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Abstract

Vertnin (VRTN) variants are associated with thoracic vertebral number (TVN) in pigs. However, the
biological function of VRTN remains poorly understood. Here we first conducted a range of
experiments to demonstrate that VRTN is a responsible gene for TVN and two causative variants in
the regulatory region of VRTN additively regulate TVN. Then, we show that VRTN is a novel
DNA-binding transcription factor as it localizes exclusively in the nucleus, binds to DNA on a
genome-wide scale and regulates the transcription of a set of genes that harbor VRTN binding
motifs. Next, we illustrate that VRTN is essential for the development of thoracic vertebrae. Vrtn-null
embryos display somitogenesis defect with the failure of axial rotation and fewer somites at the
thoracic somite stage. Half of Vrtn heterozygous mice show abnormal spinal development with
fewer thoracic vertebrae and ribs than their wild-type littermates. Lastly, we reveal that VRTN
could modulate somite segmentation via the Notch signaling pathway. The findings advance our
understanding of the mechanisms underlying the development of thoracic vertebrate in mammals,
and VRTN causative variants provide a robust tool to improve pork production by selecting the
alleles increasing the number of thoracic vertebrae and ribs.
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Introduction

A segmented body structure is one of the most
notable features of vertebrates. Each vertebra is
derived from a vertebral segment, called a somite,
which in turn is formed from the presomitic
mesoderm (PSM) during early embryogenesis [1]. The
number of somites - and, hence, vertebrae - is highly
conserved among mammalian species and is usually
fixed within each species [2, 3]. However, the pig (Sus
scrofa) has variable number of thoracolumbar
vertebrae, ranging from 19 in wild boars and most
indigenous breeds to between 21 and 23 in European
commercial breeds [4, 5]. This phenotypic variation is
presumably caused by intensive selection for a greater
body size, to increase meat production in commercial
animals [6]. This variation in vertebral number within
a single species is an ideal system in which to

investigate the mechanisms controlling the formation
of somites and vertebrae in mammals. Understanding
these mechanisms also might have implications for
understanding abnormal vertebral development in
humans, and mammalian evolution.

In previous studies [7-9], researchers had
showed that a quantitative trait locus (QTL) on pig
chromosome 7 (SSC7) has a major effect on thoracic
vertebral number (TVN) (approximately 0.5 vertebra
per allele). Vertnin (VRTN) has been suggested as a
strong candidate gene for this locus [7, 9]. We have
also previously identified two candidate quantitative
trait nucleotides (QTNs) that could account for the
QTL effect in the VRTN gene [7], and showed that the
candidate QTNs may have introgressed from Chinese
pigs into European pigs [10]. However, the causality
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of VRTN in relation to TVN has not been established,
and the molecular features of VRTN and its role in
controlling the formation of thoracic somites have
remained elusive.

In this study, we provide further evidence that
VRITN is the gene responsible for the QTL affecting
TVN on SSC7 and confirm the causality of the two
VRTN candidate QTNs in relation to the QTL effect.
Furthermore, we show that VRTN is a transcription
factor that relates to the Notch signaling molecules at
the thoracic somite stage. Together, our findings
reveal that VRTN is essential for embryogenesis and
is absolutely required for the development of thoracic
vertebrae, advancing our understanding of the
mechanisms  controlling segment number in
mammals. The VRTN QTNs are of considerable
economic significance in the pig industry as breeding
companies would like to increase the frequencies of
the mutant alleles because of their desirable effects on
TVN and pork production.

Materials and methods

Ethics approval statement

All experiments involving animals were carried
out in accordance with the approved guidelines by
the Ministry of Agriculture in China. Approval was
obtained from the ethics committee of Jiangxi
Agricultural University prior to the study.

GWAS mapping

A genome-wide association study (GWAS) was
conducted on 609 European hybrid derived from a
three-way cross pigs: Duroc x (Landrace x Large
White) (thereafter referred to as DLY). The pedigree,
management and phenotype recording information
about these pigs has been described in our previous
publication [10]. Briefly, these pigs were purchased
from a commercial company (Guohong, Nanchang)
and were raised under standard and consistent
feeding conditions. At the age of 180 £ 3 days, all
animals were slaughtered in the same abattoir
(Guohong, Nanchang) to determine TVN in each
animal.

Genomic DNA was extracted from ear tissue
using a routine phenol/chloroform method. The
genomic DNA of each pig was genotyped for 61,565
SNPs on porcine SNP60K Beadchips V2 (Illumina,
USA) as previously described [7]. Nine additional
SNPs around the VRTN gene were genotyped for all
DLY pigs via Sanger sequencing using the primers
listed in Table S1. The quality control criteria for the
SNP data for the GWAS mapping were assessed using
GenABEL, an R library for whole genome association
analyses [11]. Animals with SNP call rates of greater
than 95% and familial Mendelian error rates of less

than 0.1, and SNPs with call rates of greater than 95%,
minor allele frequencies of greater than 0.1 and
significant levels of deviation from Hardy-Weinberg
equilibrium that were greater than 10-® were included
for further association analysis.

The association analysis adjusted for population
stratification by modeling similarities between
individuals on the basis of genome-wide SNP data. In
this analysis, the allelic effect of each SNP on
phenotypic traits was tested using a general linear
mixed model as previously described [10]. The
formula of the model is as follows:
y=p+Xb+sc+Za+e, where y is the vector of
phenotypes; p is the overall mean; b is the vector of
fixed effects, including sex and batch effects; c is the
effect of each SNP; a is the vector of random additive
genetic effects, with a ~ N (0, Go.?), where G is the
genomic relationship matrix calculated from the
[Nlumina Porcine 60K SNP Beadchips and o4? is the
polygenetic additive variance; e is the vector of
residual errors, with e ~ N (0, Ioe?), where I is the
identity matrix and oc? is the residual variance; X and
Z are incidence matrices for b and a, respectively; and
s is the vector representing the SNP genotype for each
individual. ~Bonferroni-corrected P-values were
adopted for the genome-wide and chromosome-wide
significant thresholds, which were set as 0.05/N and
1/N, respectively, where N is the number of
informative SNPs in the data set. The 95% confidence
interval was determined by a LOD score drop-off of 2
from the value of the most significant SNP. Linkage
disequilibrium was analyzed using Haploview
software [12]. The phenotypic variance explained by
the VRTN variants was estimated using the following
formula.

Var% = (Vreduce' Vfull)/vreduce %100

Where Vi and Vieduce are the residual variances
of ordinary linear models with and without including
the genotypes of VRTN variants as predictor
variables, respectively.

