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Abstract

Camels possess exceptional adaptability, allowing them to withstand extreme
temperatures in desert environments. They conserve water by reducing their
metabolic rate and regulating body temperature. The heart of the camel plays
a crucial role in this adaptation, with specific genes expressed in cardiac tissue
that are essential for mammalian adaptation, regulating cardiac function
and responding to environmental stressors. One such gene, nebulin-related-
anchoring protein (NRAP), is involved in the assembly of myofibrils and the
transmission of force within the heart. In our study of the NRAP gene across
various livestock species, including three camel species, we identified a camel-
specific exon region in the NRAP transcripts. This additional exon (exon 4)
contains an open reading frame predicted in camels. To investigate its function,
we generated knock-in mice expressing camel NRA P exon 4. These ‘camelized
mice’ exhibited normal phenotypic characteristics compared with wild-type
mice but showed elevated body temperatures under cold stress. Transcriptome
analyses of the hearts from camelized mice under cold stress revealed
differentially expressed inflammatory cytokine genes, known to influence
cardiac function by modulating the contractility of cardiac muscle cells. We
propose further investigations utilizing these camelized mice to explore these
findings in greater depth.
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INTRODUCTION

Camels are among the mammals that have adapted to
rapid temperature fluctuations, thriving in harsh en-
vironments such as deserts. Numerous physiological,
behavioral and genetic studies have investigated the
mechanisms behind camels’ environmental adaptations
(Kandeel et al., 2022; Wu et al., 2014). However, the exact
physiological pathways linking camel genomic compo-
nents to their ability to withstand extreme environments
remain unclear.

NRAP (nebulin-related anchoring protein) is a mem-
ber of the nebulin family and a highly evolutionarily con-
served actin-binding cytoskeletal protein that plays a role
in myofibrillar assembly and force transmission in the
heart (Luo et al., 1997; Truszkowska et al., 2017). Several
studies on gene expression and population genomics have
shown that NRAP is linked to environmental changes in
habitat, including hibernation and hypoxia (Alderman
et al., 2019; Capraro et al., 2019; Gagnaire et al., 2012).
Genomic analyses of Yakut cattle, the world's north-
ernmost breed, also revealed a Yakut-specific missense
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mutation (HI00Q) in NRAP, associated with cold ad-
aptation, hibernation or torpor (Buggiotti et al., 2021).
Additionally, a recent GWAS study identified NRAP
variants associated with environmental adaptations in
US Simmental cattle (Rowan et al., 2021).

These findings suggest that NRAP may play a sig-
nificant functional role in environmental adaptation.
Based on these findings, we investigated variations in
the NRAP gene across various animals and discovered
26 amino acids (78-mer, exon 4) that are uniquely present
in camels. Given the expression characteristics of NRAP
and the camel's known capacity for environmental ad-
aptation, this particular exon 4 of camel NRAP could
be implicated in providing a unique function that assists
survival in extreme environmental conditions such as in-
tense heat and cold. To study the role of camel NRAP
exon 4 in extreme environments, we generated knock-in
mice (referred to as ‘camelized mice’) carrying the camel
NRAP exon 4 using CRISPR/Cas9.

The ultimate goal of this study is to uncover the secrets
of camels’ environmental adaptation using a camelized
mouse model in which camel NRA P exon 4 is expressed.
By observing temperature changes in camelized mice ex-
posed to cold and performing RNA-sequencing (RNA-
seq) transcriptomic profiling of the heart — a central
component of the circulatory system where NRAP is
highly expressed — we aim to establish a crucial foun-
dation for understanding how camel exon 4 contributes
to cold adaptation. This research will also pave the way
for future analyses of heat adaptation mechanisms in
camels. Ultimately, understanding the functional role
of NRAP exon 4 in camels could lead to significant ad-
vancements in livestock management under extreme
climate conditions, with broad implications for environ-
mental adaptation studies in veterinary science and ani-
mal resilience strategies.

MATERIALS AND METHODS
Ethical approval

Mouse experiments were conducted in accordance
with the guidelines of the Korean Food and Drug
Administration at the GEM division of Macrogen Inc.
(Seoul, Republic of Korea). The protocols underwent
review and approval by the Institutional Animal Care
and Use Committees (IACUC; mouse generation, MS-
2021-01; cold exposure, CBNUA-2138-23-02). All experi-
ments were carried out in adherence to applicable legal
guidelines.

