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Martinez B, Khudyakov J, Rutherford K, Crocker DE, Gem-
mell N, Ortiz RM. Adipose transcriptome analysis provides novel
insights into molecular regulation of prolonged fasting in northern
elephant seal pups. Physiol Genomics 50: 495-503, 2018. First
published April 6, 2018; doi:10.1152/physiolgenomics.00002.
2018.—The physiological and cellular adaptations to extreme
fasting in northern elephant seals (Mirounga angustirostris, NES)
are remarkable and may help to elucidate endocrine mechanisms
that regulate lipid metabolism and energy homeostasis in mam-
mals. Recent studies have highlighted the importance of thyroid
hormones in the maintenance of a lipid-based metabolism during
prolonged fasting in weaned NES pups. To identify additional
molecular regulators of fasting, we used a transcriptomics ap-
proach to examine changes in global gene expression profiles
before and after 6—8 wk of fasting in weaned NES pups. We
produced a de novo assembly and identified 98 unique protein-
coding genes that were differentially expressed between early and
late fasting. Most of the downregulated genes were associated with
lipid, carbohydrate, and protein metabolism. A number of downregu-
lated genes were also associated with maintenance of the extracellular
matrix, consistent with tissue remodeling during weight loss and the
multifunctional nature of blubber tissue, which plays both metabolic
and structural roles in marine mammals. Using this data set, we
predict potential mechanisms by which NES pups sustain metabolism
and regulate adipose stores throughout the fast, and provide a valuable
resource for additional studies of extreme metabolic adaptations in
mammals.

adipose; de novo assembly; extracellular matrix; fasting; transcrip-
tome

INTRODUCTION

Marine mammals have long been the subject of study in the
field of comparative physiology because of their remarkable
diving physiology and metabolic adaptations to fasting (24).
Northern elephant seals (Mirounga angustirostris) (NES), in
particular, have emerged as a robust marine mammal study
system due to their extreme diving and fasting behavior and
amenability to research handling. Adult NES forage pelagi-
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cally and haul out at coastal rookeries twice a year for breeding
and molting, during which they fast for a period of 1-3 mo.
During fasting, NES are completely reliant on lipid mobiliza-
tion from blubber and fatty acid oxidation as their primary fuel
source, while maintaining extremely high metabolic rates and
engaging in energy-intensive activities such as breeding and
molting (5). Blubber, the specialized adipose tissue of marine
mammals, is both an energy storage depot and a potent endo-
crine organ (8, 9, 28) and makes up nearly 50% of body mass
in newly weaned NES pups (13). NES pups are nursed con-
tinuously for approximately 1 mo, weaned abruptly, and re-
main at their natal rookery for up to 8 wk to complete postnatal
development, which includes increasing oxygen storage capac-
ity and muscle mass (52). Due to the dependence of NES on
mesopelagic prey (43), this postnatal period at the rookery
requires complete fasting. This life history stage is one of the
best studied in NES because of the pups’ accessibility on land,
and our previous studies have examined the endocrine and
metabolic adjustments that underlie this natural fasting period.
Fasting seals exhibit chronically elevated triglycerides, insulin
resistance, and increased thyroid hormone receptor availability,
deiodinase activity, and expression of TH-mediated target
genes and proteins coupled with increases in lipid metabolism
and fatty acid mobilization (37-39, 41, 42, 61-64). In addition,
the expression of lipid metabolic regulator genes such as
peroxisome proliferator-activated receptor gamma coactiva-
tor-1ae (PGC-1a) and uncoupling protein 2 (UCP2) is upregu-
lated over the duration of fasting in parallel with the upregu-
lation of TH signaling, providing an intriguing insight into
natural TH-mediated reliance on lipid metabolism in seals that
is not present in morbidly obese humans with similar levels of
adiposity (37-39).

To date, studies of the molecular mechanisms involved in
fasting metabolism and adaptation have been limited to small
sets of target genes that are known to regulate adipose function
in terrestrial model systems. To gain additional, broader in-
sights into metabolic adjustments that occur during food de-
privation in fasting-adapted mammals, we used a nontargeted
RNA sequencing (RNA-Seq) approach to examine global gene
expression profiles during fasting in energy-rich adipose tissue
(blubber) in weaned NES pups. RNA-Seq has been used to
profile adipose tissue transcriptome responses to short-term
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and intermittent fasting in mouse and human and to identify
novel regulatory pathways of fasting metabolism (31, 49).
Transcriptomics has also been applied to studies of adipose
responses to prolonged fasting in hibernating mammals (19,
20). This approach has recently been employed in marine
mammal study systems including NES (4), in which muscle
and blubber transcriptome responses to a stress challenge in
juveniles were examined, providing a wealth of species-spe-
cific sequence data and insights into cellular responses to stress
(27, 29, 30). Profiling the blubber transcriptome during fasting
in NES pups enables assessment of myriad cellular changes
that occur to facilitate energy provisioning, as well as insights
into potential mechanisms of avoidance of pathological con-
sequences associated with states of insulin resistance. Our
study suggests novel regulatory functions of metabolism in-
cluding effects on lipid mobilization and the remodeling of the
extracellular matrix (ECM) in fasting NES pups. Here for the
first time, we provide a fasting-specific blubber transcriptome
of northern elephant seals, revealing insights into adaptive
fasting physiology that enables these mammals to survive and
thrive.

METHODS

All procedures were reviewed and approved by the Institutional
Animal Care and Use Committees of University of California-Merced
and Sonoma State University. All work was conducted under National
Marine Fisheries Service marine mammal permit #14636.