Cell culture

Pig kidney cells (PK-15, Xiangf Bio) and human
embryonic kidney cells 293T (HEK293T, SIBS) cells
were cultured in high-glucose DMEM (Gibco)
supplemented with 10% fetal bovine serum (Hyclone)
and an antibiotic solution.

Dual luciferase reporter assay

The VRTN promoter segment spanning -610 to
+1558 bp relative to the transcription start site (TSS)
was amplified using pig genomic DNA and the
primers listed in Table S1. PCR products were
purified and ligated into pGEM-T vectors (Promega).
Site-directed mutagenesis was performed to generate
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recombinant constructs with the gQ and Qg
combinations for the two QTN sites via overlap
extension PCR using the pGEM-T-VRTN clone as a
template. Four QTN allelic forms (QQ, g9, Qg and gQ)
of 2173 bp fragments were subcloned into
promoterless luciferase pGL4.20 reporter vectors
(Promega) to generate VRTN-Luc plasmids for the
subsequent luciferase reporter assay.

To detect the activity of luciferase reporter gene
controlled by the VRTN promoter, VRTN-Luc and
PRL-tk constructs were co-transfected into HEK293T
cells (2x105 cells/well) grown to 90% confluence using
Lipofectamine 2000 (Invitrogen) in 24-well plates.
Twenty-four hours after transfection, the activity of
firefly = luciferase ~was measured using the
Dual-Luciferase Reporter Assay System (Promega) on
an Infinite 200 PRO multimode reader (Tecan).
Relative luciferase activity was determined based on
the firefly/Renilla luciferase activity ratio. Each
reporter plasmid was transfected in triplicate, and
three independent reporter assays were performed.

To verify that VRTN is involved in the Notch
signaling pathway, a NOTCH2-responsive reporter,
HES1-Luc, derived from human and pig genomes was
constructed as described by Solecki et al. [13]. The
NOTCH2-responsive HES1-Luc and pRL-tk constructs
were co-transfected into PK-15 cells (1x105 cells/well)
containing empty or VRTN-overexpression vectors
[13]. The reporter activity of HES1-Luc was evaluated
as described above.

Digital droplet PCR

Total RNA was isolated from mouse C57BL/6]
embryos at 5.5-12.5 dpc using TRIzol reagent
(Invitrogen) according to manufacturer’s instructions.
One pg of total RNA was used for cDNA synthesis
with random hexamers (TaKaRa). Digital droplet PCR
(ddPCR) was used to assess Vrtn expression levels
because Vrtn mRNA can be faint and hard to measure
using routine quantitative real-time PCR (qPCR)
techniques. The ddPCR reaction contained 1x ddPCR
Supermix for probes (Bio-Rad), 50 nM Vritn Tagman
probe (ABI), 4 pl cDNA and double-distilled H>O. The
experiment was conducted as previously described
[14]. Briefly, the ddPCR reaction mix was partitioned
into 20,000 nanoliter-sized droplets using a QX200
droplet generator (Bio-Rad). Then, the emulsions
were transferred to a 96-well PCR plate and sealed
with foil. The ddPCR was performed in a T100
Thermal Cycler (Bio-Rad) with a ramp rate of 2.5 °C/s
between all steps. The final PCR product was detected
in a QX200 droplet reader (Bio-Rad), and the results
were analyzed using QuantaSoft software Version 1.4
(Bio-Rad). Reactions were run in three independent
experiments. The primer and probe sequences used in

this study are given in Table S1.

Production of VRTN QTN-LacZ transgenic
mice

A LacZ transgenic mouse assay was performed
as reported in the VISTA Enhancer Browser database
[15]. Briefly, two copies of the Q allelic form of 291 bp
at the VRTN QTN site (g.20311_20312ins291) were
subcloned into upstream regions of a LacZ reporter
gene using the Gateway Recombination System
(Invitrogen). The VRTN QTN-LacZ plasmids were
linearized and then injected into pronuclear C57BL/6
embryos. At 9.5 dpc, embryos were harvested and
dissected in cold PBS, followed by LacZ staining. Yolk
sacs were dissected from embryos and genotyped via
PCR using primers listed in Table S1.

Real-time quantitative PCR

Total RNA was isolated from pig embryos
harvested at 17.5 dpc using TRIzol (Invitrogen) and
reverse transcribed with random hexamers (TaKaRa).
cDNA (5 pl) was pre-amplified using the Tagman
PreAmp Master Mix (ABI), primers (50 nM each) and
VRTN or NOTCH2 probes. The PCR parameters were
as follows: 95 °C for 10 min, followed by 14 cycles of
95 °C for 15 s and 60 °C for 2 min. The qPCRs were
conducted in a total volume of 10 ul, containing 5 pl
Tagman Master Mix (ABI), 2.5 pl ¢cDNA, 0.5 pl
Taqman probe and the primers and 2 pl distilled
water. The cycling conditions were as follows: 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. All PCRs were performed on a
7900HT RT-qPCR system (ABI). BACT or 18S was
used to compare the relative levels of mRNA. Primer
and probe sequences are given in Table S1.

Immunofluorescence staining

To collect VRTN mutant (QQ) and wild-type (g9)
pig embryos at the thoracic somite stage, we
slaughtered two heterozygous Qq Large White sows
at 17.5 days after mating with two Large White Qg
boars. Embryos were harvested from the uterus with
PBS containing 1% BSA and stored in liquid nitrogen
for RNA extraction. The extra-embryonic tissues of
each embryo were collected for DNA extraction and
genotyping of the VRTN QTNs via Sanger sequencing
using the primers listed in Table S1. Pig embryos were
sectioned on a freezing microtome (Leica). Frozen
sections of these embryos were incubated with
anti-VRTN rabbit antibody (Sigma) at dilutions of
1:200 at 4 °C overnight. For negative controls, the
antibody was replaced with normal non-immune
serum. After extensive washing, these samples were
incubated with anti-rabbit I[gG-FITC antibody (Sigma)
and DAPI Fluorescence images were viewed and
assessed with a TCS SP8 confocal microscope (Leica).
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Subcellular localization

To determine the subcellular localization of pig
VRTN, the full-length coding sequence of pig VRTN
was artificially synthesized (Genescript) and then
subcloned into pEGFP-C1 vectors (Addgene). The
pEGFP-C1-VRTN vectors were transiently transfected
into PK-15 cells using Lipofectamine 2000 transfection
reagent (Invitrogen) following the manufacturer’s
instructions. After 24 hours, cells were fixed and
stained with DAPI according to a standard protocol
[16]. Fluorescence images were viewed and assessed
with a TCS SP5 confocal microscope (Leica).

