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YPEL5 is a member of the Yippee-like ( YPEL ) gene family that is evolutionarily conserved in eukaryotic species. To date, the 
physiological function of YPEL5 has not been assessed due to a paucity of genetic animal models. Here, using CRISPR/Cas9- 
mediated genome editing, we generated a stable ypel5 −/ − mutant zebrafish line. Disruption of ypel5 expression leads to liver 
enlargement associated with hepatic cell proliferation. Meanwhile, hepatic metabolism and function are dysregulated in ypel5 −/ −

mutant zebrafish, as revealed by metabolomic and transcriptomic analyses. Mechanistically, Hnf4a is identified as a crucial 
downstream mediator that is positively regulated by Ypel5. Zebrafish hnf4a overexpression could largely rescue ypel5 deficiency- 
induced hepatic defects. Furthermore, PPAR α signaling mediates the regulation of Hnf4a by Ypel5 through directly binding to the 
transcriptional enhancer of the Hnf4a gene. Herein, this work demonstrates an essential role of Ypel5 in hepatocyte proliferation 
and function and provides the first in vivo evidence for a physiological role of the ypel5 gene in vertebrates. 
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Drosophila yippee , enhanced cell viability under various lethal 
apoptogenic conditions, indicating a pro-apoptotic role of Moh1 
protein ( Lee et al., 2017 ) . In African green monkey kidney fibrob- 
last COS-7 cells, YPEL5 displays different subcellular localiza- 
tions during cell cycle progression and positively regulates cell 
proliferation and growth ( Hosono et al., 2010 ) . More recently, it 
was shown that the Ypel5 gene is located in a locus linked to a 
network of interferon-stimulated genes in mice. Further exami- 
nation shows that YPEL5 is a negative regulator of interferon- β1 
production and interacts physically with TBK1/IKBKE kinases in 
cultured cells ( Jeidane et al., 2016 ) . In addition, studies using 
human colorectal cancer cell lines demonstrate that YPEL5 ex- 
pression is epigenetically suppressed by the METTL3/YTHDF2 
m6A axis ( Zhou et al., 2021 ) . Despite accumulating in vitro evi- 
dence suggests that YPEL5 is multifunctional, its in vivo function 
and mechanism of action are still poorly understood, mainly due 
to the lack of a vertebrate knockout animal model. 
Over the last decades, zebrafish ( Danio rerio ) has emerged as 

a valuable vertebrate animal model for developmental biology. 
Introduction 
YPEL5 belongs to a novel gene family consisting of five

members ( YPEL1–YPEL5 ) , which is highly conserved among
eukaryotic organisms, ranging from fungi to humans ( Hosono
et al., 2004 ) . Molecular phylogenetic analysis of 100 Yippee-
like ( YPEL ) family members from 68 species reveals that YPEL5
is evolutionarily distinct from the other four members and sug-
gests that YPEL5 is an ortholog of Drosophila Yippee ( Hosono
et al., 2004 , 2010 ) . Drosophila Yippee was initially identi-
fied as an intracellular protein that specifically interacted with
the blood protein Hemolin of an insect ( moth Hyalophora
cecropia ) ( Roxstrom-Lindquist and Faye, 2001 ) . In budding yeast
Saccharomyces cerevisiae , deletion of MOH1 , the ortholog of
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Compared with other experimental animals, the zebrafish model 
possesses some unique advantages, including low cost of hous- 
ing and maintenance, high fecundity, external development, 
optically transparent embryos, and easy genetic manipulation 
and screening. Additionally, the major organs and tissues of 
zebrafish share similar molecular, morphological, and physio- 
logical features with their mammalian counterparts. Moreover, 
the zebrafish and human genomes are well conserved, with 
∼70% of human genes having at least one zebrafish ortholog 
( Howe et al., 2013 ) . 
In the present study, we characterize the function of ypel5 

during embryonic development in zebrafish. By loss-of-function 
assay using a generated CRISPR mutant, we show that ypel5 
deficiency leads to enlarged liver size accompanied by hepato- 
cyte hyperproliferation without significantly increasing cell size. 
Metabolomic and transcriptomic analyses reveal that hepatic 
metabolism and function are dysregulated in ypel5 −/ − mutant 
zebrafish. Furthermore, Hnf4a is identified as a crucial down- 
stream mediator of Ypel5 signaling. The hepatic defects in- 
duced by ypel5 deficiency could be largely rescued by hnf4a 
overexpression. Moreover, peroxisome proliferator-activated 
receptor α ( PPAR α) signaling is involved in the regulation of 
Hnf4a by Ypel5. Together, our findings reveal for the first time 
that Ypel5 is required for normal embryonic liver development 
and function in vertebrates. 