Animals. Northern elephant seal (M. angustirostris) pups were
sampled at Afio Nuevo State Reserve (30km north of Santa Cruz, CA)
during their natural postweaning fast on land. Pups were tagged with
hind flipper tags (Dalton Jumbo Roto-tags, Oxon, UK) and marked
with black hair dye (Lady Clairol) within several days of weaning.
Pups were sampled during the early (1-2 wk postweaning; n = 6) and
late fasting periods (6—8 wk postweaning; n = 6) as independent
cohorts. Samples were collected from two independent groups of
pups. Time fasting was determined by date of flipper tagging, which
occurs within several days of weaning, and confirmed by percentage
of molted natal pelage. The pups were initially sedated with ~1 mg/kg
Telazol (tiletamine/zolazepam HCI; Fort Dodge Laboratories, Ft.
Dodge, IA) administered intramuscularly, and once the pups were
immobilized, sedation was maintained with intravenous doses of
ketamine and diazepam (Fort Dodge Laboratories) via an 18-gauge,
3.5-inch spinal needle inserted into the extradural spinal vein (37-39,
41, 42, 53, 54, 57, 58, 61-64).

Sample collection. Prior to sampling, a small region in the flank of
the animal near the hind flipper was cleaned with alternating wipes of
isopropyl alcohol and betadine. A small (<1.5 cm) incision was made
with a sterile scalpel (Sigma-Aldrich, Darmstadt, Germany), and a
blubber biopsy (ca. 50-200 mg) was collected via a sterile biopsy
punch needle (Henry Schein Animal Health, Dublin, OH). The biopsy
samples were rinsed with cold, sterile saline, placed in cryogenic
vials, and immediately frozen by immersion in liquid nitrogen (37-39,
41, 42, 53, 54, 57, 58, 61-64).

RNA isolation. Tissue samples were stored at —80°C until extrac-
tion procedures. During RNA extraction, 80—100 mg of adipose were
minced with a scalpel on ice, transferred to a glass tissue grinder, and
homogenized with 1 ml of TRIzol Reagent (Life Technologies) per
100 mg of tissue. RNA was extracted according to the manufacturer’s
protocol. Phenol-chloroform-isoamyl alcohol (Affymetrix) extraction
was performed to remove DNase I (Roche, Indianapolis, IN). RNA
concentration was quantified with the NanoDrop (Life Technologies)
and Qubit RNA kit (Invitrogen).

Illumina sequencing. Total RNA integrity was evaluated with 2100
Bioanalyzer RNA 6000 kit (Agilent). RNA samples had integrity
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values of 7.6-9.0. Strand-specific libraries for sequencing were pre-
pared according to TruSeq protocol with Ribozero depletion (Human/
Rat/Mouse; Illumina). Twelve libraries were sequenced (2 X 125 bp
paired-end reads) on one lane with the HiSeq 2000 platform at the
Otago Medical University’s (New Zealand) Genomic Limited center.

Transcriptome assembly and annotation. lllumina HiSeq sequenc-
ing produced 41.50 = 2.64 million reads per sample. Sequencing
adapters and poor quality reads were removed with Trimmomatic
before de novo assembly using Trinity v.2.1.1 with default settings
(17). Reads were not abundance-normalized before assembly. Bow-
tie2 v2.2.7 was used to map reads back to assembly to evaluate
assembly quality (33). Benchmarking Universal Single-Copy Or-
thologs (BUSCO) v1.22 (51) and the vertebrata ortholog database
(downloaded on September 9, 2017) were used to evaluate assembly
completeness. The assembly was annotated by BLASTX using
DIAMOND v0.8.31 with more-sensitive option (3) and the Uni-
ProtKB/SwissProt database downloaded on August 20, 2017. The
e-value threshold for significant matches was 0.001. Functional en-
richment of KEGG categories in the annotated transcriptome was
conducted with DAVID v6.8 with human genome as background
(Homo sapiens genome, updated May 2016) and P value threshold of
0.05 for significant enrichment. The P values were adjusted for
multiple hypothesis testing by the Benjamini-Hochberg method (26).

Gene expression analysis. All gene expression analyses were con-
ducted with the Trinity v2.4.0 pipeline. Transcript abundance was
quantified with Salmon v0.8.1 (47). Differential expression analysis
was performed at the gene level with the DESeq2 package [Biocon-
ductor v3.5 (1)] in R (v3.4.1). Genes with adjusted P value <0.05
[false discovery rate (FDR) threshold = 0.05] and log»fold change of
=1 and =—1 were considered as differentially expressed.

RESULTS

Blubber transcriptome assembly and annotation. In this
study, we analyzed and compared blubber transcriptomes of
NES pups early and late in their postweaning fast. Blubber was
collected from two separate groups of weaned pups, one group
sampled 1-2 wk postweaning (“early,” n = 6), and the other
group sampled 6—8 wk postweaning (“late,” n = 6). Plasma
hormone levels and expression of target genes and proteins in
blubber of the same animals have been previously published
(38, 39).