Fluorescence recovery after photobleaching
(FRAP)

PK-15 cells were transfected with pEGFP-C1 or
pEGFP-C1-VRTN vectors as described above. At 24
hours post-transfection, cells were re-seeded onto
glass-bottomed dishes and then cultured in a live-cell
imaging chamber for a FRAP assay. The assay was
conducted using a TCS SP5 confocal microscope
equipped with a 63/1.4 NA oil immersion objective
(Leica). The 488-nm laser lines from an argon ion laser
bleached the fluorescein of the complex in a defined
rectangular strip of the nucleus. Fluorescence images
were captured before and after the FRAP experiment
to determine the photobleaching and recovery levels.
The mean fluorescence intensity values of the strips
were analyzed at each time point with SP5 software
(Leica). Background intensities at each time point
were subtracted from each image before analysis. To
allow for the direct comparisons of individual FRAP
curves, the raw data were normalized to the mean
pre-bleach intensity of each cellular measurement.

Expression chip analysis

The full-length coding sequence of pig VRTN
was subcloned into pNTAP-2xflag (kindly provided
by Kai Lei at Fudan University, China) expression
vectors. HEK293T cells were transfected with
PNTAP-2xflag-VRTN or empty vectors. Total RNA
was isolated from cells 24 hours after transfection
using TRIzol reagent (Invitrogen). A total of 2 ug RNA
was labeled with reagents from Affymetrix according
to the manufacturer’s instructions. Hybridization
cocktails containing 5-55 pg of fragmented,
end-labeled single-stranded cDNA were prepared
and hybridized to GeneChip Human Exon 1.0 ST
arrays  (Affymetrix). The arrays contained
approximately 5.4 million 5-pm features (probes)
grouped into 1.4 million probe sets, interrogating over
1 million exon clusters. Processed arrays were
scanned using the GeneChip Scanner 3000 7G system
(Affymetrix).  Affymetrix = Expression  Console
Software (version 1.0) was used to perform the quality

assessments. A random variance model (RVM) t-test
was applied to discriminate DEGs between the
treatment and control groups. The RVM t-test can
effectively raise the degrees of freedom in the case of a
small sample size [17]. After a false-discovery rate
(FDR) analysis, we selected DEGs only in cases with a
P-value <0.05.

ChIP sequencing

HEK293T cells were transfected with
PNTAP-2xflag-VRTN vectors as described above.
ChIP samples were prepared from VRTN-

overexpressing HEK293T cells using the SimpleChIP
Enzymatic Chromatin IP kit (CST) according to the
manufacturer’s instructions. The cells were harvested
and chemically cross-linked with 1% formaldehyde
for 10 minutes at 16-20°C. The cell nuclei were
released via sonication using an Ultrasonic Processor
(SONXI). The collected nuclei were digested with
micrococcal nuclease (CST) for 20 minutes at 37 °C.
Sheared chromatin was incubated with Anti-FLAG
M2 Affinity Gel (Sigma) for 4 hours. Immuno-
precipitated DNA was treated with RNase A (CST)
and purified with the SimpleChIP kit (CST). ChIP
sequencing was performed at Beijing Institute BGI
(Wuhan, China). Briefly, a sequencing library was
constructed from enriched DNA fragments using the
TruSeq ChIP Library Prep kit (Illumina). Final DNA
libraries were validated and sequenced at 50 bases per
sequence read using a HiSeq 2000 sequencer
(llumina) at a depth of approximately 20 million
sequences.

ChIP-seq reads were mapped to the human
genome (GRCh38.p5; http:/ /asia.ensembl.org/Homo
_sapiens/Info/Index) using BEDtools [18]. Only the
alignments with fewer than two mismatches were
considered for enriched-region (peak) identification
(peak calling) using the Model-based Analysis of
ChIP-seq (MACS) algorithm [19]. MEME 4.6.1
software was used to identify the VRTN binding
motif [20]. PeakAnalyzer software was used for peak
annotation and the analysis of the nearest
downstream gene [21]. ‘Peak proximity scores” were
calculated for the DEGs identified in the expression
chip analysis using an algorithm as previously
described [22]. If a DEG had a peak proximity score
>10, it was considered a direct target of VRTN.

TALEN-mediated Vrtn knockout mice

TALEN repeats were designed to bind the exon 1
of the Vrtn gene as depicted in Figure S1 and then
linked into pcDNAG6.0 vectors (Invitrogen) to obtain in
vitro transcribed mRNA. The transcripts were
generated using the T7 Message Max kit and a polyA
tailing kit (Epicentre) following the manufacturer's
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instructions. Washed and dried RNA was dissolved in
water, and 4 ng TALEN mRNA was microinjected
into the male pronuclei of C57BL/6 mouse zygotes.
Injected eggs were then transferred to pseudo-
pregnant females at 0.5 dpc. A total of 316 injected
embryos were transferred into 14 pseudo-pregnant
mice, which gave birth to 37 offspring. DNA extracted
from tail samples of newborn mice was amplified
using the primers listed in Table S1, and the PCR
products were sequenced to identify heterozygous or
knockout descendants. Only three mice carried the
induced loss-of-function mutations at the TALEN
targeting site in one allele (Figure S1), two of which
were used to generate Vrtn -null mouse strains.

Morphological analysis of Vrtn-null and
heterozygous mice

Embryos at 9.5 dpc were harvested to observe
the thoracic somites of Vrtn -null mice. Whole
embryos were fixed with 10% formalin and observed
using light microscopy (Nikon). The yolk sac of each
embryo was collected for DNA extraction and
genotyping of the TALEN targeting site via Sanger
sequencing using the primers listed in Table SI.
Skeletal analyses were performed for five-month-age
wild-type and heterozygous mice using the alcian
blue/alizarin red staining method as previously
described [23].