Results 
Generation of ypel5 −/ − mutant zebrafish via the CRISPR/Cas9 
system 

To investigate the physiological role of ypel5 , we generated 
a ypel5 -null allele, which harbored a 7-bp deletion in exon 2 
( Figure 1 A and B ) . The mutation created a premature stop codon, 
resulting in the synthesis of a truncated Ypel5 protein lacking 
75 C-terminal amino acids. Western blot analysis with the pro- 
tein extracts from embryos further confirmed the loss of Ypel5 
protein in the homozygous mutants ( Figure 1 C ) . The ypel5 ho- 
mozygous mutants did not exhibit gross morphological defects 
or developmental delays compared with control siblings during 
early development ( data not shown ) . However, the ypel5 −/ −

larvae could not survive beyond 10 days post fertilization ( dpf ) , 
as no homozygous mutants were identified at this time point 
( Figure 1 D ) . 

ypel5 deficiency leads to hepatomegaly in zebrafish 
Although ypel5 −/ − mutants did not display obvious 

developmental defects in body shape or growth retardation, 
they exhibited enlarged livers ( Figure 1 E–H ) . This prompted 
us to hypothesize that disruption of ypel5 expression may 
affect liver development. We then examined the expression 
of fabp10a , a liver-specific marker, by whole-mount in 
situ hybridization ( WISH ) assay. The liver size of ypel5 −/ −

mutants was significantly increased at 5 dpf ( Figure 1 E–H ) , 
and the enlargement was even more pronounced by 8 dpf 
( Figure 1 I and J ) . This phenotype was further confirmed on 
ypel5 −/ −/Tg ( fabp10a:dsRed ) larvae where the liver was marked 
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by red fluorescence ( Figure 1 K and L ) . However, the bile 
duct development appeared to be unaffected, as revealed 
by the Tg ( Tp1bglob:GFP ) line ( Supplementary Figure S1A 
and B ) . Additionally, the morphologies of other endoderm- 
derived tissues such as the endocrine pancreas, exocrine 
pancreas, and intestine were not obviously affected, as 
determined by the expression of insulin , trypsin , and fabp2 , 
respectively ( Supplementary Figure S1C–H ) . Together, these 
results suggest that the loss of Ypel5 affects liver development in 
zebrafish. 

ypel5 depletion promotes hepatic cell proliferation 
Hepatomegaly in ypel5 −/ − mutants might result from hepato- 

cyte enlargement and/or hepatic cell hyperproliferation. Hema- 
toxylin and eosin ( H&E ) histological staining of liver sections 
did not show significant differences in hepatocyte size be- 
tween control siblings and ypel5 -deficient larvae ( Figure 2 A–C ) , 
indicating that ypel5 deletion has little effect on hepatic 
cell morphology. In contrast, the number of hepatocytes 
was significantly increased in the ypel5 morpholino-injected 
Tg ( fabp10a:dsRed ) larvae compared with control siblings, as 
revealed by fluorescence-activated cell sorting analysis ( FACS ) 
analysis ( Figure 2 D–F ) , suggesting that ypel5 deletion increased 
hepatic cell number. To further determine whether hepatocyte 
proliferation was involved in ypel5 deficiency-induced hep- 
atomegaly, phosphorylated histone 3 ( pH3 ) , a marker of cell 
proliferation, was examined in liver samples by immunohisto- 
chemistry. The percentage of pH3-positive cells was remarkably 
increased in ypel5 −/ − mutants ( Figure 2 G–I ) , suggesting that 
ypel5 depletion enhanced hepatocyte proliferation, which may 
contribute to liver enlargement. 

Hepatic metabolism and function are dysregulated in ypel5 −/ −

mutant zebrafish 
The liver is a central metabolic organ. To determine whether 

ypel5 deficiency had an impact on hepatic metabolism, a 
ultrahigh-performance liquid chromatography–electrospray 
ionization–tandem mass spectrometry ( UPLC–ESI–MS/MS ) - 
based, widely targeted metabolomic analysis was applied to 
reveal the metabolomic profile differences between ypel5 −/ −

mutants and control siblings. A total of 818 metabolites were 
detected in zebrafish larvae extracts at 7.5 dpf. Among them, 
22 metabolites were downregulated and 16 metabolites were 
upregulated in ypel5 −/ − mutants, with variable importance in 
the projection ( VIP ) ≥1 and fold change ≥2 ( Figure 3 A and B; 
Supplementary Table S1 ) . Of note, taurocholic acid ( TCA ) 
and taurochenodesoxycholic acid ( TCDCA ) , which are derived 
from the catabolism of cholesterol in hepatocytes ( de Aguiar 
et al., 2013 ) , were the most downregulated metabolites. To 
better understand the biological functions of these differential 
metabolites, Kyoto Encyclopedia of Genes and Genomes ( KEGG ) 
pathway enrichment analysis was employed. Multiple lipid 
metabolism pathways, such as cholesterol metabolism, primary 
bile acid biosynthesis, and bile secretion, were affected, 
and a series of amino acid metabolic pathways, including 
f 11 