Libraries generated from blubber of each individual (n =
12) were sequenced with Illumina HiSeq 2000, which pro-
duced 62.25 billion sequenced bases with 41.50 * 2.64 mil-
lion 125 bp paired-end reads per sample (National Center for
Biotechnology Information Sequence Read Archive accession:
SAMNO08105288—-SAMNO08105299). Sequenced reads from
all samples were assembled de novo into a single assembly
with Trinity software after being trimmed with Trimmomatic
using default Trinity settings (17). The assembly contained
1,830,330 transcripts (contigs) in 1,635,200 gene clusters, and
mean and median contig lengths were 832 and 425 bp, respec-
tively (Table 1; https://figshare.com/articles/Fasting_northern_
elephant_seal_pup_blubber_transcriptome/5746227/2). The high
number of transcripts is common for de novo-assembled tran-
scriptomes (59, 66) and is likely a product of high degree of
sequence polymorphism among the 12 individual seals used for
the assembly. Eighty-seven percent of the reads mapped back as
proper pairs to the assembly with bowtie2, indicating that the
assembly accurately represented the sequenced reads (Table 1).
We evaluated transcriptome completeness by calculating the per-
centage of BUSCOs (51) that were recovered in the assembly.
The fasting elephant seal pup transcriptome contained 81.2%
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Table 1. Transcriptome assembly statistics

62.25 billion
41.50 = 2.64 million
1.09 billion

Sequenced bases
Reads per sample
Assembled bases

Trinity transcripts 1,830,330

Trinity genes 1,635,200

Mean contig length 832 bp
Median contig length 425 bp
Annotated transcripts 389,363

Complete vertebrate BUSCOs 81.2%
Duplicated BUSCOs 36.3%
Fragmented BUSCOs 15.5%
Missing BUSCOs 3.2%
Read alignment rate 87.0%

BUSCOs, Benchmarking Universal Single-Copy Orthologs, or highly con-
served gene orthologs that are expected to be expressed in all vertebrates.

complete, 36.3% duplicated, and 15.5% fragmented BUSCOs
from the vertebrate set of orthologs in OrthoDB. The assembly
was missing only 3.2% of vertebrate BUSCOs, suggesting a fairly
complete transcriptome (Table 1).

To identify protein-coding genes, we annotated the fasting
elephant seal pup blubber transcriptome with DIAMOND
BlastX with the “very sensitive” option (3) against the UniProt/
SwissProt database with e-value threshold of 1073, We iden-
tified 389,363 vertebrate homologs of elephant seal genes
(Table 1, Supplementary File 1). (The online version of this
article contains supplemental material.) DAVID functional
annotation tool (26) was used to identify metabolic and sig-
naling pathways (KEGG) that were enriched in the elephant
seal transcriptome relative to the human genome. Thirty-seven
KEGG pathways were enriched in the seal transcriptome rel-
ative to the human genome background [Benjamini-Hochberg
adjusted (adj.) P < 0.05]. The top 20 significantly enriched
pathways are shown in Fig. 1. The largest category was
endocytosis, which contained 203 elephant seal homologs.
Other significantly enriched categories of interest not shown in

Endocytosis

Focal adhesion

cGMP-PKG signaling pathway
Ubiquitin mediated proteolysis

Axon guidance

Insulin signaling pathway
Sphingolipid signaling pathway
AMPK signaling pathway

Lysosome

Insulin resistance
Phosphatidylinositol signaling system
ECM-receptor interaction
Progesterone-mediated oocyte maturation
Peroxisome

Adherens junction

Inositol phosphate metabolism

B cell receptor signaling pathway
Lysine degradation

Fatty acid metabolism

ABC transporters

0 50 100 150 200 250
Number of genes

Fig. 1. Top 20 KEGG pathways significantly enriched in the fasting elephant
seal pup blubber transcriptome relative to the human genome (P < 0.05,
corrected for multiple hypothesis testing with the Benjamini-Hochberg
method, DAVID v6.8). Bars show number of annotated seal genes mapping to
each category.
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Fig. 1 include regulation of actin cytoskeleton (164 genes),
RNA transport (135 genes), protein processing in endoplasmic
reticulum (134 genes), Hippo signaling pathway (110 genes),
FoxO signaling pathway (107) genes, neurotrophin signaling
pathway (97 genes), glycerophospholipid metabolism (78
genes), valine, leucine, and isoleucine degradation (42 genes),
and propanoate metabolism (27 genes). An additional 14 path-
ways were enriched at adj. P < 0.1. These include KEGG
pathways of interest to the comparative physiology community
such as metabolic pathways (885 genes), purine metabolism (137
genes), thyroid signaling pathway (91 genes), carbon metabolism
(90 genes), glucagon signaling pathway (80 genes), TGF-p3 sig-
naling pathway (69 genes), adipocytokine signaling pathway (58
genes), and biosynthesis of unsaturated fatty acids (22 genes).
Lastly, we searched our annotated gene list for 168 genes in the
Human Protein Atlas with elevated expression in adipose tissue
compared with other tissue types. Seal homologs of 142 of these
proteins were found in our transcriptome assembly, suggesting
that we recovered the majority of genes enriched in adipose tissue
in other mammals.

Differential gene expression analysis. To quantify changes
in gene activity in NES blubber during fasting, we conducted
differential expression analysis at the gene level using Salmon
and DESeq2. We initially identified 202 genes that were
differentially expressed by at least twofold (adj. P value < 0.05
and FDR < 0.05) between early and late fasting in blubber of
NES pups. However, a number of these had very low [tran-
scripts per million (TPM)] counts (mean TPM < 0.1), and the
gene list was subsequently filtered to remove genes with 0
TPM in two or more samples. The filtered list contains 154
differentially expressed genes (29 upregulated, 125 downregu-
lated), of which 110 had BlastX hits to known vertebrate
proteins (Fig. 2, Supplementary File 2). Some annotated genes
include multiple transcript homologs; in total, there are 98
unique protein-coding genes (10 upregulated, 88 downregu-
lated) that were differentially expressed between early and late
fasting. Supplementary File 2 contains log2 fold-change, adj. P
values, and individual gene expression counts (TPM) for dif-
ferentially expressed genes in this study.