NRAP sequence analysis

A comparative analysis of NRA P amino acid sequences
across 115 mammalian species, including camels, was

performed using NCBI BLAST, MULTIPLE SEQUENCE ALIGN-
MENT algorithms, and weBLoGo (https://weblogo.berke
ley.edu/logo.cgi). The exon and intron boundaries of the
NRAP transcript were analyzed for 14 mammalian spe-
cies: camel (Camelus ferus), alpaca (Vicugna pacos), cattle
(Bos taurus), zebu cattle (Bos indicus), bison (Bison bison),
wild yak (Bos mutus), water buffalo (Bubalus bubalis),
goat (Capra hircus), sheep (Ovis aries), pig (Sus scrofa),
horse (Equus caballus), chicken (Gallus gallus), mouse
(Mus musculus) and human (Homo sapiens). The bounda-
ries were visualized using GRAPHIC MAKER (http://wormw
eb.org/exonintron), with a focus on the camel-specific
exon 4 and preserved splicing sites.

Mouse housing

C57BL/6N and ICR mice, purchased from Orientbio
Inc. (Seongnam, Republic of Korea), were housed at the
GEM center of Macrogen Inc. under specific pathogen-
free conditions. The breeding room was maintained at
a temperature of 22+ 1°C and 50% humidity, with a 12
h light/dark cycle. All feed and individually ventilated
cages were sterilized, and air conditioning units were
equipped with filters to ensure a controlled environ-
ment. Carbon dioxide gas was used for euthanasia in ac-
cordance with standard protocols.

Knock-in strategy and sgRNA preparation

The knock-in (KI) strategy was designed to in-
sert camel NRAP exon 4 at the 3’ end of mouse
NRAP exon 3 (NC_000085.7: g.56377181-56377182ins
(XM_032490882.1: ¢. 256-333); abbreviated as
Nrap®?>7"78: Figure 1a). The insertion replaced approxi-
mately 500bp of the genomic region, including mouse
exon 3 and the adjacent intron, to enable natural splicing.
For sgRNA selection and off-target analysis, we used
the crispr design tool (https://chopchop.cbu.uib.no/),
which systematically evaluates potential mismatch ef-
fects. The GRCm39/mm39 nucleotide sequence from the
NCBI database (NC_000085.7, NM_198059) was refer-
enced to determine the FASTA sequence for sgRNA tar-
geting in intron 2 and intron 3, avoiding splicing sites.
The selected crRNAs are listed in Table SI.
Double-stranded DNA for in vitro transcription was
constructed by PCR, with a T7 promoter sequence
added to the 5" end and a tracrRNA sequence to the 3’
end of the crRNA. In vitro transcription was performed
by incubating 1pg of the double-stranded DNA tem-
plate in 10pl of 5x transcription buffer, 10pl of INTP
(each 10mwm), 1.25pl of RNase inhibitor (Invitrogen,
Waltham, MA, USA) and 30U of T7 RNA polymerase
(EPO111; Thermo Fisher Scientific, USA) at 37°C for 2h.
After incubation, the reaction was treated with 2U of
DNase I (EO0381; Thermo Fisher Scientific, Waltham,
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FIGURE 1

Camel Exon4

Mouse Exon4

Overall designing for generation of Nrap“?*™78 mice. (a) Targeting strategy for knock-in (KI). F1, 2 and R1, 2 indicate

genotyping primer sites. The green box means mouse exons and the red box means camel exon 4. (b) Construction of the donor vector. To
linearize the vector, Kpnl and Sacll restriction enzymes were positioned at both ends of the homology arms. Additionally, to facilitate
genotyping using restriction fragment length polymorphism and prevent sgRNA off-target effects, EcoRI and Notl restriction enzymes were
placed in mouse introns 2 and 3. (c) Predicted coding sequence of camelized mice. The goal of our mouse model is to co-express the mouse

Nrap gene with camel exon 4 (26 amino acids). Thus, the length of the Nrap coding sequence of the Nrap

255578 mouse model is expected to be

5160 bp for mRNA and 1720 amino acids on an amino acid basis (based on NM_198059.4).

MA, USA). The transcribed RNA was purified using
the GeneArt™ RNA Purification Kit (A29377, Thermo
Fisher Scientific) and verified via 2% agarose gel
electrophoresis.