Deng et al., J. Mol. Cell Biol. (2023), 15(3), mjad019 

A

B

C

D

G

I

K L

J

HE

F

Figure 1 Disruption of the ypel5 gene causes liver enlargement. ( A ) Genetic inactivation of zebrafish ypel5 gene based on CRISPR/Cas9. 
Schematic representation of CRISPR/Cas9 target site at exon 2 as used in this study. The gRNA target site is highlighted in green, and the 
indel is indicated by a red dash. ( B ) Genotyping of the ypel5 −/ − mutant by Sanger sequencing. ( C ) Western blot analysis of Ypel5 using 
lysates from wild-type ( WT ) and ypel5 −/ − mutant embryos at 3 dpf. Gapdh was used as the loading control. ( D ) The survival of zebrafish 
larvae at different developmental stages. No homozygotes were identified at 10 dpf. ( E –H ) Brightfield images ( E and F ) , relative liver size ( G ) , 
and the ratio of the liver to whole body ( H ) of WT and ypel5 −/ − mutant zebrafish at 5 dpf. The livers are outlined with green lines. Data 
shown are mean ± SEM. Student’s t-test. ** P < 0.01. ( I and J ) WISH assay of fabp10a at 8 dpf. Green lines circle the boundary of the liver. 
The ratio of embryos with the representative expression pattern is indicated at the right bottom. ( K and L ) Representative images of WT and 
ypel5 −/ −/Tg ( fabp10a:dsRed ) zabrafish at 7.5 dpf. The liver was marked by red fluorescence. 
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Figure 2 ypel5 deficiency results in enhanced hepatic cell proliferation. ( A –C ) Representative images of H&E staining ( A and B ) and relative 
hepatocyte size ( C ) of WT and ypel5 −/ − mutant zebrafish at 7.5 dpf. The livers are outlined with green lines. ( D –F ) FACS analysis ( D and E ) 
and quantification ( F ) of dsRed-positive hepatocytes from WT and Tg ( fabp10a:dsRed ) larvae at 7.5 dpf. ( G –I ) Representative images of pH3 
staining ( green ) to label hepatic cell proliferation ( G and H ) and quantification of pH3-positive liver cells ( I ) in WT and ypel5 −/ − mutant 
zebrafish at 7.5 dpf. The sections were counterstained with DAPI to label the nucleus ( blue ) . White lines circle the boundary of the liver. Data 
shown are mean ± SEM. Student’s t-test. n.s., not significant; ** P < 0.01. 
cysteine and methionine metabolism, were also dysregulated 
( Figure 3 C ) . Since the liver is a central organ for lipid and amino 
acid homeostasis, the dysfunction could be a consequence of 
abnormal hepatic metabolism. 
In order to unravel the mechanism behind the altered hep- 

atic metabolism in ypel5 −/ − mutant zebrafish, we conducted 
RNA sequencing ( RNA-seq ) with zebrafish larvae at 3 dpf to 
Page 4 o
capture some of the earliest transcriptional changes leading to 
liver dysfunction. DE-Seq2 was used to determine differentially 
expressed genes ( ≥1.5-fold change, P < 0.05 ) between control 
siblings and ypel5 −/ − mutants. Of the nearly 22693 genes ana- 
lyzed, 97 genes were downregulated and 73 genes were upregu- 
lated in ypel5 −/ − mutants ( Figure 3 D; Supplementary Table S2 ) . 
Then, KEGG pathway enrichment analysis was performed to gain 
f 11 
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insight into the affected biological pathways. Genes associated 
with cholesterol metabolism were among the top enriched gene 
sets ( Figure 3 E ) , in line with the metabolomic profile of ypel5 −/ −

mutants. Additionally, genes associated with complement and 
coagulation cascades were also highly enriched ( Figure 3 E ) . Be- 
cause the liver is a major organ for the synthesis of coagulation 
factors and complement, dysregulation of this gene set may 
contribute to liver dysfunction in ypel5 −/ − mutants. 
To further confirm the gene expression differences revealed 

by RNA-seq, quantitative real-time polymerase chain reaction 
( qPCR ) was performed. The transcriptional level of cyp7a1 , 
a rate-limiting enzyme involved in cholesterol metabolism 