RNA sequencing

Total RNA was isolated from three wild-type
(q99) and three mutant (QQ) pig embryos at 17.5 dpc,
which was then used to construct cDNA libraries
using the TruSeq RNA Sample Preparation kit
(llumina). Single-end reads (50SE) were generated on
a HiSeq 2000 sequencer (Illumina) at a depth of
approximately 20 million sequences. Adapter
contaminated reads, reads of more than half of bases
with Sanger quality smaller than 10, and reads with
more than 5% of 'N' and less than 30 bp were
removed. Next, trimmed, clean reads were mapped to
the pig reference genome (Sscrofa 10.2; http://asia
.ensembl.org/Sus_scrofa/Info/ Annotation/)  using
the SOAP2 software and allowing two mismatches
[24]. Gene expression levels were further calculated
using the reads per kilobase of transcript per million
mapped reads (RPKM) method to identify DEGs
between the wild-type and mutant RNA samples as
previously described [25]. A FDR of no more than
0.001 (FDR < 0.001) and a difference ratio of the RPKM
between the wild-type and mutant samples of no less
than 1 (|log: ratio| = 1) were adopted as the
significance thresholds to identify DEGs. A GO
functional enrichment analysis was performed using
Blast2GO [26]. KEGG pathway analyses of the DEGs

were performed using software

(http:/ /www.cytoscape.org/).

Cytoscape

Results

VRTN is the causative gene determining TVN
on SSC7

We recorded TVN in 609 European DLY hybrid
pigs that were genotyped for 39,367 informative SNPs
on an Illumina Porcine 60K chip. We conducted a
genome-wide association study (GWAS) and
identified a genome-wide significant QTL for TVN
that was associated with the top SNP (MARCO0038565)
at 103.5 Mb on SSC7 (Figure S2). One allele at this
locus increased TVN by 0.5. The 95% confidence
interval for the major QTL was defined within a 400
kb segment containing the VRTN gene (Figure S2).
This result is consistent with previous studies [7, 9,
27-30]. To refine the location of the QTL, we increased
the SNP density from 2 to 11 in the 400 kb region and
conducted an association analysis in the DLY
population. Four variants in the VRTN gene,
including the two previously identified candidate
QTNs, showed the strongest association signal (P =
5.79x10¢2, Figure 1A) and explained 68.7% of
phenotypic variance in this DLY population. When
the effect of the VRTN variants was removed from the
analysis, no genome-wise significant association
signal was observed for TVN across the genome
(Figure 1B). The logarithm of the odds ratio (LOD)
values (association strength) of the VRTN variants
were much (>14) greater than those of their flanking
SNPs within an interval of 88 kb that contains only
one intact gene, VRTN (Figure 1C). These four VRTN
variants defined a single haplotype (12> 0.98, Figure
1D). These observations strongly support that VRTN
is the gene responsible for the QTL on SSC7 that
affects TVN.

Two causative mutations additively affect the
expression of VRTN

Using a series of genetic analyses, we have
previously identified two candidate QTNs in the pig
VRTN gene that are associated with an increase in
TVN [7]. The two variants are in nearly complete
linkage disequilibrium in diverse populations [7] and
were the most significantly associated markers in our
previous studies [7, 10] and this current GWAS. One
of the two variants is a SNP (g.19034A>C) in the
promoter region, whereas the other (g.20311_20312ins
291) is an indel in intron 1 of VRTN. The SNP is 105 bp
upstream and the indel 1,169 bp downstream of the
transcription start site, and both reside in conserved
functional elements [7]. This led us to speculate that
the two candidate QTNs affect the expression of
VRTN.
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Figure 1. Genome-wide association study (GWAS) mapping supports VRTN as one of the genes responsible for the number of thoracic vertebrae. (A) Manhattan plots of a
GWAS for the number of thoracic vertebrae in 609 European hybrid pigs. Negative logio P-values of the qualified SNPs were plotted against their genomic positions. Different
colors indicate distinct chromosomes. The red dots represent the nine variants including four VRTN variants within a region of 400 kb that were not included in lllumina Porcine
60K Beadchips, and the top SNP (MARC0038565) identified in the GWAS using the Beadchip is indicated. (B) When the results were conditional on the effect of the VRTN
candidate QTN, no other SNPs on chromosome 7 showed an association signal. The solid and dashed lines indicate the 5% genome-wide and chromosome-wide
Bonferroni-corrected thresholds, respectively. (C) Regional association plot for the number of thoracic vertebrae within the 95% confidence interval of the QTL on
chromosome 7. The vertical dashed lines delineate the boundary region of the top GWAS SNPs, which are four VRTN variants. The two flanking markers (MARC0038565 and
103407089A>G) within an interval of 88 kb have a much lower association strength (LOD less than 14) values than the VRTN variants. The genes encoded on this part of the
chromosome are indicated. (D) A haplotype view of all polymorphisms shown in panel C. The top four significant SNPs including g.8063G>A, g.13066C>T, g.19034A>C and

g.20311_20312ins291 in the VRTN gene define a single haplotype block (r2> 0.98).

To test this hypothesis, we performed a dual
luciferase reporter assay in HEK293T cells. We first
cloned both allelic forms (the double mutant, C/ins,
denoted QQ; and wild-type, A/-, denoted gq) of a
2,173 bp and 1,882 bp fragment containing the two
candidate QTNs into the pGL4.20 luciferase vector.
Then, we generated two recombinant constructs (Qq
and gQ) to determine the relative contribution of the

two candidate QTNs (Figure 2A). We transfected the
four constructs into HEK293T cells and measured the
luciferase reporter activity after 24 hours. Compared
with wild type, the two individual mutant alleles
were  associated with a  similar increase
(approximately 1.5-fold) in luciferase activity, and
when combined, they were associated with a
three-fold increase in luciferase activity (Figure 2A).
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This indicates that the two candidate QTNs are (g.8063G>A or g.13066C>T) - into the upstream
functional variants, and that they additively affect the  region of the wild-type VRTN promoter in the
expression of VRTN. reporter plasmid. No obvious difference in luciferase

