection was approved by the Animal Eth-
ics Committee of State Provincial Office of Southern Finland 
(ESAVI/343/04.10.07/2016).

Genetic analyses

Genome-wide genotyping was performed in two cases and 
eight controls using Illumina’s canine HD 173K SNP array 
at Neogen GeneSeek Operations (Lincoln, NE, USA). The 
genotype data were filtered using an SNP genotyping call 
rate of > 95%, an array call rate > 95%, and minor allele 
frequency of > 0.05. The genotype data are available upon 
request. After quality control, all 10 samples and 80,835 
out of 172,963 SNPs remained for analysis. Quality control 
and homozygosity mapping were carried out using PLINK 
1.07 (Purcell et al. 2007) to identify runs of homozygo-
sity (ROHs). Default parameters in PLINK defining ROH 
segment and sliding window criteria were used and ROHs 
overlapping pool of samples were retrieved. The allelically 
matching ROHs shared by the two cases were selected for 
further inspection.

Whole-genome sequencing was performed on one 
Scottish Deerhound at Novogene (Novogen (HK) Com-
pany Limited, China) using the Illumina HiSeqX plat-
form with ~ 53 × approximate coverage (paired-end reads, 

2 × 100 bp). The genome is available at the NCBI Sequence 
Read Archive with accession code SRP158843 (BioProject: 
PRJNA487940). The reads were mapped using the Bur-
rows–Wheeler Aligner (BWA) version 0.7.12-r1039 (Li and 
Durbin 2009) and the Picard tools (http://broad insti tute.githu 
b.io/picar d/) were used to sort the mapped reads and to mark 
duplicates. Canine genome build CanFam 3.1 from Boxer 
was used as a reference for aligning the sequence reads. 
Indel realignment, base-quality score recalibration, and vari-
ant calling were performed with the Genome Analysis Tool 
Kit (GATK) HaplotypeCaller 3.5.0 (McKenna et al. 2010). 
The variants were annotated exploiting Ensembl, RefGene, 
Broad, and FEELnc (FlExible Extraction of LncRNAs) 
(Wucher et al. 2017) databases. In addition, we used WGS 
variant data from publicly available genomes and our other 
ongoing studies (340 dogs from the DBVDC consortium, see 
Acknowledgement) as controls in variant filtering (Online 
Resource 1). To identify potential causative variants, we per-
formed variant filtering with our in-house variant database 
built and queried using Genotype Query Tools (Layer et al. 
2016). CSC computational facilities, a Finnish computa-
tional hub, were utilized in the sequencing data analyses 
(http://www.csc.fi).

The canine SGK3 mRNA and protein reference sequences 
were NM_001190428 and NP_001177357.1, respectively.

Variant screening

The known SGK3 variant associated with hairlessness in 
American Hairless Terriers was screened as described in 
Parker et al. (2017). The candidate variant in SGK3 was gen-
otyped in a total cohort of 66 SD and 91 IWs using standard 
PCR and Sanger sequencing to ascertain the association of 
the variant with the disease. IW breed was selected for the 
variant screening, because SD was used for the recovery 
of IW when the breed was re-created, and therefore, IWs 
are closely related to SDs. The following primer pair was 
used: 5′-GGT CTC AGT GGG TAG GAG TG-3′ and 5′-GAG 
CCA GCC AGA CAC CCT -3′. The primers were designed 
with the Primer 3 software (Koressaar and Remm 2007; 
Untergasser et al. 2012), and the amplified PCR products 
were sequenced with a capillary sequencer at the Institute for 
Molecular Medicine Finland core facility (FIMM, Technol-
ogy Centre, University of Helsinki, Helsinki, Finland). The 
sequences were analyzed using the Sequencher 5.3 software 
(GeneCodes, USA).

Results

To explore the genetic background of hairlessness in SDs, 
we collected DNA samples from 66 dogs, including two 
hairless dogs (male and female) that were born in a litter of 
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five puppies to parents with normal coats. The affected pup-
pies were born with sparse hair, but lost it completely within 
the first 2 months of life (Fig. 1). Since the SD’s phenotype 
resembles the hairless trait in AHTs, the SGK3 was a plausi-
ble candidate gene. We genotyped the known SGK3 variant, 
but both of the hairless dogs were homozygous for the wild-
type allele, suggesting the existence of a novel genetic cause.