Targeting vector construction

A targeting vector was designed to facilitate homology-
directed repair in mouse chromosomes, incorporating a
mouse—camel hybrid exon composed of 88 bp of mouse
exon 3 and 78 bp of camel exon 4. This hybrid exon was
flanked by homology arms of approximately 500bp
to 1kb. The left homology arm included part of exon
1 and exon 2 of the mouse gene, with the homology

arm placements determined by the Cas9 cleavage sites
identified by two selected crRNAs.

Six  single-stranded  oligodeoxyribonucleotides
(ssODNs) were synthesized with overlapping sense and
antisense strands for PCR amplification. These ssODNs
contained artificial mutations to avoid crRNA recog-
nition and introduced EcoRI and Notl restriction sites
for restriction fragment length polymorphism analysis.
PCR amplification of the ssODNs was carried out using
Q5 high-fidelity polymerase (M0491L, NEB, Ipswich,
MA, USA) under specific cycling conditions without a
separate denaturation step. The resulting PCR products
were purified.

Both the amplified ssODNs and the backbone vector,
pBluescript SK(-) (Addgene, Cambridge, MA, USA)
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were digested with EcoRI and NotI (NEB) and ligated
to construct the vector containing the hybrid exon
structure.

The homology arms were amplified from mouse ge-
nomic DNA using QS5 high-fidelity polymerase and
specific restriction sites (Sacll and Kpnl; NEB). The am-
plified homology arm products and the vector contain-
ing the hybrid exon were digested with Sacll and Kpnl,
followed by ligation to construct the final vector. The
structure of the final vector is shown in Figure 1b, and
the predicted coding sequence is shown in Figure lc. The
sequences of the ssODNs and primers used are listed in
Table S2.

Embryo collection and microinjection

For superovulation, 5- to 8-week-old C57BL/6N female
mice were administered 7.5IU of pregnant mare serum
gonadotropin (Dsmbio, Uiwang, Republic of Korea),
followed by 7.5TIU of human chorionic gonadotropin
(hCG; Dsmbio) 48 h later via intraperitoneal injection.
After hCG administration, the females were paired
with C57BL/6N stud males for mating. Zygotes were
collected from the oviducts 20h post-mating, after
confirming the presence of a vaginal plug. The har-
vested zygotes were washed with Quinn's Advantage™
Medium with HEPES (ART-1024; Cooper Surgical,
Trumbull, CT, USA) and then transferred to KSOM
medium (MR-121-D; Sigma-Aldrich, St Louis and
Burlington, MA, USA) in a CO, incubator at 37°C.
Microinjections were performed 24h after hCG
treatment.

The microinjection mixture contained Cas9 protein
(CP1812071; Macrogen), purified sgRNAs, linearized
donor DNA and SCR?7 inhibitor (SMLI1546; Sigma-
Aldrich) and was injected into the pronucleus of 1-cell
zygotes in Quinn's Advantage™ Medium with HEPES
at concentrations of 20/25/20ng/ul and 1 pm, respectively.
To enhance homology-directed repair and inhibit the
non-homologous end-joining pathway, SCR7 inhibitor
(Hu et al., 2018) was included in the mixture. Following
microinjection, embryos were incubated at 37°C for 2h.
The injected one-cell embryos were surgically trans-
planted into the oviducts of pseudopregnant recipient
ICR mice.

Genotyping

Genomic DNA was extracted from mouse tails using the
Axen™ Total DNA Mini Kit (MG-P005-50; Macrogen),
following the manufacturer's instructions. PCR was per-
formed using Q5® High-Fidelity DNA Polymerase in a
40 pl reaction volume containing 8 pl of 5x Q5 Reaction
Buffer, 8 pl of 5x Q5 High GC Enhancer, 0.8 pl of 10mwm
dNTP mixture, 2 pl of 10 um forward primer, 2 pl of 10 pm

reverse primer, 200ng of extracted genomic DNA and
PCR-grade water to complete the volume. The PCR con-
ditions were as follows: initial denaturation at 98°C for
3min; 35cycles of 98°C for 10s, 60°C for 15s and 72°C
for 30s to 1 min; followed by a final extension at 72°C
for Smin.

The PCR products amplified using F1 and R1 primers
were analyzed on a 2% agarose gel. To verify the correct
insertion of donor DNA, the external region of the donor
sequence (EOD) was amplified using F2 and R2 primers.
Restriction fragment length polymorphism analysis was
conducted on the amplified EOD using EcoRI and NotI
restriction enzymes. The digested PCR products were
separated on a 1% agarose gel.