We also cloned two fragments - one 194 bp and  activity was observed between the two SNPs and wild
the other 666 bp, each containing one of the other type (Figure S3), indicating that these SNPs are not
notable VRTN SNPs identified in the GWAS  functional variants.
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Figure 2. Two candidate causative variants additively affect the expression of VRTN. (A) Luciferase activity driven by four pig promoter sequences in human HEK293T cells. The
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into LacZ reporter plasmids (HSP68-lacZ), which were then used to generate Q mice. Lateral views of representative X-gal-stained transgenic (Q) and control (q) embryos at 9.5
dpc are shown with sections of stained tissues. One enlarged areas (Q’) correspond to the region indicated by dashed boxes in the left panel. Three independent transgenic lines
displayed virtually identical expression patterns (Fig. S6). (C) mRNA expression levels of VRTN in mutant (QQ, n = 3), heterozygous (Qq, n = 18), and wild-type (qq, n = 7) pig
embryos at E17.5. Values were determined via RT-qPCR and are expressed as the mean * S.E. of the triplicate experiments after normalization to 185 mRNA levels. The
expression level of the gq samples was set as |. Significance of difference between each paired group was determined by student’s t-test. A P value of smaller than 0.05 was
considered statistically significant. (D) VRTN expression in whole pig embryos at E17.5. Whole mount immunohistochemistry was performed with an anti-VRTN antibody. VRTN
expression is shown in green and nuclei in blue. The full names of the abbreviations used by the arrowheads are as follows: HE, head; HT, heart; T, tail; TS, thoracic somites.
Embryos were all imaged via confocal microscopy at the same magnification. Scale bar: 100 pm. (E) Quantitative analysis of relative VRTN immunostaining intensities in the head
(HE), thoracic somite (TS), heart (HT) and tail (T, presomitic mesoderm) regions of the mutant (QQ) and heterozygous (Qq) pig embryos at E17.5. The data represent the fold
increase (mean * S.E. of triplicate experiments) relative to the staining intensity in the tails of Qg embryos.*, P < 0.05 as determined by student’s t-test.
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VRIN is conserved in mammals (Figure S4,
Figure S5). It is much more time-consuming and
costly to conduct experiments using pig embryos than
mouse embryos at multiple time points. To evaluate
the potential role of VRTN in the embryonic
development of thoracic vertebrae, we first quantified
mRNA transcripts of Vrtn in mice (C57BL/6) over 8
time points from day 5.5 to day 12.5 post coitum, i.e.
from blastocyst implantation to late somite formation,
via droplet digital PCR. We found that Vrtn was
highly expressed from 7.5 dpc to 9.5 dpc (Theiler stage
15, 21-29 somites) (Figure S6). This phase exactly
corresponds to the thoracic-somite stage (11-24
somites) in the mouse, indicating that Vrtn functions
at the critical developmental stage of the formation of
thoracic somites. Next, we examined whether the two
QTNs up-regulated the expression of Vrtn at this
embryonic stage (9.5 dpc). For this, we generated
VRTN QTN-LacZ transgenic mice as previously
described [15]. To mimic the additive effect of the two
candidate QTNs, we cloned two copies of a 291-bp
fragment corresponding to the mutant allele at the
QTN site (g.20311_20312ins291) into an upstream
region of a LacZ reporter gene. The reporter
constructs were linearized and injected into fertilized
mouse oocytes. At 9.5 dpc, the embryos were stained
to visualize LacZ reporter gene activity. We noted that
LacZ expression was clearly present in the thoracic
somatic portion, the hindbrain/cervical somatic
region, the caudal intermediate mesoderm and the
developing head and heart in transgenic embryos but
was virtually absent in control embryos injected with
the empty vector (Figure 2B, Figure S7). These
observations suggest that the two QTNs act as an
enhancer to up-regulate the expression of Vrtn in
structures along the anterior-posterior (AP) axis for
the formation of somites and in regions involved in
the development of other organs like heart and head.

To obtain direct evidence for the effect of the two
QTNs on VRTN expression in pigs, we measured the
quantity of VRTN mRNA in full-sib pig embryos
representing three QTN genotypes (QQ, Qg and gqq) at
17.5 dpc. VRTN transcript levels were increased by
over 9-fold in QQ embryos and 5-fold in Qg embryos
relative to the levels in the g9 embryos (Figure 2C). It
is known that the formation of somites along the AP
axis is under the control of a set of cyclic genes
expressed within the paraxial mesoderm during early
embryogenesis [31]. To test whether VRTN is also
expressed in the paraxial mesoderm, we investigated
the location of pig 175 dpc embryos using
immunofluorescence staining of an anti-VRTN
antibody. We detected VRTN in the paraxial
mesoderm where somites are formed, while the
staining was relatively ubiquitous in these embryos.

The expression level of VRTN tended to gradually
decrease along the AP axis. Staining was strong in the
cranial and cardiac regions and was weak in the tail
region (Figure 2D). We also quantified the relative
protein levels of VRTN in frozen sections of pig
embryos at this stage. A pattern similar to that of
VRTN mRNA expression was observed, i.e., a higher
level of fluorescence intensity was detected in the
thoracic somite, head, heart and tail (PSM) regions of
QQ embryos in comparison with Qg embryos (Figure
2E). Thus, we conclude that the mutant alleles at the
two QTN sites increase the expression of VRTN at
both the transcription and translation levels in pigs.

VRTN is a novel transcription factor

To characterize the molecular features of VRTN,
we first determined the subcellular location of this
protein within cells. The C-terminal region has been
predicted to contain three nuclear localization signals
via SeqNLS analysis [32], indicating that VRTN
probably localizes to the nucleus. To test this
possibility, we constructed a green fluorescent protein
(GFP)-VRTN fusion cassette and then conducted
transient transfection assays in pig kidney (PK-15)
cells. We found that the GFP-VRTN fusion protein
localized exclusively to the nucleus (Figure 3A). To
determine whether VRTN binds to DNA, we next
examined the nuclear diffusional mobility of
GFP-VRTIN in pig PK-15 cells using confocal
fluorescence recovery after photobleaching. We found
that GFP-VRTN exhibited a slower rate of diffusion
compared with that of GFP alone (Figure 3B),
suggesting that VRTN is a DNA-binding protein.

To uncover the binding sites of VRTN across the
genome, we then performed a chromatin immuno-
precipitation (ChIP) sequencing assay using anti-
FLAG agarose beads. Considering that an anti-VRTN
ChIP-grade antibody is not currently available and
the annotation of the pig reference genome (Sscrofa
10.2) is far from perfect, we constructed a
FLAG-pig-VRTN fusion cassette and then transfected
them into human embryonic kidney 293T (HEK 293T)
cells. The anti-FLAG immunoprecipitation system
allowed us to effectively pull down VRTN bound to
various DNA fragments. An Illumina HiSeq 2500
system was used to sequence the ChIP-enriched DNA
fragments, resulting in 31,633,260 reads that mapped
uniquely to the human genome (GRCh38.p5). An
in-depth analysis of these data revealed 1,730 peak
signals with a minimum of 50 overlapping extended
reads (Table S2). We further determined the locations
of these reads relative to the transcriptional start sites
(TSSs) of the annotated genes. Only 0.7% and 3.9% of
the peak signals were located in exons and proximal
promoters, respectively, within 3 kb from the TSSs,
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whereas most enriched reads were found in
upstream, introns and intergenic regions (Figure 3C).
To test whether human VRTN binding sites share
conserved primary sequence patterns, we evaluated
VRTN binding features on a genome-wide scale using
a MEME analysis [33]. Three distinct motifs were
identified in the peak regions, two of which comprise

a strictly defined sequence element (Figure 3D). This
is in accordance with the assumption that VRTN is a
DNA-binding transcription factor.