Genes upregulated in late-fasted pups. To infer biological
functions associated with differentially expressed genes, we

40-

w
o
1

-1*log,,(adj. p-value)
s 3

20 0 20
log2 fold change

Fig. 2. Volcano plot of blubber gene expression changes during fasting in
elephant seal pups. The x-axis shows log2 fold change, and the y-axis shows
significance (-logl0 adj. P value). Differentially expressed genes (log2 fold
change =11, adj. P value < 0.05) are shown in yellow (upregulated) and violet
(downregulated).
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next conducted functional enrichment of Gene Ontology (GO)
Biological Process and KEGG categories with the DAVID
bioinformatics tool with human genome as background. There
were no significantly enriched (adj. P > 0.05) GO categories or
KEGG pathways in the upregulated gene set because of its
small size. Annotated upregulated genes with the highest mean
expression counts in late-fasting samples included uncharac-
terized protein ORF91 (1435 TPM), obscurin (62 TPM), nebu-
lin (25 TPM), and glutathione peroxidase 3 (23 TPM). The
remaining seven annotated genes in the upregulated data set
had low expression counts (<20 TPM). Specific genes of
interest upregulated during fasting included an adipocytokine
receptor (leptin receptor), an antioxidant enzyme (glutathione
peroxidase 3), an enzyme involved in amino acid degradation
(aldehyde oxidase 2), and a growth factor involved in connec-
tive tissue development, energy regulation, and thermogenesis
(bone morphogenic protein 8 A; Tables 2 and 3, Supplementary
File 2). Other upregulated genes included two putative tumor
suppressors (MOB kinase activator 3B, dihydropyrimidinase-
related protein 4), a GTPase involved in exocytosis of hor-
mones (Rab3 GTPase-activating protein noncatalytic subunit),
and three genes associated with skeletal muscle function (nebu-
lin, obscurin, myopalladin). The muscle-related genes were
expressed in only two of the six late-fasting samples, suggest-
ing minor skeletal muscle contamination of blubber biopsies

DE NOVO ASSEMBLY OF FASTING SEALS

from these animals. The two samples did not differ from other
late-fasting samples in levels of expression of downregulated
and adipose-specific genes and were retained for subsequent
analyses to increase statistical power.

Genes downregulated in late-fasted pups. GO Biological
Process categories enriched (adj. P < 0.05) in the gene set
downregulated in late-fasted compared with early-fasted pups
include collagen catabolic process, ECM organization, colla-
gen fibril organization, cellular response to amino acid stimu-
lus, protein heterotrimerization, skin development, cell adhe-
sion, and skeletal system development (Fig. 3). KEGG cate-
gories enriched (adj. P < 0.05) in the downregulated gene set
include protein digestion and absorption, ECM-receptor inter-
action, focal adhesion, PI3K-Akt signaling pathway, amoebi-
asis, arginine and proline metabolism, and platelet activation
(Fig. 3). Downregulated genes with the highest mean expres-
sion counts in early fasting samples include SPARC (748
TPM), collagen alpha-1(I) chain (748 TPM), collagen alpha-
1(III) chain (550 TPM), collagen alpha-2(I) chain (547 TPM),
acyl-CoA desaturase (391 TPM), elastin (315 TPM), collagen
alpha-2(I) chain (260 TPM), tetranectin (231 TPM), collagen
alpha-1(IV) chain (183 TPM), EH domain-containing protein 2
(150 TPM), apolipoprotein E (145 TPM), transketolase (142
TPM), and collagen alpha-2(IV) chain (112 TPM; Supplemen-
tary File 2). An additional 24 annotated genes in the down-

Table 2. Differentially expressed genes associated with lipid and carbohydrate metabolism and oxidative stress

Log2
Transcript FC Uniprot ID Gene Name Pathway/Process

TRINITY_DN380627_c0_gl 1.73  BMPSA_HUMAN  bone morphogenetic protein 8A (BMP8A) brown adipose tissue thermogenesis

TRINITY_DN393979_c0_gl 1.63 LEPR_PIG leptin receptor (LEPR) adipocytokine signaling pathway

TRINITY_DN339536_c10_g5 1.23  GPX3_RAT glutathione peroxidase 3 (GPX3) thyroid hormone synthesis;
Response to oxidative stress

TRINITY_DN379065_c5_gl —1.22  PGMI1_BOVIN phosphoglucomutase-1 (PGM1) pentose phosphate pathway

TRINITY_DN157252_c0_gl —1.33 ECHI1_PONAB delta (3, 5)-delta (2, 4)-dienoyl-CoA isomerase, fatty acid beta oxidation

mitochondrial (ECHI1)

TRINITY_DN276376_c0_g2 —1.41 GPX7_BOVIN glutathione peroxidase 7 (GPX7) thyroid hormone synthesis; lipid
metabolism; response to
oxidative stress

TRINITY_DN1029017_cO_gl —1.44 TKT_HUMAN transketolase (TKT) pentose phosphate pathway

TRINITY_DN222849_c0_g2 —1.46 RARR2_PONAB retinoic acid receptor responder protein 2 (RARRES2) adipokine signaling