Heterozygous alleles were further confirmed through
PCR cloning (E1203S, NEB) followed by Sanger sequenc-
ing (Macrogen). The sequencing results were analyzed
using NCBI's BLAsT global alignment tool, and transla-
tion analysis was conducted with the ExpPASY translate
tool (https://web.expasy.org/translate/). The primer se-
quences used for genotyping are listed in Table S3.

RT-PCR

Total RNA was extracted from six organs (brain, lung,
heart, liver, small intestine and kidney) of Nrap®?> "8
mice using the RNeasy Mini Kit (74104; Qiagen, Hilden,
Germany) according to the manufacturer's instructions.
The mice were euthanized using CO2 gas. RNA quan-
tity and purity were assessed with a Nanodrop spectro-
photometer (Thermo Fisher Scientific). Complementary
DNA (cDNA) was synthesized from 1pg of total
RNA from each tissue using the QuantiTect Reverse
Transcription Kit (Qiagen).

RT-PCR was conducted using Q5 High-Fidelity DNA
Polymerase. The 20 pl reaction mixture contained 4 pl of
5x Q5 Reaction Buffer, 4 pl of 5% Q5 High GC Enhancer,
0.4 pl of 10mm dNTP mixture, 1 pl each of 10 pm forward
and reverse primers, 1pl of cDNA (diluted 1:10), and
PCR-grade water to make up the final volume. The PCR
cycling conditions were: initial denaturation at 98°C for
3min, followed by 35cycles of 98°C for 10s, 60°C for 15s
and 72°C for 30s, with a final extension at 72°C for 5min.
Amplicons were verified by electrophoresis on 2% aga-
rose gels, and sequencing was conducted via the Sanger
method. The primer sequences used for RT-PCR are
listed in Table S3.

Cold exposure

Cold exposure (CE) experiments were conducted to
simulate extreme environmental conditions similar to a
camel's natural habitat. The experiment was performed
at 4°C for 12h during the dark phase, following proto-
cols established by Hu et al. (2022). Four 12-week-old
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Nrap®?>™78 homozygous KI male mice and four wild-
type (WT) male mice (controls) were exposed to the cold
environment. Feed and water were available ad libitum
throughout the experiment.

Thermal imaging analysis and body weight
measurements

Body temperatures were measured before and after CE
using a handheld thermal imaging camera (HT-18; Hti-
Xintai, China), with a resolution of 220 x 160 pixels, an
accuracy of £2°C and a sensitivity of 0.08°C. Thermal
images were processed and analyzed using IRIMAGETOOLS
software (Vogel et al., 2016).

Mouse body weight and tissue samples were measured
using a precision scale (BP4100S; Sartorius, Gottingen,
Germany), with a sensitivity of 0.0l g and a maximum
capacity of 4.1kg.

RNA-seq

Twelve-week-old male Nrap®?>>™’¥ KI homozygous mice
(n=4) and WT controls (n=4) were sacrificed following
cold exposure, with euthanasia performed via CO,, in
accordance with IACUC guidelines. Heart tissues were
harvested and homogenized using a homogenizer (TH-
02; Qiagen). Total RNA was extracted using the RNeasy
Mini Kit according to the manufacturer's protocol.
The quantity and purity of the extracted RNA were
evaluated using TapeStation RNA ScreenTape (Agilent
Technologies, Santa Clara, CA, USA).

A cDNA library was constructed from the total
RNA using the TruSeq Stranded mRNA Prep Kit
(Illumina, San Diego, CA, USA), following the guide-
lines provided in the TruSeq Stranded mRNA Reference
Guide no. 1000000040498 v00. The quality of the con-
structed libraries was assessed using TapeStation D1000
ScreenTape (Agilent Technologies). Sequencing was per-
formed on an Illumina NovaSeq 6000 system (Illumina)
with paired-end reads.

Differentially expressed gene and functional
enrichment analysis

The quality of raw read data for each sample was as-
sessed using FASTQC software v0.11.7. Adaptor trimming
was performed on the raw read data using TRIMMOMATIC
v0.38. The trimmed data were then aligned to the refer-
ence genome (GRCm39, GCF_000001635.27) obtained
from the Ensembl genome browser using HisAT2 v2.1.0.
Raw counts of mapped sequence reads were calcu-
lated based on the exons in the Mus musculus GTF vl11
(Ensembl) using featureCounts from the suBrReaD pack-
age v1.6.3.
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Differential expression analyses were conducted using
EDGER Vv3.26.5, with raw counts normalized using the
TMM (trimmed mean of M-values) method. The crite-
ria for identifying differentially expressed genes (DEGs)
in the heart between Nrap“?>™’% and WT groups under
cold exposure conditions included a significance thresh-
old of p<0.01 and an absolute log, fold change of >1.