into bile acid, was significantly decreased in ypel5 −/ − mu- 
tants, and several genes related to cholesterol transport and 
metabolism were also downregulated in ypel5 −/ − mutants, in- 
cluding apoa1a , apoa1b , apoa2 , apoea , and apoeb ( Figure 3 F ) . 
Meanwhile, the expression levels of the complement and coag- 
ulation cascade genes, fga , fgb , fgg , cfb , cfh , cfi, and serpinc1 , 
were remarkably reduced in ypel5 −/ − mutants compared to con- 
trol siblings ( Figure 3 G ) . To demonstrate these gene expression 
changes in the liver, we microinjected ypel5 morpholino into 
Tg ( fabp10a:dsRed ) embryos and then sorted the dsRed-positive 
hepatic cells for qPCR analysis. Consistently, the expression 
levels of fga , fgb , fgg , cfb , and cfi were sharply reduced in ypel5 
morphants compared with control embryos ( Supplementary Fig- 
ure S2A ) . The expression levels of cell cycle-related genes, such 
as tp53 and wee1 , were also decreased in ypel5 morphants 
( Supplementary Figure S2B ) , confirming that ypel5 deficiency 
leads to aberrant hepatocyte proliferation. Additionally, we ex- 
amined the expression of hnf4a , apoa1b , and cfb by WISH. 
As expected, their expression was restricted to the liver and 
downregulated in the mutants ( Supplementary Figure S2C ) . 
Taken together, the metabolomic and transcriptomic data 

suggest that, in addition to controlling hepatocyte prolifera- 
tion, Ypel5 is also involved in physiological regulation of liver 
function. 

Hnf4a is a crucial downstream mediator of Ypel5 
In order to identify potential regulators of the ypel5 deficiency- 

induced gene expression changes, we performed a transcription 
factor enrichment analysis, ChEA3 ( Keenan et al., 2019 ) . HNF4A 
was among the top predicted regulators and able to directly 
regulate other transcription factors ( Figure 4 A and B ) . HNF4A 
is a liver-enriched master regulator that plays a key role in liver 
development and metabolism ( Dubois et al., 2020 ) . As shown 
in Figure 4 C, the protein level of HNF4A was sharply decreased 
when YPEL5 was knocked down by using short-hairpin RNA 
( shRNA ) in Huh-7 cells. Reciprocally, ectopic expression of 
YPEL5 induced HNF4A protein level ( Figure 4 D ) . The hnf4a 
Figure 3 ( Continued ) ypel5 depletion leads to impaired hepatic metabo
of differential metabolites between control siblings and ypel5 −/ − mu
metabolites. ( D and E ) Volcano plot ( D ) and KEGG enrichment ( E ) of diff
mutants at 3 dpf. ( F and G ) qPCR analysis of genes related to choleste
shown are mean ± SEM. Student’s t-test. * P < 0.05; ** P < 0.01; *** P <

Page 6 o
mRNA level was also significantly reduced in ypel5 −/ − mutants 
compared with control siblings ( Figure 4 E; Supplementary 
Figure S2C ) . These data suggest that Hnf4a is a downstream 

effector of Ypel5 and its expression level is positively regulated 
by Ypel5. To further confirm that Hnf4a mediates the hepatic 
defects induced by ypel5 deficiency, we performed a rescue 
experiment by ectopically expressing hnf4a in ypel5 −/ − mutant 
zebrafish. The hepatomegaly in ypel5 −/ − mutants could be 
largely ameliorated by hnf4a overexpression ( Figure 4 F and G ) . 
Furthermore, the decreased expression levels of genes related 
to cholesterol metabolism and complement and coagulation 
cascades were also restored ( Figure 4 H ) . Collectively, these 
findings suggest that Hnf4a is a crucial mediator of ypel5 
deficiency-induced hepatic defects. 

Ypel5 regulates Hnf4a expression via the PPAR α signaling 
pathway 
Gene set enrichment analysis ( GSEA ) of the RNA-seq data 