To find the novel cause, we first carried out a genome-
wide analysis of two affected and eight unaffected dogs 
including two obligate carriers using Illumina’s HD 
173 K SNP array to map the locus. Homozygosity map-
ping revealed 12 case-specific regions of continuous allelic 
homozygosity (Online Resource 2), including a region that 
spanned the exon 29 of the SGK3 gene. In parallel, we per-
formed a high coverage (read depth ~ 30 ×) whole-genome 
sequencing in one hairless dog. Variants (SNVs and indels) 
were called using CanFam3.1 Boxer genome as reference 
and filtered against 340 control genomes from various 
breeds (Online Resource 1) assuming an autosomal reces-
sive disease model and a breed-specific founder mutation in 
the SD breed. This analysis resulted in the discovery of 45 
exonic or splicing variants with a possible effect on protein 
level (Online Resource 3). However, only two variants were 
located within the regions of shared allelic homozygosity 
and were both on chromosome 29: a nonsynonymous change 
in zinc-finger homeobox 4 (ZFHX4) gene and a frameshift 
insertion in SGK3. ZFHX4 has an unknown function, but it 
has been suggested as a candidate gene for ptosis (McMullan 
et al. 2002) and to be involved in neural and muscle differen-
tiation based on the expression pattern (Hemmi et al. 2006). 
Due to the unlikely role of ZFHX4 in hair follicle develop-
ment, the variant in SGK3 remains as the most plausible 
candidate for hairlessness in SDs. SGK3 has been previously 
associated with hairlessness in mice and dogs.

The identified SGK3 variant is a 1-bp insertion in exon 2 
(c.137_138insT) and predicted to result in a frameshift with 
an early translation termination site, p.(Glu47GlyfsTer3) 
(Fig. 2). Due to the very early position of the premature stop 

Fig. 1  a An adult male Scottish 
Deerhound with normal hair. 
b An adult female Scottish 
Deerhound demonstrating the 
hairless phenotype. Photographs 
used with permission from 
Antti Salmi (a) and Eeva-Kaisa 
Rantala (b)

Fig. 2  The SGK3 sequence flanking the variant site and an over-
view of the protein structure. a Sequence chromatograms illus-
trating the homozygous wild-type allele and the identified SGK3 
variant (c.137_138insT) predicted to result in a frameshift with an 
early translation termination site. b The schematic overview of the 
SGK3 protein demonstrates the position on the altered amino acid 
p.(Glu47GlyfsTer3). The predicted truncation removes the major-
ity of the protein including part of the phox homology domain (PX 
domain), the protein kinase domain, and the conserved AGC-kinase 
C-terminal domain (AGC-kinase) containing two phosphorylation 
sites
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codon, the transcript is most likely destroyed by nonsense-
mediated mRNA decay. However, even if the protein was 
translated, it would be severely truncated containing only 
the first 49 out of 490 amino acids (Fig. 2b).

To evaluate the segregation of the variant with the trait, 
we genotyped the SGK3:c.137_138insT variant (Fig. 2a) 
in a cohort of Scottish Deerhounds (n = 66) containing two 
affected dogs, two unaffected dogs, which had produced 
affected progeny, and 62 other unaffected dogs from our 
biobank. Both affected dogs were homozygous for the vari-
ant and the two obligate carriers were heterozygous, while 
the rest of the dogs were either heterozygous (n = 6) or 
homozygous for the wild-type allele (n = 56). These results 
demonstrate a full segregation of the variant with the disease 
and indicate a 12% carrier frequency in the studied cohort. 
We screened the variant also in a related breed, Irish Wolf-
hound (n = 91), but did not find any carriers, suggesting a 
breed-specific variant in SD population.

Discussion

We described here a novel recessive risk allele in SGK3 asso-
ciating with juvenile alopecia in Scottish Deerhounds. The 
affected puppies lose their hair during the first few weeks of 
life which becomes permanent. The phenotype is compa-
rable to the hairlessness in AHTs (Parker et al. 2017), and 
therefore, it was not surprising to find the defect in the same 
SGK3 gene, although with different variants. Both SGK3 
variants, p.Glu47GlyfsTer3 in SD and p.Val96GlyfsTer50 in 
AHT, lead to a very early truncation and likely a complete 
loss-of-functional proteins.