The identified DEGs were annotated to Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways using DAVID Vv6.8.
Enrichment analyses for GO biological process (BP)
terms and KEGG pathways were performed with thresh-
olds of p<0.01 and counts >3. Enriched GO terms were
clustered based on similarity and visualized using tree-
maps generated by REVIGO (Supek et al., 2011). The GO
functional enrichment analyses were conducted using
the same threshold criteria and represented by —log,p
and fold enrichment.

RT-qPCR validation

Multiple quantitative PCRs (qPCRs) were performed
using modified oligonucleotides in 96-well plates
(HSP9601; Bio-Rad, Hercules, CA, USA) to validate the
results obtained from RNA-seq. To achieve appropri-
ate fluorescence detection, the 5’ end of the probes was
modified with FAM, HEX and Cy5 fluorescent dyes,
while the 3’ end was modified with BHQ2 and TAMRA
quenchers. The probes were designed to have an an-
nealing temperature at least 5°C higher than that of the
amplifying primer pair and were limited to a maximum
length of 35bp.

In silico analysis performed using the UCSC Genome
Browser was utilized to minimize the occurrence of
hairpins and primer dimers. The qPCR reactions were
conducted using the QuantiNova Multiplex Kit (Qiagen)
and TagMan™ Universal PCR Master Mix (Thermo
Fisher Scientific), with f-actin expression used as a con-
trol. Relative quantification of mRNA expression was
calculated using the 2722% method after normalization
to the f-actin gene, and results were presented as the av-
erage relative fold change. The sequences of the primers
and probes used in the qPCR are provided in Table S4.

Protein structure prediction

To assess the preservation of functional motifs and alter-
ations in the three-dimensional structure of the protein,
domain prediction was conducted using the SMART
(Schultz et al., 2000) and InterPro (Apweiler et al., 2000)
databases. Protein modeling was carried out utilizing
swiss-MODEL (Waterhouse et al., 2018). The predicted pro-
tein structure was visualized using CHIMERAX V1.8, em-
ploying the template amino acid sequences NP_932307.2
(Mouse) and XP_032346773.1 (Camel).
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Statistics

All data are presented as mean+SEM. RNA-seq data
analysis and visualization were performed using r v.4.3.3
statistical software. The qPCR experiments were inde-
pendently repeated three times. Statistical significance
was determined using a paired #-test, with p-values less
than 0.05 considered statistically significant.

RESULTS

Detection of camelid-specific exon in NRAP
transcripts

Analysis of NRAP sequences across 115 mammalian spe-
ciesrevealed a unique 26 amino acid insertion (78mer, Exon
4) in camels (Figure S1). This sequence was specifically ex-
pressed in the NRAP gene of two camel species, Camelus
ferus and Camelusdromedarius, as well as in a closely re-
lated species, the alpaca (Vicugna pacos). Further analy-
sis using NCBI BLaAsT confirmed that this 26-amino-acid
sequence is not conserved in other species, although traces
of the corresponding DNA sequence were detected in five
whale species (Stenella coeruleoalba, Delphinus delphis,
Balaenoptera acutorostrata, Lagenorhynchus albirostris
and Orcinus orca) (Table S5). The boundaries of this exon-
intron region show that the camel-specific exon 4 includes
conserved splicing sites (Figure S2).

Interestingly, sequence analysis of homologous re-
gions in other closely related species revealed that, ex-
cept for chickens, pigs and horses, all species possessed
homologous DNA sequences between exon 3 and exon
4, with species-specific amino acid substitutions in this
region (Table S6). Despite these substitutions, the region
maintained an open reading frame in its genes. Notably,
only camels and alpacas appear to utilize this region to
express the NRAP gene.

c.255ins78 mice

Generation of Nrap
A total of 86 fertilized embryos were transplanted into
four ICR surrogate mice, all of which successfully car-
ried to term. Nineteen days later, 40 offspring were born
(Table S7). To confirm the insertion of the camel exon,
PCR assays were performed on the offspring, identify-
ing three candidate mice (Figure 2a). To rule out non-
targeted insertions, primers (F2 and R2) were designed
outside the donor DNA insertion site, and alleles were
further validated using restriction fragment length poly-
morphism analysis (Figure 2b). The PCR-cloned alleles
were sequenced via Sanger sequencing (Figure S3a), con-
firming two positive founder mice, Nrap®?>"™7% The ge-
netically verified Nrap®?* 7% mice exhibited no notable
phenotypic abnormalities in terms of physical appear-
ance, including body and heart morphology (Figure S3b).