To further investigate whether VRTN is a
transcription factor, we examined the relationship
between differentially expressed genes (DEGs) and
VRTN binding signals as previously described [22,
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Figure 3. VRTNis a novel transcription factor. (A) VRTN localizes to the nucleus. PK-15 cells were transfected with pEGFP-C1-VRTN plasmids. Subcellular localization of VRTN
was determined via GFP fluorescence at 24 hours post-transfection. Cell nuclei were counterstained with DAPI. Scale bar: 10 ym. (B) VRTN binds to DNA. PK-15 cells
expressing GFP or the GFP-VRTN fusion protein were imaged before and during recovery after briefly photobleaching the fluorescence in a small strip spanning the nucleus. The
recovery rate of fluorescence was recorded over time. The GFP-VRTN showed a slower recovery of fluorescence compared with GFP alone. (C) Genomic distribution of VRTN
binding peaks identified via ChIP sequencing. The schematic diagram (lower panel) shows the definitions of the intergenic, upstream, promoter, exon and intron regions. TSS,
transcription start site. (D) VRTN binding motif revealed by an enrichment analysis of ChIP sequencing. (E) VRTN regulates the expression of target genes. VRTN peak proximity
scores for each of 514 differentially expressed genes (DEGs) were calculated and plotted together with the logz values of fold changes in DEGs. Blue dots indicate negative and
the red dots positive significant fold changes. The horizontal dashed line at the peak proximity score of 10 represents the chosen cut-off for defining a gene likely to be a direct
target of VRTN.
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34]. We measured global transcriptomic changes in
human HEK293T cells after treating them with VRTN
using whole-genome microarrays containing 28,869
oligonucleotide probes. In total, 514 genes notably
differed in expression levels (with a false discovery
rate of less than 5%) between the VRTN-treated cells
and the untreated cells (Table S3). An integrative
analysis of the ChIP-seq and RNA-chip data revealed
that 214 (41.6%) of the DEGs contained strong
proximal VRTN binding sites (peak proximity score >
10), suggesting that VRTN directly regulates the
expression of specific target genes (Figure 3E). Taken
together, our findings indicate that VRTN is a novel
transcription factor. It should be mentioned that our
ChIP-seq and RNA-chip studies were conducted in
HEK293T cells, an immortalized human embryonic
kidney cell. Transcription factors always bind to DNA
in a site-specific manner, and the binding sites can
vary considerably between different cells [35]. Hence,
the array of VRTN binding sites and the targets of
VRTN may change in different pig embryonic cells.

Vrtn is required for thoracic somitogenesis in
mice

To further uncover the role of VRIN in
determining TVN, we generated Vrtn-knockout mice
using  TAL-effector = endonuclease = (TALEN)
technology (see Materials and Methods). We
intercrossed the heterozygous (Vrtn*/-) mice and
generated 101 two-week-old mice (Table 1).
According to the Mendelian law, the expected
number of Vrtn-deficient homozygous (Vrtn/")
animals in the progeny of this intercross was 25.
However, no null mutant survived to this stage (Table
1). The ~2:1 ratio of Vrtn*/- to Vrtn*/* progeny
strongly indicates that homozygous Vrtn deficiency in
mice results in embryonic lethality.

Table 1. Two-week-old offspring of intercrosses between Vrtn*-
mice

No. of offspring of genotype

+/+ +/- -/- Total
Predicted 25 50 25 100
Observed 35 66 0 101

We further examined the embryonic stage at
which Vrin7 embryos discontinue the development.
For this, we collected embryos at different
developmental points (9.5-12.5 dpc) from an
intercross between Vrtn*- individuals. We observed a
normal Mendelian distribution of Vrtn**, Vrtn*- and
Vrtn7 embryos (Table S4) at 9.5 and 10.5 dpc.
However, Vrtn’ embryos were not viable at 11.5 dpc
(Figure S8), indicating that Vrtn/ embryos cease to
develop between E10.5 and E11.5.

We noticed that Vrtn-null embryos displayed
developmental retardation since 9.5 dpc. At E9.5,
Vrtn** and Vrtn* embryos reached Theiler stage
14-15 (3 branchial bars, 13-29 somites), while null
mutants arrested at Theiler stage 13 (2 arches, 8-12
somites) (Figure 4A). All Vrtn/ embryos did not show
axial rotation, which is normally completed in
embryos at ~E9.0 (Theiler stage 14). At 10.5 dpc, null
mutants still fail to turn the embryo (Figure 4A). In
additional to the developmental arrest at Theiler stage
13, Vrtn/ embryo at 9.5 and 10.5 dpc showed
morphological defects in heart and neural tubes
(Figure 4B). However, all Vrtn’” embryo at 8.5 dpc
displayed normal developmental characteristics
without gross defects (data not shown). These results
indicate that Vrtn is essential for the development of
mice embryo at Theiler stage 14 (13-20 somite),
corresponding to the developmental stage of thoracic
somites.

Of note, more than half (16/26) of the Vrtnt*/-
animals exhibited abnormal spinal development, with
prominent kyphosis at 2-months old - although they
did survive, and they were generally healthy. We
examined the complete skeletons of 26 adult Vrtnt/-
mice (Figure S9 and Figure 4C). Vrtn heterozygous
mice have a statistically significant difference in the
number of thoracic vertebrate (P = 0.006) and ribs (P =
0.0001) compared with wild-type (Vrtn*/*) mice
(Figure 4D). Of the 26 Vrtn*/- mice, approximate
one-fourth of animals (7/26) had one less thoracic
vertebrae and one-third (9/26) of animals were
missing a rib from the last thoracic element on one
side (randomly on the right or left), and the remaining
individuals had normal TVNs and ribs (Figure 4E).

In summary, these findings show that (i) Vrtn is
highly expressed at Theiler stage 11-15 (7.5-9.5 dpc),
which includes the thoracic-somite stage (Theiler
stage 14, ~9.0 dpc), (ii) Vrtn-deficient embryos have
fewer (less than 13) somites, cannot complete axial
rotation and cease to develop over Theiler stage 13
(8.5 dpc), (iii) more than half of adult Vrtn*/-animals
show abnormal spinal development and (iv) Vrtn*/-
mice have significantly fewer thoracic vertebra and
ribs than wild type animals. These findings provide
the first biological evidence that Vrtn is indispensable
for the formation of thoracic somites and, hence, for
the determination of TVN.