TRINITY_DN395199_c4_gl2 —1.53 PLTP_HUMAN phospholipid transfer protein (PTLP) PPAR signaling pathway; Lipid
transport

TRINITY_DN388710_c6_g4 —1.59 SCOTI1_PIG 3-oxoacid CoA-transferase 1 (OXCT1) synthesis and degradation of ketone
bodies

TRINITY_DN396178_c0_g6 —1.60 PXDNL_HUMAN peroxidasin-like protein (PXDNL) response to oxidative stress;
hydrogen peroxide catabolic
process

TRINITY_DN395661_c3_gl —1.76  PCKGM_HUMAN phosphoenolpyruvate carboxykinase 2, mitochondrial ~ glycolysis/gluco-neogenesis; PPAR

(PCK2) signaling pathway

TRINITY_DN386920_c1_g3 —1.86 THIL_BOVIN acetyl-CoA acetyltransferase 1 (ACATI) fatty acid degradation; synthesis
and degradation of ketone bodies

TRINITY_DN292489_c1_gl —2.02 IGF1_AILME insulin-like growth factor 1 (IGF1) PI3K-Akt, AMPK, HIF-1, FoxO
signaling pathways

TRINITY_DN379917_c0_g4 —2.14 CR3LI_HUMAN  cyclic AMP-responsive element-binding protein 3-like ~AMPK, PI3K-Akt signaling

protein 1 (CREB3L1) pathways; insulin secretion;
thyroid hormone synthesis

TRINITY_DN344610_c2_gl —2.25 MOT8_HUMAN monocarboxylate transporter 8 (SLC16A2) thyroid hormone signaling pathway

TRINITY_DN129339_c0_gl —2.37 APOE_ZALCA apolipoprotein E (APOE) cholesterol metabolic process

TRINITY_DN385059_c1_gl —248 CIQT6_RAT complement Clq tumor necrosis factor-related protein ~ Type I diabetes mellitus

6 (CIQTNF6)

TRINITY_DN390074_c3_gl —3.19 PI3R4_PONAB phosphoinositide 3-kinase regulatory subunit 4 apelin signaling pathway;
autophagy

TRINITY_DN4732_c2_g5 —3.97 ACOD_HUMAN stearoyl-CoA desaturase (delta-9-desaturase) (SCD) AMPK signaling pathway

FC, fold change (late/early fasting); adjusted P < 0.05.
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Table 3. Differentially expressed genes associated with amino acid and protein metabolism and extracellular matrix

remodeling
Log2
Transcript FC Uniprot ID Gene Name Pathway/Process
TRINITY_DN387928_c6_g2 237 AOXB_MACFA aldehyde oxidase 2 (AOX2) Val, Leu, and Ile degradation; Tyr,
Trp metabolism
TRINITY_DN327581_c0_gl —1.03 P5CR2_BOVIN pyrroline-5-carboxylate reductase 2 (PYCR?2) Arg and Pro metabolism
TRINITY_DN385444_c0_gl —1.09 ADAI12 HUMAN disintegrin and metalloproteinase domain-containing  metalloendopeptidase
protein 12 (ADAM12)
TRINITY_DN392307_c1_gl —1.14 MRC2_HUMAN C-type mannose receptor 2 (MRC2) collagen catabolic process
TRINITY_DN352091_c0_gl —1.18 MMP23_BOVIN matrix metalloproteinase-23 (MMP23) metalloendopeptidase
TRINITY_DN252999_c0_gl —1.19 CO6A3_HUMAN collagen alpha-3(VI) chain (COL6A3) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN394004_c11_g4 —126 CO5A2_HUMAN collagen alpha-2(V) chain (COL5A2) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN333936_c1_g2 —1.30 MMPI14_RAT matrix metalloproteinase-14 (MMP14) metalloendopeptidase
TRINITY_DN375427_c15_g3  —130 CO4A2_HUMAN collagen alpha-2(IV) chain (COL4A2) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN374050_c4_gl —1.37 COFA1_HUMAN collagen alpha-1(XV) chain (COL15A1) protein digestion and absorption
TRINITY_DN341351_c0_gl —1.44 PCOCI_HUMAN  procollagen C-endopeptidase enhancer 1 (PCOLCE)  proteolysis
TRINITY_DN394379_c13_gl —1.43  ATS2_BOVIN a disintegrin and metalloproteinase with metalloendopeptidase
thrombospondin motifs 2 (ADAMTS2)
TRINITY_DN392463_c0_gl —1.54 SARDH_MOUSE sarcosine dehydrogenase, mitochondrial (SARDH) Gly, Ser, and Thr metabolism
TRINITY_DN307780_c0_gl —1.59 CO6A1_MOUSE collagen alpha-1(VI) chain (COL6AL) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN648723_c0_g3 —1.63 A7E3A1_BOVIN collagen alpha-3(V) chain (COL5A3) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN288724_c0_g2 —1.64 SATI1_PIG diamine acetyltransferase 1 (SATI) Arg and Pro metabolism
TRINITY_DN384694_c1_g2 —1.72  AL4A1_HUMAN delta-1-pyrroline-5-carboxylate dehydrogenase, Arg and Pro metabolism
mitochondrial (ALDH4A1)
TRINITY_DN648723_c0_gl —1.79  CO5A3_HUMAN collagen alpha-3(V) chain (COL5A3) protein digestion and absorption
TRINITY_DN293757_c2_gl —1.88 CO4A1_HUMAN collagen alpha-1(IV) chain (COL4A1l) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN383247_c0_g2 —1.96 CO6A2_HUMAN collagen alpha-2(VI) chain (COL6A2) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN296911_c0_gl —-1.99 IVD_HUMAN isovaleryl-CoA dehydrogenase, mitochondrial (IVD)  Val, Leu, and Ile degradation
TRINITY_DN370946_c0_g2 —2.27 CO5A1_HUMAN collagen alpha-1(V) chain (COL5A1) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN392142_c1_g7 —2.37 COl1A2_CANLF collagen alpha-2(I) chain (COL1A2) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN333370_c0_gl —2.44  ELN_SHEEP elastin (ELN) protein digestion and absorption
TRINITY_DN394079_c2_gl —2.54 CO6A6_HUMAN collagen alpha-6(VI) chain (COL6AG) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN396844_c3_gl —2.56 CO3A1_HUMAN collagen alpha-1(III) chain (COL3Al) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN244979_c2_g2 —2.88 COlAl_CANLF collagen alpha-1(I) chain (COL1A1l) protein digestion and absorption;
PI3K-Akt signaling pathway
TRINITY_DN154914_c0_gl —3.34 KCRU_HUMAN creatine kinase U-type, mitochondrial (CKMT1) Arg and Pro metabolism
TRINITY_DN322676_c0_gl —4.13 CBPZ_HUMAN carboxypeptidase Z (CPZ) metallocarboxy-peptidase