To establish a stable line, natural mating was conducted,
advancing the lineage to the F5 generation, with several
homozygous mice successfully obtained (Figure S3c).

Expression of hybrid Nrap gene

To confirm the correct expression of the inserted camel
exon, we performed RT-PCR, enabling verification of
expression through size-based separation of amplified
products. All mice used in this experiment were 12 weeks
old, including homozygous mice from six generations,
heterozygous mice from five generations and WT con-
trols. Expression was evaluated across the heart (a
muscle tissue), as well as in the brain, lung, liver, small
intestine and kidney (non-muscle tissues) for each group.
The transcript was detected in the heart, lung and kidney
of both heterozygous and homozygous mice (Figure 2c).
Sanger sequencing further confirmed that the mRINA of
the fusion structure, including mouse exon 3, camel exon
4 and mouse exons 4 and 5, was successfully transcribed
(Figure 2d).

Increase in body temperature of Nrap®>> 7%

Mice during cold exposure

After 12h of CE at 4°C during the dark phase, body tem-
perature was immediately measured using a thermal im-
aging camera. The experiment involved eight mice (n=4
per group), with measurements taken both before (room
temperature) and after CE (Figure 3a). Notably, dur-
ing the CE, the change in body temperature in KI mice
was significantly less than that of WT mice (p<0.05;
Figure 4b). In contrast, no significant changes in body
weight were observed after CE (Table S8).

Heart transcriptomes under cold exposure

A total of 304 million raw reads were generated from
eight samples, with an average of 38 million reads per
sample (Table S9). Differential expression analysis com-
paring gene activity in heart tissue under CE conditions
was visualized using volcano plots (Figure 4a) and a
heatmap (Figure 4b). A total of 29 DEGs were identi-
fied, of which 12 genes were downregulated, comprising
Adaml2, Mfsd2a, Dio2, Gm28437, Elovl6, Adig, Gm10925,
Tekt4, Muc2, Ubb-ps, Rmst and Fasn. Meanwhile, 17
genes were upregulated, comprising Clec4a2, Gm43759,
Scn3b, 1700022N22Rik, Csf3r, Chill, Cxcll, Olrl, FS,
111b, Ppbp, Gm47283, Gm55594, Tubbl, S100a9, Gm15726
and G530011006Rik (Table S10).

Functional enrichment analysis using GO BP and
KEGG pathways revealed significant enrichment for
these DEGs in heart tissue. Notably, GO BP terms such
as ‘neutrophil chemotaxis’ (G0:0030593, p=1.15 x107%)
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mice. (a) Genotyping of founder pups via PCR. To identify the insertion of the 78 bp camel exon

4 sequence, the mouse exon 3 region was amplified. The resulting amplicon produced a 95bp band for wild-type (WT) and a 173 bp band for
plasmid DNA and positive candidate samples. (b) Restriction fragment length polymorphism analysis of knock-in (KI) candidates. For the
external region of donor (EOD) PCR, KI types were differentiated using artificially inserted restriction enzyme sites. To confirm on-target
insertion, the EOD PCR product was treated with EcoRI and Notl. For positive KI confirmation, treatment with EcoRI resulted in bands

at 1073 and 1162 bp, respectively, whereas Notl treatment yielded bands at 1601 and 634 bp. (c) A comparison of the mouse NRAP mRNA
expression level between cardiac muscle (heart) and non-muscle tissue (brain, lung, liver, small intestine and kidney) through RT-PCR. We
observed the fused mRNA of mouse exon 3 and camel exon 4 in not only the heart but also the brain, lung, small intestine and kidney. However,
it showed weak expression in the brain and small intestine, and no expression was confirmed in the liver. The experiments on WT, homozygous
and heterozygous mice were conducted at the age of 12weeks old, which is adult. (d) Sanger sequencing by RT-PCR product. We confirmed by

sequencing that the Nrap gene in Nrap®?"78

and ‘inflammatory response’ (GO:0006954, p=4.01 x 10™°)
showed significant involvement (Figure 4c). KEGG path-
way analysis further highlighted key pathways, including
‘Cytokine—cytokine receptor interaction’ (mmu04060,
p=0.004), ‘IL-17 signaling pathway’ (mmu04657, p=0.005),
‘Amoebiasis’ (mmu05146, p=0.007), ‘Alcoholic liver dis-
ease’ (mmu04936, p=0.012) and ‘Lipid and atherosclerosis’
(mmu05417, p=0.026) (Table S11, Figure 4d).