The possible molecular mechanism for the
regulation of TVN by VRTN

Given that VRTN is a transcription factor, we
hypothesized that VRTN regulates the TVN by
modulating the transcript abundance of its
downstream targets, including well-known genes for
the formation of somites.
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Figure 4. Vrtn is essential for the development of thoracic veterbrae in mice. (A) At 9.5 and 10.5 dpc, Vrtn-null embryos (Vrtn--, right) cannot complete axial rotation and have
8-12 somites. Embryos were all imaged at the same magnification (4x). Scale bar: 100 ym. (B) Compared with the Vrtn wild-type (Vrtn*/*, left) individual, Vrtn”- mouse embryos at
9.5 dpc (middle and right) show thoracic somite defects (abnormal and fewer (less than 13) somite segments) and delays in axial turning and neural tube closure. (C) Compared
with Vrtn** mice (left), some Vrtn*- animals had one less thoracic vertebrae (middle) or were missing a rib from the last thoracic element on one side (right). The positions of the
first (R1) and last (R12 or R13) rib are labeled. (D) Comparison of the number of thoracic vertebrae and ribs between Vrtn*/* and Vrtn*- mice (n = 26). NTV, number of thoracic
vertebrae. Data are expressed as means + standard deviations. Student t-test was used to evaluate phenotypic difference between the two groups. A P value of smaller than 0.05
was considered statistically significant. (E) Phenotypic variation in the number of thoracic vertebrae and ribs in Vrtn*- mice (n = 26). 12/12, 12 thoracic vertebrae with 12 pairs of
ribs; 13/12, 13 thoracic vertebrae with a rib missing from the last thoracic element on one side; 13/13, 13 thoracic vertebrae with 13 pairs of ribs.

To test this hypothesis, we quantified the
transcriptomes of six full-sib pig embryos at 17.5 dpc
that corresponds to 9.5 dpc in mice, of which three
were homozygous for the two QTNs (QQ) and three
were wild type (g9). These embryos were harvested
from a VRTN heterozygous Qg sow that was mated
with a heterozygous Qg boar. Using RNA-seq
techniques, we obtained over 20 million single-end
clean reads of 50 bp from each of the six samples,
approximately 78% and 65% of which unambiguously
mapped to the genome reference assembly and the
reference gene database (Sscrofa 10.2), respectively.
We then compared the expression profiles of these
genes between the mutant (QQ) and wild-type (q9)
embryos. In total, 42 differentially expressed genes
(DEGs) were identified as targets of VRTN, including
39 up-regulated and 3 down-regulated genes with a >
2-fold change at a false discovery rate of less than
0.001. These DEGs were enriched in genes involved in

developmental processes (Table S5), and the top 20
KEGG-enriched pathways (Figure S10) included the
Notch signaling pathway and body axis formation,
which are closely related to segment number in
vertebrate embryos. Of note, two of the DEGs - the
genes encoding NOTCH2 and heparan sulfate
proteoglycan 2 (HSPG2) - have been implicated in
abnormal vertebral segmentation in human and
animal models (Table S6) [36]. Intriguingly, NOTCH?2
has a similar expression pattern to that of VRTN as it
is expressed at a high level in prospective and recently
formed somites and its expression gradually weakens
throughout the PSM and primitive streak [37]. The
activity of Notch molecules are known to be
absolutely essential for the formation of the somites
[38, 39]. Mice carrying loss-of-function mutations in
any one of the genes encoding ligands, receptors or
downstream effectors of Notch display severe
segmentation defects in the thoracic and lumbar
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skeleton, with minimal effects observed in the sacral
and caudal vertebrae [1, 40-42]. Therefore, we focused
on the role of VRTN in the Notch signaling pathway
in our subsequent analyses.

First, we measured the quantity of NOTCH2
mRNA in full-sib pig embryos (17.5 dpc) representing
three VRTN QTN genotypes (QQ, Qg and gq) via
RT-gPCR. Consistent with the RNA-seq results,
NOTCH? transcript levels were higher in the QQ
embryos (P = 0.014) than in the gq embryos (Figure
5A). To provide direct evidence that VRTN regulates
the expression of NOTCH2, we then conducted an
overexpression assay by transfecting an expression
vector harboring the full-length coding sequence of
pig VRTN driven by a CMV promoter into pig PK-15
cells. The overexpression of VRTN led to a two-fold (P
= 0.012) increase in NOTCH?2 transcripts in the cells
(Figure 5B). Next, we constructed two luciferase
reporter plasmids with fragments derived from the
promoters of the human and pig HESI gene, a target
gene of Notch [43]. The luciferase reporter plasmids
with the HES1 promoter were cotransfected into pig
PK-15 cells with the VRTN expression vector. The
overexpression of VRTN resulted in significantly
higher (P < 0.05) reporter activities compared with the
controls (Figure 5C). Altogether, our data indicate that
VRTN mediates the expression of NOTCH2 and,
consequently, regulates its downstream genes in the
Notch signaling pathway.

It has been well established that the Notch
signaling pathway regulates the segmentation clock,
which is a molecular oscillator controlling the
periodicity of somite formation [44-46]. A faster
segmentation clock gives rise to a reduced periodicity
of somitogenesis and more but shorter segments in
mice [46]. Therefore, we expected that the increased
NOTCH2 levels driven by the VRTN causative
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variants may regulate the gene expression that in the
Notch signaling pathway, resulting in more but
shorter somites in pig. During fetal development, each
segment of the vertebral column is formed by fusing
the posterior portion of one somite with the anterior
portion of the adjacent somite. Therefore, we
predicted that the total length of the thoracic
vertebrae would increase by half the size of one
thoracic vertebra when TVN was increased by one in
VRTN mutant pigs compared to wild-type pigs. To
test this prediction, we measured the number and
total length of thoracic vertebrae in 304 DLY pigs.
Compared with wild-type homozygotes (gq), the
number of thoracic vertebrae was increased by one in
homozygous mutant (QQ) animals, and the total
length of the thoracic vertebrae in homozygous
mutant DLY pigs was increased by 1.56 cm (P < 0.001
in both cases), which is nearly half (1.56/3.23) the size
of one thoracic vertebra (Table 2). The findings
indicate that a faster segmentation clock gives rise to a
reduced periodicity of somitogenesis and more but
shorter segments, which support our prediction that
VRTN controls the number of vertebrae possibly by
regulating segmentation clock via Notch signaling
pathway.