FC, fold change (late/early fasting); adjusted P < 0.05.

regulated data set were expressed at TPM between 20 and 100,
while the remaining 60 were expressed at TPM <20.

Many downregulated genes were associated with metabolic
processes (Fig. 3, Tables 2 and 3, Supplementary File 2). They
include genes involved in fatty acid synthesis (stearoyl-CoA
desaturase), fatty acid oxidation (mitochondrial delta (3, 5)-
delta (2, 4)-dienoyl-CoA isomerase), ketone synthesis (acetyl-
CoA acetyltransferase 1 and 3-oxoacid CoA-transferase 1),
lipid transport (apolipoprotein E, phospholipid transfer protein,
low-density lipoprotein receptor class A domain-containing pro-
tein 2), adipocytokine signaling (retinoic acid receptor responder
protein 2), insulin signaling and resistance (insulin-like growth
factor 1, complement C1q tumor necrosis factor-related protein 6),
thyroid hormone synthesis and signaling (monocarboxylate trans-
porter 8, proto-oncogene tyrosine-protein kinase receptor Ret,
cyclic AMP-responsive element-binding protein 3-like protein 1),

protein and amino acid metabolism (mitochondrial U-type crea-
tine kinase, diamine acetyltransferase 1, mitochondrial isovaleryl-
CoA dehydrogenase, mitochondrial delta-1-pyrroline-5-carboxy-
late dehydrogenase, mitochondrial sarcosine dehydrogenase, fol-
listatin-related protein 1, pyrroline-5-carboxylate reductase 2,
beta-secretase 1), carbohydrate metabolism (mitochondrial phos-
phoenolpyruvate carboxykinase 2, phosphoglucomutase-1,
transketolase), bone morphogenic protein signaling pathway (la-
tent-transforming growth factor beta-binding protein 3, chordin-
like protein 1), and oxidative stress (glutathione peroxidase 7,
peroxidasin-like protein).

A large number of downregulated genes were associated
with the ECM, including collagens [collagen alpha-1(I),
alpha-2(I), alpha-1(III), alpha-1(VI), alpha-2(IV), alpha-1(V),
alpha-2(V), alpha-3(V), alpha-1(VI), alpha-2(VI), alpha-3
(VI), alpha-6(VI), alpha-1(XV)], other ECM proteins (elastin,
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Fig. 3. KEGG pathways (violet) and Gene Ontology (GO) Biological Process
categories (yellow) overrepresented in the set of genes that were downregu-
lated during fasting in blubber of elephant seal pups, relative to the human
genome (adj. P < 0.05). —LogP, —loglO(adj. P value); count, number of
transcripts mapping to each process or pathway; ECM, extracellular matrix.

mimecan, type II cytoskeletal 7 keratin, syndecan-3), ECM re-
modeling and degradation enzymes (carboxypeptidase Z, proba-
ble carboxypeptidase X1, A disintegrin and metalloproteinase
with thrombospondin motifs 2, procollagen C-endopeptidase en-
hancer 1, matrix metalloproteinases 14 and 23, disintegrin and
metalloproteinase domain-containing protein 12 serine protease
HTRA3), and factors that play a role in ECM organization
(coiled-coil domain-containing protein 80, SPARC; Table 3, Sup-
plementary File 2). Therefore, the transcriptional response of
blubber tissue to fasting in elephant seal pups included upregula-
tion of genes involved in energy-regulating pathways (leptin and
thyroid) and cytoskeleton organization and suppression of genes
that promote catabolism of lipid, carbohydrate, and protein stores,
including those that comprise the ECM.

DISCUSSION

The physiological adaptations to fasting evolved by elephant
seals are remarkable and have the potential to yield insights
into human and animal metabolic pathologies. In this study we
characterized the first blubber transcriptome from fasting NES
pups and identified 126 annotated genes that were differentially
expressed in pups that have fasted for 6—8 wk relative to those
that have fasted for 1-2 wk. The majority of differentially
expressed genes were downregulated and were associated with
metabolism, oxidative stress, and the maintenance of cellular
structure and ECM (Fig. 4).