SGK3 belongs to a serine/threonine protein kinase super-
family whose members are involved in several cellular func-
tions such as cell growth, proliferation, and migration (Tess-
ier and Woodgett 2006). Mice with spontaneous and targeted 
loss-of-function (LoF) variants in Sgk3 have defective hair 
follicle development and abnormal hair cycle, demonstrating 
the essential role of the protein in these processes (Masujin 
et al. 2004; McCormick et al. 2004; Alonso et al. 2005). 
Sgk3 is quite ubiquitously expressed with proposed roles 
in other tissues such as in renal function by regulation of 
podocyte integrity and function (Peng et al. 2018).

Canine studies with two spontaneous hairless alleles 
in SGK3 support the previous studies in mice and clearly 
demonstrate how defective SGK3 results in hair loss and 
alopecia. Human hair disorders can be non-syndromic or 
in combination with other clinical conditions. Variants in 
large number of genes have been discovered encoding vari-
ous types of proteins related to functions in transcription, 
signal transduction, cell–cell adhesion, lipid metabolism, 
and cell cycle (Duverger and Morasso 2014). These pro-
teins have essential roles in hair follicle morphogenesis, 

structure, and regeneration. SGK3 has not been linked to 
human hair disorders, but remains as a strong candidate, 
particularly for congenital hypotrichosis and early hair loss 
with a monogenic defect. Analysis of the updated version 
of the gnomAD database (Lek et al. 2016) for SGK3 vari-
ants did not reveal any homozygous LoF variants and there 
was only one observation of a homozygous missense vari-
ant. However, the data did not provide statistical evidence 
for LoF intolerance (expected/observed LoF ratio 0.5), and 
given the phenotype in dogs and mice is limited to only hair 
growth abnormalities, it would be surprising if the gene was 
required for survival in human. Therefore, it is reasonable to 
expect to find similar phenotypes also in human.

In conclusion, our study uncovers the second hairless 
allele in SGK3 in dogs and highlights its role in hair fol-
licle biology, while defects in SGK3 are associated with 
early onset hair loss in murine and canine models. SGK3 
represents an excellent candidate gene for human alopecia 
and should be screened for deleterious variants in human 
patients. The SD breed will benefit from genetic testing of 
the SGK3 variant to control for this undesired trait in this 
breed.

Acknowledgements Open access funding provided by University 
of Helsinki including Helsinki University Central Hospital. Meharji 
Arumilli is acknowledged for bioinformatic expertise, and Reetta Hän-
ninen, Ileana Quintero, Sini Karjalainen, and Kaisu Hiltunen for their 
technical assistance. We thank the Dog Biomedical Variant Database 
Consortium (DBVDC), Gus Aguirre, Catherine André, Danika Ban-
nasch, Doreen Becker, Cord Drögemüller, Kari Ekenstedt, Kiterie 
Faller, Oliver Forman, Steve Friedenberg, Eva Furrow, Urs Giger, 
Christophe Hitte, Marjo Hytönen, Hannes Lohi, Cathryn Mellersh, 
Jim Mickelson, Leonardo Murgiano, Anita Oberbauer, Sheila Schmutz, 
Jeffrey Schoenebeck, Kim Summers, Frank van Steenbeek, and Claire 
Wade for sharing dog genome sequence data from control dogs and 
wolves. We are grateful for all the dog owners who have donated sam-
ples of their dogs for the study. This study was partially supported by 
the Jane and Aatos Erkko Foundation, the Academy of Finland, HiLife, 
and Wisdom Health.

Compliance with ethical standards 

Conflict of interest HL is a paid consultant to Genoscoper Laborato-
ries Ltd providing genetic tests for dogs.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Alonso L, Okada H, Pasolli HA, Wakeham A, You-Ten AI, Mak TW, 
Fuchs E (2005) Sgk3 links growth factor signaling to maintenance 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


539Human Genetics (2019) 138:535–539 

1 3

of progenitor cells in the hair follicle. J Cell Biol 170:559–570. 
https ://doi.org/10.1083/jcb.20050 4131

Birol O, Ohyama T, Edlund RK, Drakou K, Georgiades P, Groves AK 
(2016) The mouse Foxi3 transcription factor is necessary for the 
development of posterior placodes. Dev Biol 409:139–151. https 
://doi.org/10.1016/j.ydbio .2015.09.022

Drögemüller C, Karlsson EK, Hytönen MK, Perloski M, Dolf G, Sainio 
K, Lohi H, Lindblad-Toh K, Leeb T (2008) A mutation in hair-
less dogs implicates FOXI3 in ectodermal development. Science 
321:1462. https ://doi.org/10.1126/scien ce.11625 25