revealed that the PPAR signaling pathway was significantly en- 
riched and downregulated in ypel5 −/ − mutants ( Figure 5 A ) . 
PPARs are lipid-activated transcription factors that belong to 
the nuclear receptor superfamily. There are three members 
of this family: PPAR α regulates lipid metabolism in the liver, 
PPAR β/ δ promotes fatty acid β-oxidation largely in extrahepatic 
organs, and PPAR γ stores triacylglycerol in adipocytes ( Wang 
et al., 2020 ) . It has been shown that PPAR α via HNF4A par- 
ticipated in maintaining metabolic homeostasis in the liver 
( Contreras et al., 2015 ) . To determine whether PPAR α signal- 
ing was involved in the regulation of Hnf4a expression by 
Ypel5, we first examined the genome-wide PPAR α protein bind- 
ing sites by applying Cistrome algorithm ( Mei et al., 2017 ) on 
two PPAR α chromatin immunoprecipitation sequencing ( ChIP–
seq ) data sets in hepatic cells ( Boergesen et al., 2012 ; Soltis 
et al., 2017 ) . There was an intragenic PPAR α-bound region 
∼4 kb upstream of the Hnf4a transcription start site ( Figure 
5 B ) . This PPAR α binding site correlated with histone modifi- 
cation H3K27ac, which is a specific marker for the active en- 
hancers ( Creyghton et al., 2010 ) . Then, we cloned this reg- 
ulatory region into pGL3 luciferase reporter vector and per- 
formed transient transfection in Huh-7 cells. As shown in 
Figure 5 C, PPAR α overexpression significantly increased lu- 
ciferase activity. These data suggest that Hnf4a may be a di- 
rect transcriptional target of PPAR α. Furthermore, the elevated 
HNF4A protein level induced by YPEL5 overexpression was re- 
covered by GW6471 ( a potent antagonist of PPAR α) treatment in 
Huh-7 cells ( Figure 5 D ) . Bezafibrate, an agonist of PPAR α, could 
fully restore the reduced hnf4a expression in ypel5 −/ − mutants 
( Figure 5 E ) . Taken together, our findings indicate that PPAR α
signaling mediates the regulation of Hnf4a by Ypel5. 
lism and function. ( A –C ) Volcano plot ( A ) and KEGG enrichment ( C ) 
tants at 7.5 dpf. ( B ) The 16 upregulated and 22 downregulated 
erentially expressed genes between control siblings and ypel5 −/ −

rol metabolism and complement and coagulation cascades. Data 
 0.001. 
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Figure 5 PPAR α signaling mediates the regulation of Hnf4a by Ypel5. ( A ) GSEA showing the enrichment of the PPAR signaling pathway in 
ypel5 −/ − mutants. ( B ) Genomic browser view showing ChIP–seq signals of PPAR α ( GSM864671, GSM1163175 ) and H3K27ac ( GSM2540257 ) 
at the Hnf4a gene locus in hepatocytes. The peaks are highlighted in yellow. ( C ) Luciferase activity assay in Huh-7 cells transfected with control 
vectors or PPAR α and reporter constructs. The Renilla plasmid was used as an internal control. ( D ) Western blot analysis of Huh-7 cells treated 
for 48 h with control vehicle or GW6471. ( E ) qPCR analysis of hnf4a expression between control siblings and ypel5 −/ − mutants treated for 
48 h with bezafibrate. Data shown are mean ± SEM. Student’s t-test. n.s., not significant; *** P < 0.001. 
Discussion 
YPEL5 is an evolutionarily conserved protein present in a 

wide variety of eukaryotic organisms, ranging from fungi to 
vertebrates. To date, its physiological function remains largely 
unknown. In the current study, we generated a stable ypel5 −/ −

mutant zebrafish line by using CRISPR/Cas9 technology and 
found that the ypel5 homozygous mutants could not survive 
beyond 10 dpf. Interestingly, when raised in the sterile egg 
water supplemented with appropriate antibiotics ( Shan et al., 
2015 ) , a very small number of ypel5 −/ − larvae could live longer 
( Supplementary Figure S3A ) , implying that the compromised 
immunity might be a reason for the early lethality. Furthermore, 
ypel5 depletion led to hepatomegaly accompanied by hepato- 
cyte hyperproliferation without significantly increasing cell size. 
Consistent with a previous report ( Hosono et al., 2004 ) , ypel5 
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was ubiquitously expressed during zebrafish embryonic devel- 
opment, including in the liver ( Supplementary Figure S4A and B ) . 
It is unclear why the ypel5 depletion-caused predominant tissue- 
specific phenotypes were generally restricted to the liver. One 
possible explanation is that the Ypel5 function is compensated 
by its paralogs in other organs but not in the liver. Supporting 
this idea, a single-cell transcriptome atlas in developing 
zebrafish revealed abundant expression of ypel5 but low or not 
detectable expression of its paralogs in the liver ( Farnsworth 
et al., 2020 ; Supplementary Figure S4C ) . However, we cannot 
rule out a functional role of Ypel5 in other tissues and organs. 
Combined metabolomic and transcriptomic analyses re- 