To confirm the technical reliability of the RNA-seq
data, we randomly selected five genes (S100a9, 11D,
Cxcll, Adaml2 and Mfsd2a) from the DEGs for valida-
tion through qPCR. The qPCR results closely matched
the transcriptome analysis findings (Figure 4e). Across the

mice was normally spliced and transcribed.

tested groups (n=4), the mean expression levels of these
genes were generally consistent with the RNA-seq data.
Notably, /1 (p=0.032) and Cxcll (p=0.028) showed sta-
tistically significant differences between the two groups.

Protein prediction

Domain and protein structure analysis of NRAP re-
vealed that the WT Nrap protein contains 41 nebulin
domains, whereas the Nrap®>>*™78 protein is predicted
to have 40 domains (Figure S4a). The three-dimensional
structural analysis showed that the 26 inserted camel
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body temperature measurement at room temperature (RT) and under cold exposure (CE) using a thermal imaging camera. (b) Results of body
temperature in RT and CE. The values represent the mean+SEM (n=4 per group). *Significantly different from the wild-type (WT) group at p<0.05.

amino acids were seamlessly integrated between the ex-
isting domains in both the mouse and camel proteins,
with no significant alterations to the overall protein
structure. This suggests that the structural stability of
the protein remains unaffected (Figure S4b).

DISCUSSION

In this study, we identified a unique exon 4 in the NRAP
gene specific to camels. Building on this discovery,
we employed the CRISPR/Cas9 system to create a

‘camelized’” mouse model by integrating the predicted
exon4 from the camel NRA P gene into the mouse genome.
This method enabled us to engineer a mouse with camel-
like genetic traits while maintaining controlled gene
expression through the endogenous mouse promoter
and splicing sites, thus reducing interspecies expression
differences. However, the potential for mosaicism, where
different cells within the same organism carry distinct
genetic profiles, remains a known challenge in CRISPR/
Cas9-engineered models (Mehravar et al., 2019; Taylor
et al., 2014). Additionally, CRISPR/Cas9 may have
caused off-target effects in the mouse genome, potentially
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obscuring the full impact of the intended mutation. To
mitigate this risk, we crossbred the edited mice with WT
mice up to the F4 generation, followed by inbreeding to
establish homozygous lines.

Our findings demonstrated that the camelized mice
exhibited improved adaptation to cold environments
compared to WT mice, as evidenced by significant dif-
ferences in body temperature (p<0.05). Although dif-
ficult to quantify, there was also a visually observable
increase in activity levels after cold exposure. The un-
derlying mechanisms for these temperature changes may
include cardiovascular regulation, mitochondrial func-
tion, and activation of brown adipose tissue.

To investigate the role of exon 4 of the NRA P gene ex-
pressed in the heart, RNA-seq was performed on cardiac
tissue. The heart is a vital circulatory organ, not only re-
sponsible for distributing essential substances like blood
and hormones to other organs and regulating heart rate
but also playing a critical role in temperature regulation
(Gonzalez-Alonso, 2012). Structurally, it comprises two
atria and two ventricles, which facilitate both systemic
and pulmonary circulation through arterial and venous
blood flow (Li et al., 2009; Polak-Iwaniuk et al., 2019).
When exposed to low temperatures, mammalian hearts
areinfluenced by various factors, such asincreased blood
pressure within the cardiovascular system (Houdas
et al., 1992; Meyer et al., 2010). In addition, inflamma-
tory cytokines contribute to changes in intracellular
calcium transport and myocardial contraction, which

can affect blood pressure regulation and the develop-
ment of hypertension, particularly with regard to kidney
function (Ramadan et al., 2011; Wen & Crowley, 2018).
Understanding how exon 4 of NRA P contributes to these
processes could provide valuable insights into cardiac
adaptation mechanisms in cold environments.