Duverger O, Morasso MI (2014) To grow or not to grow: hair mor-
phogenesis and human genetic hair disorders. Semin Cell Dev 
Biol 25–26:22–33. https ://doi.org/10.1016/j.semcd b.2013.12.006

Hemmi K, Ma D, Miura Y, Kawaguchi M, Sasahara M, Hashimoto-
Tamaoki T, Tamaoki T, Sakata N, Tsuchiya K (2006) A home-
odomain-zinc finger protein, ZFHX4, is expressed in neuronal 
differentiation manner and suppressed in muscle differentiation 
manner. Biol Pharm Bull 29:1830–1835. https ://doi.org/10.1248/
bpb.29.1830

Jussila M, Aalto AJ, Sanz Navarro M, Shirokova V, Balic A, Kallonen 
A, Ohyama T, Groves AK, Mikkola ML, Thesleff I (2015) Sup-
pression of epithelial differentiation by Foxi3 is essential for 
molar crown patterning. Development 142:3954–3963. https ://
doi.org/10.1242/dev.12417 2

Koressaar T, Remm M (2007) Enhancements and modifications of 
primer design program Primer3. Bioinformatics 23:1289–1291. 
https ://doi.org/10.1093/bioin forma tics/btm09 1

Kupczik K, Cagan A, Brauer S, Fischer MS (2017) The dental pheno-
type of hairless dogs with FOXI3 haploinsufficiency. Sci Rep 7:5. 
https ://doi.org/10.1038/s4159 8-017-05764 -5

Kurban M, Zeineddine SB, Hamie L, Safi R, Abbas O, Kibbi AG, 
Bitar F, Nemer G (2017) FOXI2: apossible gene contributing to 
ectodermal dysplasia. Eur J Dermatol 27(6):641–645. https ://doi.
org/10.1684/ejd.2017.3130

Layer RM, Kindlon N, Karczewski KJ, Exome Aggregation Consor-
tium, Quinlan AR (2016) Efficient genotype compression and 
analysis of large genetic-variation data sets. Nat Methods 13:63–
65. https ://doi.org/10.1038/nmeth .3654

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, 
O’Donnell-Luria AH, Ware JS, Hill AJ, Cummings BB, Tukiainen 
T, Birnbaum DP, Kosmicki JA, Duncan LE, Estrada K, Zhao F, 
Zou J, Pierce-Hoffman E, Berghout J, Cooper DN, Deflaux N, 
DePristo M, Do R, Flannick J, Fromer M, Gauthier L, Goldstein 
J, Gupta N, Howrigan D, Kiezun A, Kurki MI, Moonshine AL, 
Natarajan P, Orozco L, Peloso GM, Poplin R, Rivas MA, Ruano-
Rubio V, Rose SA, Ruderfer DM, Shakir K, Stenson PD, Stevens 
C, Thomas BP, Tiao G, Tusie-Luna M, Weisburd B, Won H, Yu 
D, Altshuler DM, Ardissino D, Boehnke M, Danesh J, Donnelly S, 
Elosua R, Florez JC, Gabriel SB, Getz G, Glatt SJ, Hultman CM, 
Kathiresan S, Laakso M, McCarroll S, McCarthy MI, McGovern 
D, McPherson R, Neale BM, Palotie A, Purcell SM, Saleheen D, 
Scharf JM, Sklar P, Sullivan PF, Tuomilehto J, Tsuang MT, Wat-
kins HC, Wilson JG, Daly MJ, MacArthur DG, Exome AC (2016) 
Analysis of protein-coding genetic variation in 60,706 humans. 
Nature 536:285

Li H, Durbin R (2009) Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25:1754–1760. https 
://doi.org/10.1093/bioin forma tics/btp32 4

Masujin K, Okada T, Tsuji T, Ishii Y, Takano K, Matsuda J, 
Ogura A, Kunieda T (2004) A mutation in the serum and 

glucocorticoid-inducible kinase-like kinase (Sgkl) gene is asso-
ciated with defective hair growth in mice. DNA Res 11:371–379

McCormick JA, Feng Y, Dawson K, Behne MJ, Yu B, Wang J, Wyatt 
AW, Henke G, Grahammer F, Mauro TM, Lang F, Pearce D 
(2004) Targeted disruption of the protein kinase SGK3/CISK 
impairs postnatal hair follicle development. Mol Biol Cell 
15:4278–4288. https ://doi.org/10.1091/mbc.e04-01-0027