vealed that hepatic metabolism and function were dysreg- 
ulated in ypel5 −/ − mutant zebrafish. Based on KEGG path- 
way enrichment analyses of differentially expressed genes and 
f 11 
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differential metabolites, cholesterol metabolism, one of the im-
portant functions of the liver, was identified as the most signif-
icantly enriched pathway. TCA and TCDCA are the end-products
of cholesterol metabolism in the liver and involved in bile acid
biosynthesis. Their levels were sharply reduced in ypel5 −/ −

mutants, indicating that cholesterol metabolism, as well as
bile acid metabolism, is significantly affected. Accordantly, the
transcription level of cyp7a1 , which catalyzes the first, rate-
limiting step in the neutral pathway of bile acid synthesis, was
strikingly decreased in ypel5 −/ − mutants. In addition, the mRNA
expression levels of genes related to complement and coagu-
lation cascades, which are primarily synthesized in the liver,
were also reduced. To overcome the limitations of this study,
e.g. not using ypel5 -depleted hepatocytes for metabolomic and
transcriptomic analyses, a mouse line carrying a conditionally
null allele of the Ypel5 gene should be developed and used in
future studies. 
Zebrafish ypel5 depletion led to the hepatic phenotype some-

what reminiscent of that seen in Hnf4a knockout mice. HNF4A
is a principal transcription factor required for liver development
and function. It regulates genes specifically implicated in lipid
metabolism, glucose metabolism, amino acid metabolism, and
blood coagulation ( Hayhurst et al., 2001 ; Inoue et al., 2006 ) .
In addition, HNF4A is critical for hepatocyte proliferation. The
hepatocyte-specific Hnf4a knockout mice displayed severe hep-
atomegaly and increased hepatocyte proliferation ( Hayhurst et
al., 2001 ; Bonzo et al., 2012 ; Walesky et al., 2013 ) . Here, by
performing ChEA3 transcription factor enrichment analysis, we
identified Hnf4a as a potential transcription factor that was likely
to regulate differentially expressed genes in ypel5 −/ − mutants.
We further demonstrated that Hnf4a expression was positively
regulated by Ypel5, and overexpression of hnf4a could largely
rescue the hepatic defects triggered by ypel5 deficiency. These
data indicate that Hnf4a is a key mediator of Ypel5 signaling.
Previous reports suggest that YPEL5 is one of the peripheral
components of the carboxy-terminal to LisH complex, which
has E3 ubiquitin ligase activity ( Huffman et al., 2019 ) . How-
ever, the regulation of HNF4A by YPEL5 seems not driven by a
proteasome-dependent degradation process, because the ad-
dition of a proteasome inhibitor did not rescue HNF4A protein
levels ( Supplementary Figure S5A ) . Actually, the hnf4a mRNA ex-
pression level was remarkably decreased in ypel5 −/ − mutants,
indicating that the regulation of hnf4a expression occurred at
the transcriptional level. GSEA of the RNA-seq data revealed
that the PPAR signaling pathway was significantly changed in
ypel5 −/ − mutants. Further analysis demonstrated that PPAR α
signaling mediated the regulation of Hnf4a by Ypel5 through di-
rectly binding to the transcriptional enhancer of the Hnf4a gene.
It will be of interest to determine how YPEL5 regulates the PPAR α
signaling pathway during liver development in future studies. 
In summary, our results provide the first genetic evidence that

Ypel5 is essential for liver development and function, expanding
our knowledge to understand the biological functions of the
YPEL family and contributing to the development of new targets
for the treatment of liver diseases in the future. 
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Materials and methods 
Zebrafish 
Zebrafish maintenance and staging were performed as

described previously ( Kimmel et al., 1995 ) . The transgenic
lines Tg ( lfabf:dsRed;elaA:EGFP ) ( hereafter referred to as
Tg ( fabp10a:dsRed ) ; Korzh et al., 2008 ) and Tg ( Tp1bglob:GFP )
( Parsons et al., 2009 ) were used. Relative liver size of
zebrafish larvae was measured using ImageJ software.
Zebrafish embryos at 24 h post fertilization were treated
with 20 μM bezafibrate ( Selleck, S4159 ) or DMSO for 48 h,
and then collected for qPCR analysis. The zebrafish facility
and study were approved by the Ethics Committee of Ruĳin
Hospital, Shanghai Jiao Tong University School of Medicine, and
the methods were carried out in accordance with the approved
guidelines. 