In our investigation, we identified significant in-
volvement of the ‘Cytokine—cytokine receptor interac-
tion’ and ‘IL-17 signaling’ pathways in the secretion of
inflammatory cytokines, as demonstrated by KEGG
pathway analysis. The upregulation of ///h was partic-
ularly intriguing, as it plays a pivotal role as a media-
tor of inflammatory cytokines, influencing processes
such as cell proliferation, differentiation and apoptosis
(Dinarello, 2010, 2011). This cytokine is notably im-
plicated in inflammatory hypersensitivity, especially
through its induction of cyclooxygenase-2 in the central
nervous system.

Another key upregulated gene, Cxcl/l, a member of the
CXC chemokine family, acts as a chemoattractant for
neutrophils and other immune cells at sites of tissue dam-
age, thus playing a crucial role in regulating immune and
inflammatory responses (Amiri & Richmond, 2003; Jin
et al., 2014). Additionally, we observed an interesting in-
crease in S7100a9, which is part of the S100 protein family
and contains two EF-hand calcium-binding motifs. This
cytoplasmic protein is primarily expressed by phago-
cytes and is often characterized as a cytokine-like pro-
tein owing to its release from inflamed tissues (Gebhardt
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et al., 2006; Simard et al., 2013). The secretion of inflam-
matory cytokines induced by S100a9 has been associated
with calcium depletion in vesicles (Clark et al., 2017).

While S700a8, another member of the S100 family,
was not selected as a DEG owing to it not meeting the
significance threshold (p<0.01), it did exhibit increased
expression at the p<0.05 level. Similar to S100a9, S100a8
is involved in regulating the cell cycle and differentiation,
and it can inhibit casein kinase (Millward et al., 1998).
Notably, intracellular S/00a9 has been shown to alter
mitochondrial homeostasis in neutrophils (Li et al., 2019).
Studies in mice deficient in S700a9 demonstrated protec-
tion from systemic Staphylococcus aureus infection owing
to a reduced bacterial burden in the heart, suggesting a
potential organ-specific function for S/00a9 (Monteith
et al., 2021). Conversely, overexpression of S7/00a9 in mice
appears to increase inflammatory cytokines in the heart
and stimulates the production of reactive oxygen spe-
cies, leading to the secretion of additional cytokines and
chemokines (Simard et al., 2013). Our analysis of heart
transcription under cold exposure conditions provides ex-
perimental confirmation of these findings.

Although the S7100a9 gene did not yield statistically
significant results in qPCR (p=0.071), this discrepancy
is probably attributable to variations in normalization
and data processing methods between RNA-seq and
gPCR. Interestingly, the relative expression levels mea-
sured by qPCR across all eight samples closely mirrored
the heatmap results derived from the RNA-seq data
(Figure 4b). Notably, the distinct expression profile of
the WT2 sample was evident among the downregulated
DEGs, as this sample displayed markedly higher ex-
pression levels. This unique expression pattern in the
WT2 sample was also reflected in the qPCR results,
potentially explaining the non-significant p-values for
the Adami12 and Mfsd2a genes in qPCR, given that their
expression was strongly influenced by the outlier profile
of the WT2 sample.

In conclusion, we successfully developed and stabi-
lized the camelized mouse line, Nrap°'255in578, to inves-
tigate the function of camel exon 4 in relation to cold
adaptation. Our findings indicate that Nrap®?>™7 ex-
hibits amore cold-tolerant phenotype compared with WT
mice. Transcriptomic analysis revealed that the heart of
Nrap®23™ emphasizes pathways related to neutrophil
chemotaxis and the inflammatory response. Given that
the heart is the most critical organ in the circulatory sys-
tem, changes observed in this organ are expected to have
significant implications for the overall circulatory sys-
tem. Although this study was primarily focused on the
heart, future research should explore the roles of other
circulatory organs, such as the lungs and kidneys, as well
as the contribution of brown adipose tissue to cold adap-
tation. While our transcriptome analysis is based on pre-
dictions and we did not use actual camel samples, which
means that we cannot entirely rule out the possibility
of a pseudoexon, our cold exposure experiments and

transcriptomic analyses clearly demonstrate the expres-
sion of exon 4. Furthermore, incorporating cell-based
heat stress experiments may yield additional valuable
insights. Ultimately, our research serves as an import-
ant initial investigation into the mechanisms of extreme
environmental adaptation in camels, utilizing a camel-
specific exon motif.
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