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-
sky A, Garimella K, Altshuler D, Gabriel S, Daly M, DePristo MA 
(2010) The Genome Analysis Toolkit: a MapReduce framework 
for analyzing next-generation DNA sequencing data. Genome Res 
20:1297–1303. https ://doi.org/10.1101/gr.10752 4.110

McMullan TW, Crolla JA, Gregory SG, Carter NP, Cooper RA, How-
ell GR, Robinson DO (2002) A candidate gene for congenital 
bilateral isolated ptosis identified by molecular analysis of a de 
novo balanced translocation. Hum Genet 110:244–250. https ://
doi.org/10.1007/s0043 9-002-0679-5

Parker HG, Harris A, Dreger DL, Davis BW, Ostrander EA (2017) 
The bald and the beautiful: hairlessness in domestic dog breeds. 
Philos Trans R Soc Lond Ser B Biol Sci 372:20150488. https ://
doi.org/10.1098/rstb.2015.0488

Peng LQ, Zhao H, Liu S, Yuan YP, Yuan CY, Mwamunyi MJ, Pearce 
D, Yao LJ (2018) Lack of serum- and glucocorticoid-inducible 
kinase 3 leads to podocyte dysfunction. FASEB J 32:576–587. 
https ://doi.org/10.1096/fj.20170 0393R R

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender 
D, Maller J, Sklar P, de Bakker PI, Daly MJ, Sham PC (2007) 
PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am J Hum Genet 81:559–575. https ://doi.
org/10.1086/51979 5

Shirokova V, Jussila M, Hytönen MK, Perälä N, Drögemüller C, Leeb 
T, Lohi H, Sainio K, Thesleff I, Mikkola ML (2013) Expression 
of Foxi3 is regulated by ectodysplasin in skin appendage placodes. 
Dev Dyn 242:593–603. https ://doi.org/10.1002/dvdy.23952 

Shirokova V, Biggs LC, Jussila M, Ohyama T, Groves AK, Mikkola 
ML (2016) Foxi3 deficiency compromises hair follicle stem cell 
specification and activation. Stem Cells 34:1896–1908. https ://
doi.org/10.1002/stem.2363

Tessier M, Woodgett JR (2006) Serum and glucocorticoid-regulated 
protein kinases: variations on a theme. J Cell Biochem 98:1391–
1407. https ://doi.org/10.1002/jcb.20894 

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm 
M, Rozen SG (2012) Primer3—new capabilities and interfaces. 
Nucleic Acids Res 40:e115. https ://doi.org/10.1093/nar/gks59 6

Wucher V, Legeai F, Hedan B, Rizk G, Lagoutte L, Leeb T, Jaganna-
than V, Cadieu E, David A, Lohi H, Cirera S, Fredholm M, Both-
erel N, Leegwater PAJ, Le Beguec C, Fieten H, Johnson J, Alfoldi 
J, Andre C, Lindblad-Toh K, Hitte C, Derrien T (2017) FEELnc: 
a tool for long non-coding RNA annotation and its application 
to the dog transcriptome. Nucleic Acids Res 45:e57. https ://doi.
org/10.1093/nar/gkw13 06

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

https://doi.org/10.1083/jcb.200504131
https://doi.org/10.1016/j.ydbio.2015.09.022
https://doi.org/10.1016/j.ydbio.2015.09.022
https://doi.org/10.1126/science.1162525
https://doi.org/10.1016/j.semcdb.2013.12.006
https://doi.org/10.1248/bpb.29.1830
https://doi.org/10.1248/bpb.29.1830
https://doi.org/10.1242/dev.124172
https://doi.org/10.1242/dev.124172
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1038/s41598-017-05764-5
https://doi.org/10.1684/ejd.2017.3130
https://doi.org/10.1684/ejd.2017.3130
https://doi.org/10.1038/nmeth.3654
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1091/mbc.e04-01-0027
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1007/s00439-002-0679-5
https://doi.org/10.1007/s00439-002-0679-5
https://doi.org/10.1098/rstb.2015.0488
https://doi.org/10.1098/rstb.2015.0488
https://doi.org/10.1096/fj.201700393RR
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1002/dvdy.23952
https://doi.org/10.1002/stem.2363
https://doi.org/10.1002/stem.2363
https://doi.org/10.1002/jcb.20894
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1093/nar/gkw1306
https://doi.org/10.1093/nar/gkw1306