CRISPR/Cas9 mutagenesis 
Zebrafish ypel5 deletion was generated by CRISPR/Cas9-

mediated genome editing as described before ( Chang et al.,
2013 ) . Briefly, guide RNA ( gRNA ) was designed using an online
tool, ZiFiT Targeter software ( http://zifit.partners.org/ZiFiT) , syn-
thesized in vitro with a PCR product-based approach, and pu-
rified using mirVana miRNA Isolation Kit ( Ambion ) . Cas9 mRNA
was synthesized by in vitro transcription using SP6 mMESSAGE
mMACHINE Kit ( Ambion ) . Approximately 200 pg of Cas9 mRNA
and 50 pg of gRNA were co-injected into 1-cell-stage zebrafish
embryos to generate F0 line with mosaic mutation. Further out-
crossing of F0 line with wild-type line was performed to generate
F1 heterozygous lines. Finally, F2 mutant line with the homozy-
gous mutation was obtained via incrossing of F1 heterozygotes.
The ypel5 −/ − mutant line was genotyped by Sanger sequencing
of PCR fragments covering the gRNA target site. 

WISH 

WISH was performed as described previously ( Thisse and
Thisse, 2008 ) . Digoxigenin-labeled RNA probes were transcribed
with T7, T3, or SP6 polymerase ( Ambion ) . The probes were
detected using alkaline phosphatase-coupled anti-digoxigenin
Fab fragment antibodies ( Roche ) with BCIP/NBT staining ( Vector
Laboratories ) . The stained embryos were then photographed us-
ing a stereomicroscope ( Nikon ) equipped with a digital camera.

Histology and pH3 immunostaining 
Zebrafish larvae at 7.5 dpf were fixed in 4% paraformalde-

hyde, dehydrated, embedded in paraffin, cut into 4 μm-thick
sections, and then stained with H&E solution according to stan-
dard protocols. Relative hepatocyte area was measured using
the ImageJ software package. 
For pH3 immunostaining, zebrafish larvae at 7.5 dpf were

fixed in 4% paraformaldehyde at 4°C overnight, embedded in
OCT compound ( SAKURA ) , and cryosectioned into 4- μm slices.
After blocked with 10% fetal bovine serum ( FBS ) for 1 h at room
temperature, the sections were incubated with rabbit anti-pH3
antibody ( 1:100 dilution, Santa Cruz ) at 4°C overnight and then
with Alexa Fluor 488-conjugated anti-rabbit IgG ( Invitrogen ) for
 11 
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1 h at room temperature. The sections were counterstained with 
DAPI ( Vector Labs ) to label cell nuclei. 

FACS 
Tg ( fabp10a:dsRed ) transgenic larvae at 5 and 7.5 dpf were 

dissociated into single cells using 0.25% trypsin ( Sigma- 
Aldrich ) . Single-cell suspension was obtained by centrifugation 
at 400 × g for 5 min, washing twice with phosphate-buffered 
saline, and passing through a 40- μm nylon mesh filter. FACS
was performed with FACSAria II ( BD Biosciences ) to collect ho- 
mogenous dsRed-positive cells. Data were analyzed with FlowJo 
10.8.1 software ( FlowJo LLC ) . 

Targeted metabolomic analysis 
Metabolomic analysis was carried out by Wuhan Metware 

Biotechnology Co., Ltd. Briefly, zebrafish larvae at 7.5 dpf were 
anesthetized for collection and washed twice with cold HPLC- 
grade water. The zebrafish were immediately snap-frozen and 
lysed in 50 μl of pre-cooled 70% methanol/water mixture on 
ice. Following homogenization, additional 150 μl of pre-cooled 
70% methanol/water mixture was supplemented to each tube, 
followed by incubation on ice for 15 min and centrifugation at 
12000 rpm for 10 min. Then, the supernatant was transferred 
into a new centrifuge tube. After incubating at −20°C for 30 min, 
the supernatant was centrifuged at 12000 rpm for 15 min 
at 4°C. The sample extracts were analyzed using an LC–ESI–
MS/MS system ( UPLC, ExionLC AD; MS, QTRAP® System ) . The 
analytical conditions for UPLC were as follows. Column: Waters 
ACQUITY UPLC HSS T3 C18 ( 1.8 μm, 2.1 mm × 100 mm ) ; column 
temperature: 40°C; flow rate: 0.4 ml/min; injection volume: 
2 μl; solvent system: water ( 0.1% formic acid ) :acetonitrile ( 0.1% 

formic acid ) ; gradient program: 95:5 ( v/ v ) at 0 min, 10:90 ( v/ v ) 
at 11.0 min, 10:90 ( v/ v ) at 12.0 min, 95:5 ( v/ v ) at 12.1 min, and 
95:5 ( v/ v ) at 14.0 min. The metabolites were identified using 
the Metware database ( MWDB ) . The metabolite abundances 
were quantified according to their peak areas. Metabolites were 
considered to be differentially accumulated when VIP ≥ 1 and 
|log2 ( fold change ) | ≥ 1. 