Genes involved in lipid metabolism. Physiological changes
that have been observed during prolonged fasting in NES
include increased lipolysis, elevated plasma NEFA, and a static
respiratory quotient of ~0.71, demonstrating a near-strict reli-
ance on lipid oxidation for energy (5). Our findings suggest
putative mechanisms for maintenance of fasting metabolism in
NES blubber during prolonged fasting. In this study, the
majority of genes involved in metabolic processes were down-
regulated. The only metabolism-related genes that were up-
regulated in late-fasted pups were bone morphogenetic protein
8A (BMP8A) and leptin receptor (LEPR). BMPSA has been
shown to stimulate lipolysis and brown adipose tissue thermo-
genesis in laboratory rodents (65). Leptin regulates adiposity

DE NOVO ASSEMBLY OF FASTING SEALS

via hypothalamus-mediated hunger signaling and increases
triglyceride metabolism and fatty acid oxidation in adipose (2,
23). We previously showed that leptin mRNA and protein
levels were unaltered in NES blubber during fasting (45).
However, the approaches used in the aforementioned studies
(quantitative PCR, immunoblotting) were less sensitive than
RNA-Seq and were likely unable to resolve small, but poten-
tially biologically significant changes in leptin sensitivity over
fasting. Upregulation of BMPS8A and LEPR over fasting is
consistent with high rates of fat oxidation observed in fasting
seals (5). In addition, upregulation of BMP8A suggests a
potential mechanism of thermoregulatory adjustment in declin-
ing adipose stores in preparation for weaned pups’ first trip to
sea (44).

Lipid metabolism enzymes that were downregulated in late-
fasted pups included acetyl-CoA acetyltransferase 1 (ACAT1),
3-oxoacid CoA-transferase 1 (OXCT1), stearoyl-CoA desatu-
rase (SCD), and delta (3, 5)-delta (2, 4)-dienoyl-CoA isomer-
ase (ECHI1). ACAT1 and OXCT]1 are involved in ketone body
catabolism and their downregulation is consistent with previ-
ously reported elevation in plasma ketones in NES pups during
fasting (6). Dysregulation of acetyl-CoA metabolism imparts
tissue-specific insulin sensitivity in obese humans (12). We
propose that downregulation of ACATI and OXCT1 during
fasting in NES pups may contribute to insulin resistance in

metabolic regulation lipid metabolism

catabolism synthesis

LEPR IGF1
ACATA SCD
BMPSA | C1QTNF6 transport
OXCT1
RARRES2  SLC16A2 PTLP
CREB3L1  PIK3R4 ECH1 AROE

amino acid metabolism
catabolism synthesis

carbohydrate metabolism
catabolism synthesis

TKT PGM1 IVD SARDH
PCK2 SAT1 PYCR2
redox homeostasis ALDH4A1
GPX3 PXDNL CKMT1
GPX7 AOX2
ECM organization & remodeling
COL1A1 COL1A2 COL3A1 COL4A1 COL4A2
COL5A1 COL5A2 COL5A3 COLG6A1 COL6A2
COL6A3 COL6A6 COL15A1 PCOLCE ELN
ADAM12 ADAMTS2 MMP14 MMP23
CPz MCR2

upregulated during fasting downregulated during fasting

Fig. 4. Summary diagram with differentially expressed genes grouped by their
known function in metabolism in mammals. Upregulated genes are shown in
yellow, downregulated genes are shown in violet.
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adipose while maintaining insulin sensitivity in muscle. SCD
catalyzes the rate-limiting step in the synthesis of monounsat-
urated fatty acids (46). Suppression of fatty acid biosynthesis
and increase in beta-oxidation by downregulation of SCD is a
well-known response to fasting in mammals, including hiber-
nators (15, 20). SCD downregulation is consistent with the
increase in circulating acetylarnitine previously observed in
fasting NES (64). ECHI, an enzyme involved in fatty acid
oxidation, was also downregulated with fasting in NES pups.
While this may seem paradoxical in a fasting animal, several
studies have shown that lipid oxidation is tightly regulated in
fasting NES pups and that metabolic rates decline at the end of
the postweaning fast to conserve energy stores in preparation
for the first foraging trip (44, 52, 55).

Several downregulated genes were involved in endocrine
regulation of lipid metabolism. These included the adipokines
retinoic acid receptor responder protein 2 (RARRES2, also
known as chemerin), complement C1q tumor necrosis factor-
related protein 6 (C1QTNF®6), and insulin-like growth factor 1
(IGF1); cyclic AMP-responsive element-binding protein 3-like
protein 1 (CREB3L1); and the thyroid hormone transporter
monocarboxylate transporter 8 (SLC16A2). RARRES?2 knock-
down stimulates lipolysis in 3T3-L1 adipocytes (16), deletion
of C1QTNF6 increases metabolic rate and energy expenditure
in obese mice (34), and plasma IGF-1, an insulin-sensitizing
anabolic hormone, is downregulated during fasting in elephant
seals (61). CREB3L1 was recently shown to promote adipo-
genesis in mice (14). Downregulation of these genes is con-
sistent with known metabolic adjustments in fasting seals.
While thyroid signaling and sensitivity increase during fasting
in elephant seals (38), the TH transporter SLC16A2 is down-
regulated during fasting in mice (50), similar to what we
observed in fasting NES pups. SLC16A2 downregulation in
this study suggests that modulation of tissue-specific TH sen-
sitivity is likely to be complex in fasting seals and warrants
further investigation.