Table 2. Comparisons of thoracic vertebral parameters between
VRTN mutant (QQ), heterozygous (Qq), and wild-type (qq) pigs

QQ Qg 9 P-value
(n =136) (n=139) (n=29)

Vertebral number 21.62+0.200 21.00+0.05>  20.57 £0.09c 2.20E-16

Vertebral length 58.17+1.27a 57.20+0.33>  56.61+0.56c 2.20E-16

Carcass length 102.96 £ 0.372 101.25 £ 0.52>  100.24 + 0.88< 4.93E-04

7t thoracic vertebral ~ 3.19 + 0.02 3.24+0.02 3.32+0.04

length

VRTN

Note: Phenotypic values are shown as means + standard deviations. One-way
analysis of variance (ANOVA) was used to evaluate the significance of difference in
phenotypic data among the three groups. Values with different superscripts in the
same line are significantly different (P < 0.05).
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Figure 5. VRTN regulates the Notch pathway. (A) NOTCH2 mRNA levels in VRTN mutant (QQ, n = 3), heterozygous (Qq, n = 18) and wild-type (gq, n = 7) pig embryos at E17.5.
Values were determined via RT-qPCR and are expressed as the mean # standard error (S.E) of triplicate experiments after normalization to BACT mRNA levels. The expression
level of the qq samples was set as 1. (B) VRTN up-regulates the expression of NOTCH2. VRTN expression and control vectors were transfected into pig PK-15 cells. Values were
determined via RT-gPCR and are expressed as the mean * S.E. of triplicate experiments after normalization to BACT mRNA levels. (C) Transcriptional activation of HES| by
VRTN. PK-15 cells were co-transfected with luciferase reporter plasmids driven by a pig (pGL4.20-pHES ) / human (pGL4.20-hHES|) promoter and VRTN expression plasmids
(red) or control vectors (blue). The ratio of firefly luciferase to Renilla activity was defined as the relative luciferase activity. The data represent fold increases (mean * S.E. of
triplicate experiments) relative to empty vector-transfected values. Student t-test was performed to determine the significance of difference between each paired group. A P value

of smaller than 0.05 was considered statistically significant.
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Discussion

VRTN has been associated with variation in TVN
and TVN-related traits, including body length and
teat number in pigs [10], but the causal relation
between VRTN and TVN remains to be established,
and the developmental role of VRTN in the formation
of thoracic vertebrae were previously unknown. Here
we provide further genetic evidence that VRTN is the
causative gene for the QTL on SSC7 affecting TVN,
and that g.19034A>C and g.20311_20312ins291 are the
two causative mutations which additively modulate
the transcript abundance of VRTN. Furthermore, we
show that VRTIN is a novel DNA-binding
transcription factor as (i) VRTN localizes exclusively
in the nucleus, (ii) VRTN binds to DNA on a
genome-wide scale, and (iii) VRTN regulates the
transcription of a set of genes that harbor VRTN
binding motifs. Our study also establishes the critical
role of VRTN in the development of thoracic
vertebrae. (i) Vrtn temporarily expressed during a
period (7.5-9.5 dpc) covering the thoracic somite stage
(~9.0 dpc) in mice, (ii) Somitogenesis ceases at the
thoracic somite stage in Vrtn-null embryos that
discontinue axial turning and show a reduced number
and abnormal shape of somites. (iii) Vrtn*/- mice have
fewer thoracic vertebrae and ribs than wild-type mice
and more than half of Vritn*/- individuals show
defects in spinal development. Together, these
findings demonstrate that VRTN is an essential gene
for the development of thoracic vertebrae in pigs and
mice, and presumably in all mammals considering
developmental constraint of the vertebral formula in
these species [47].

The identity and number of thoracic vertebrae is
determined when somites form along the embryonic
axis via sequential segmentation from the PSM [42].
Hox genes are known to determine somatic segmental
identity [48, 49]. Hoxc-4 and Hoxc-5 are both required
to determine the proper identities of the second
through tenth or eleventh thoracic vertebrae [50].
Hoxc8 gain-of-function mutation increases one more
thoracic vertebrae in mice [51]. The upstream
regulatory genes of these Hox genes also play a role in
the segmentation of thoracic vertebrae, such as Cdxs,
ActRIIB and ActRIIA [52-54]. Moreover, mutations
impairing Notch, WNT and FGF signaling pathways
cause abnormal thoracic somitogenesis [55-58].
Indeed, the Notch, WNT and FGF signaling gradients
along PSM determine somitogenesis, which is known
as a ’‘clock-and-wavefront’ model in which the
wavefront represents the anterior-to-posterior
progression of the embryonic development [55, 59].
The two intersecting activities (the clock and the
wavefront) precisely define the number of somites for

a given species in a synchronized and rhythmic
fashion [60]. When the balance between the
segmentation clock rate and the embryonic
development rate is altered, the number of somites
varies [61]. If the clock rate is increased relative to the
development rate, more somites of smaller size will
develop in mice [46]. Interestingly, VRIN
homozygous mutant (QQ) pigs typically have one
more thoracic vertebra and are 1.5 cm longer than
wide-type (q9) animals. This difference in length is
approximately half the size of a normal vertebra, so
each of the thoracic vertebrae in QQ animals is
slightly shorter than thoracic vertebrae of g animals.
It thus raises the possibility that VRTN causative
variants may alter the balance between the
segmentation clock rate and the embryonic
development rate. Here we show that VRTN QTN
increases the expression of NOTCH2 and HES1, one of
downstream cyclical gene of Notch pathway. The
Notch mediates intercellular communication within
the PSM through Notch-Delta signal transduction
pathway, the activity of which couples neighboring
cells to facilitate synchronized oscillation of the
segmentation clock [58, 60, 62, 63]. Hence, we
speculate that VRTN QTN could accelerate the
segmentation clock via the notch signaling pathway,
and consequently affect the number of thoracic
somites and ribs as well, but it has no effect on
embryonic development.

In summary, we show that VRIN is a
transcription factor indispensable for the formation of
thoracic vertebra in mammals. This finding provides
insight into the mechanisms underlying the
specification and determination of segment number in
mammals. Moreover, the VRTN QTNs provide a
robust tool to improve pork production by increasing
TVN and body length.
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