RNA-seq and data analysis 
RNA-seq was carried out by Suzhou Transcriptome 

Biotechnology Co., Ltd. Briefly, zebrafish larvae at 3 dpf were 
harvested and lysed in 500 μl TRIzol ( Invitrogen ) , and RNA was 
extracted following the manufacturer’s standard procedures. 
Libraries were prepared with Illumina TruSeq Stranded mRNA 
kit and quantified with a Qubit 2.0 Fluorometer ( dsDNA HS kit; 
ThermoFisher ) , and the size distribution was determined with 
the Agilent 2100 Bioanalyzer System prior to pooling. RNA-seq 
was performed on an Illumina HiSeq2000 platform. Sequence 
reads were aligned to the zebrafish GRCz11 genome assembly 
with HISAT2 ( Kim et al., 2015 ) . Cufflinks v2.2 was used to 
generate FPKM values, and the differentially expressed genes 
were determined by R package DE-Seq2 ( v 1.34.0 ) ( Trapnell et 
al., 2013 ) . KEGG pathway enrichment analysis with differentially 
expressed genes was conducted by R package ClusterProfiler 
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( v 4.2.2 ) . ChEA3 transcription factor enrichment analysis was 
performed as previously described ( Keenan et al., 2019 ) . GSEA 
was performed by clusterProfiler v3.14.3, using the curated 
gene set C2 of Molecular Signature Database. 

qPCR 
Total RNA was extracted with TRIzol reagent ( Invitrogen ) ac- 

cording to the manufacturer’s recommendations. cDNA was syn- 
thesized with the ReverTra Ace- α- TM kit ( TOYOBO ) . qPCR was 
performed by a LightCycler 480 System ( Roche ) following the 
manufacturer’s protocols. Relative expression was quantitated 
using the ��Ct method. The primers for qPCR are shown in 
Supplementary Table S3. 

Plasmid construction and mRNA synthesis 
Zebrafish hnf4a , human YPEL5 , and mouse PPAR α were 

cloned into pCS2 + vector. Mouse Hnf4a enhancer was cloned 
into pGL3 promoter vector. The indicated primers for construc- 
tion are shown in Supplementary Table S1. For shRNA-mediated 
knockdown, the shRNA ( 5 ′ -CCGGGTTCGAGATGTGAGCTGCAAACT 
CGAGTTTGCAGCTCACATCTCGAACTTTTTG-3 ′ ) targeting human 
YPEL5 mRNA was acquired from MISSION shRNA ( Sigma ) and 
cloned into pLKO.1-GFP vector. A scrambled shRNA was used as 
a control. 
Capped mRNAs were synthesized from linearized plasmids 

using the mMessage mMachine SP6 kit ( Invitrogen ) and diluted 
to 60 ng/ μl for microinjection. 

Cell culture and transfection 
Huh-7 cells were cultured in DMEM ( Gibco ) supplemented 

with 10% FBS ( Gibco ) at 37°C in a humidified atmosphere 
with 5% CO 2 and transfected with plasmids using Effectene 
Transfection Reagent ( QIAGEN ) according to the manufacturer’s 
protocols. In some experiments, Huh-7 cells were incubated 
with 20 μM MG132 ( MCE, HY-13259 ) or 10 μM GW6471 ( Selleck, 
S2798 ) for 24 h or 48 h, respectively, and subjected to western 
blot analysis. 

Western blot analysis 
Western blot analysis was performed using standard 

methodology with the following antibodies: YPEL5 ( Eterlife, 
EL801477 ) , HNF4A ( Cell Signaling Technology, 3113S ) , and 
GAPDH ( Proteintech, 60004-1 ) . 

ChIP–seq data analysis 
PPAR α and H3K27ac ChIP–seq data sets in hepatic cells were 

reanalyzed from previously published work ( Boergesen et al., 
2012 ; Goldstein et al., 2017 ; Soltis et al., 2017 ) . ChIP–seq data 
were processed by the Cistrome analysis pipeline and loaded 
into WashU genome browsers for visualization. 

Luciferase activity assay 
Huh-7 cells were transfected with the indicated plasmids 

using Effectene Transfection Reagent ( QIAGEN ) and harvested 
after 72 h. Luciferase activities were analyzed using the Dual 
f 11 
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Luciferase Reporter Assay Kit ( Promega ) according to the man-
ufacturer’s protocols. Luciferase activity was normalized to
Renilla activity. 

Statistical analysis 
Statistical analysis was performed using GraphPad Prism

software. All values are expressed as mean ± SEM except where
noted. Differences between two groups were examined using
the Student’s t-test. P < 0.05 was considered to be statistically
significant. 

Supplementary material 
Supplementary material is available at Journal of Molecular

Cell Biology online. 
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