Genes involved in carbohydrate metabolism. Downregulated
genes associated with carbohydrate metabolism included the en-
zymes phosphoglucomutase-1 (PGM1), transketolase (TKT), and
phosphoenolpyruvate carboxykinase 2 (PCK2). PGM1 catalyzes
the rate-limiting step in glycogen synthesis, and its deficiency is
associated with a reliance on lipid metabolism in humans (48).
TKT channels excess sugar phosphates to glycolysis in the pen-
tose phosphate pathway (PPP). Its downregulation would retain
sugar phosphates in the PPP for nucleotide and NADPH recycling
during fasting. PCK2 is involved in hepatic gluconeogenesis and
fatty acid reesterification in adipocytes and was previously shown
to decline during fasting in weaned NES pups (10). PCK2 levels
are also low during winter but increase during interbout arousal in
hibernating mammals (20). Downregulation of these genes would
promote catabolism and metabolic substrate recycling in fasting
seals, consistent with previous endocrine and metabolic studies in
this species (10).

Genes involved in protein metabolism. Several genes encod-
ing enzymes involved in amino acid metabolism were also down-
regulated during fasting. These included pyrroline-5-carboxylate
reductase 2 (PYCR2), sarcosine dehydrogenase (SARDH), di-
amine acetyltransferase 1 (SAT1), delta-1-pyrroline-5-carboxy-
late dehydrogenase (ALDH4A1), isovaleryl-CoA dehydrogenase
(IVD), and creatine kinase (CKMT1). PYCR2 and SARDH are
involved in biosynthesis of proline and glycine, respectively,
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while IVD is involved in leucine catabolism. ALDH4A1 is in-
volved in proline metabolism to glutamate, linking the urea and
tricarboxylic acid cycles. SAT1 catalyzes the transfer of acetyl
groups from acetyl-CoA to intracellular polyamines and promotes
their catabolism; SAT1 knockout mice exhibit reduced acetyl-
CoA consumption and fatty acid oxidation in adipose and elevated
glucose intolerance (36). Downregulation of these genes is con-
sistent with the minimal contribution of protein stores to fasting
metabolism observed in NES (10).

Genes involved in oxidative stress. Prolonged fasting and
insulin resistance are correlated with increased oxidative stress
in terrestrial mammals, but minimal oxidative damage in seals
due to their high antioxidant production capacity (56). Several
genes that were differentially expressed during fasting were
associated with oxidative stress, including aldehyde oxidase 2
(AOX2) and glutathione peroxidase 3 (GPX3), which were
upregulated, and glutathione peroxidase 7 (GPX7), which was
downregulated. Upregulation of GPX3 during fasting is con-
sistent with increased antioxidant defenses observed in fasting
seals (12). GPX7 is a unique member of the glutathione
peroxidase family without GPX activity that is primarily asso-
ciated with oxidative protein folding. Interestingly, GPX7 has
been implicated in adipogenesis; mice lacking GPX7 exhibit
increased fat mass and adipocyte hypertrophy (7). AOX2 is a
member of the aldehyde oxidase family, which is primarily
associated with xenobiotic detoxification in mammals. A re-
cent study proposed that NADH is the endogenous substrate of
AOX enzymes, which produce reactive oxygen species (ROS)
as a byproduct of NADH oxidation (32). Upregulation of a
ROS-producing enzyme in fasting seals is surprising given our
previous work on oxidative stress tolerance in this species.
However, it occurs with concomitant upregulation of the anti-
oxidant GPX3 and highlights the complexity of regulation of
oxidative status in fasting mammals, which may also be in-
volved in regulation of adipose stores (18).

Genes involved in ECM remodeling. One of the more novel
findings of this study is that a number of highly expressed
genes that were downregulated during fasting are associated
with cell structure and maintenance of the ECM. Specific
downregulated genes include 14 collagen isoforms, elastin, five
metalloproteases (ADAMTS2, ADAM12, MMP14, MMP23,
CPZ), growth factor beta binding protein 3 (LTBP3), and
peroxidasin-like protein (PXDNL), which mediates collagen
crosslinking. These data suggest that major alterations in struc-
tural protein production and adipose tissue remodeling occurs
during postnatal development in weaned elephant seal pups.
Downregulation of collagen and MMPs has also been observed
in obese mice during weight loss (35). Downregulation of these
genes may be a key component of the reduction in adipocyte
size with fasting duration observed in fasting seals as lipid
mobilization increases and fatty acids are released into circu-
lation (10).

Conclusions

In summary, we showed that genes involved in lipid syn-
thesis, carbohydrate recycling, amino acid metabolism, oxida-
tive stress, and ECM remodeling are primarily downregulated
in blubber during fasting in weaned NES pups. These data
complement previous metabolic studies demonstrating reliance
of NES on lipid metabolism, maintenance of insulin resistance,
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and protein sparing during fasting, as well as changes in tissue
remodeling that accompany rapid weight loss. Our data high-
light the complexity of metabolic regulation that sustains
prolonged fasting concomitant with energy-intensive processes
in fasting-adapted seals. The unique adaptation of multifunc-
tional blubber tissue in marine mammals sustains fasting me-
tabolism by mechanisms distinct from those observed in adi-
pose tissue of hibernating and nonfasting adapted mammals,
which involve significant metabolic suppression and increases
in insulin sensitivity (19, 24). As such, this study provides
some preliminary insights into maintenance of insulin resis-
tance and adiposity in fasting-adapted mammals.
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