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Although the metabolism of yolk lipids such as docosahexaenoic acid (DHA) is
pivotal for embryonic development, the underlying mechanism remains elu-
sive. Here we find that the zebrafish hydroxysteroid (17-f) dehydrogenase 12a
(hsd17b12a), which encodes an intestinal epithelial-specific enzyme, is essen-
tial for the biosynthesis of long-chain polyunsaturated fatty acids in primitive

intestine of larval fish. The deficiency of hsd17b12a leads to severe develop-
mental defects in the primitive intestine and exocrine pancreas. Mechan-
istically, hsd17b12a deficiency interrupts DHA synthesis from essential fatty
acids derived from yolk-deposited triglycerides, and consequently disrupts
the intestinal DHA-phosphatidic acid (PA)-phosphatidylglycerol (PG) axis. This
ultimately results in developmental defects of digestive organs, primarily
driven by ferroptosis. Our findings indicate that the DHA-PA-PG axis in the
primitive intestine facilitates the uptake of yolk lipids and promotes the
expansion of digestive organs, thereby uncovering a mechanism through
which DHA regulates embryonic development.

The yolk sac stores a large amount of maternal material accumulated
during oogenesis, and serves as a nutrient source for embryonic
development in both viviparous and oviparous vertebrates'. The
metabolism of maternal materials plays an important role in embryo-
nic development’. Unlike viviparous embryos, oviparous embryos
depend entirely on yolk nutrients, highlighting the importance of the
absorption and utilization of yolk nutrients for their embryonic
development®. Zebrafish, as oviparous organisms, depend solely on a
single yolk for nutrition until the endogenous-to-exogenous nutrient
source transition (eeNST), which mainly occurs at 5 days post-
fertilization (5 dpf)*. In zebrafish, the yolk syncytial layer (YSL)
hydrolyzes lipids to release fatty acids and produces lipoproteins that
export lipids to the developing embryos until exogenous nutrients are

absorbed’. Previous studies also suggest that the primitive intestine is
involved in the absorption of yolk lipids during embryonic develop-
ment. For instance, lipid droplets were detected in the intestinal epi-
thelial cells of sea bass during the lecithotrophic period®, and yolk-
deposited fatty acids could be transported to the primitive intestine,
and participate in lipid synthesis of zebrafish’. Dietary phosphati-
dylcholines (PCs) have been shown to accelerate the metabolism of
triglycerides (TAGs) in the intestinal epithelium®. Nevertheless, the
regulation of yolk lipid absorption by the primitive intestine has yet to
be investigated.

Phospholipids (PLs), including phosphatidic acids (PAs), phos-
phatidylglycerols (PGs), and PCs, can be distinguished based on the
variations in the sn-1 and sn-2-linked fatty acid (FA) composition’.
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Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs)
are preferably linked to the sn-1 position of PLs, whereas long-chain
poly-unsaturated fatty acids (LC-PUFAs) are linked to the sn-2 position,
therefore the composition of side-chain fatty acids is closely related to
the function of PLs'. It was reported that the *H-palmitate injected into
the yolk could be involved in PL metabolism of larvae at 3 dpf”. Yolk
cells are also active in lipid metabolism during the development of
zebrafish embryos". During embryonic development of zebrafish prior
to exogenous feeding, there is a gradual increase in the total amount of
omega-3 (n-3) LC-PUFAs”, suggesting that zebrafish embryos are
capable of LC-PUFA biosynthesis from maternally deposited PUFAs.
However, LC-PUFAs cannot be synthesized de novo due to the genetic
absence of A12 and AlS desaturase coding genes®”, necessitating the
conversion of linoleic acid (LA) and «-linolenic acid (ALA) from the
yolk into LC-PUFAs via fatty acid elongation. Therefore, disruption of
the LC-PUFA elongation could be a promising approach to investigate
the role of LC-PUFA biosynthesis pathway in the utilization of
maternally-deposited yolk lipids.

Hydroxysteroid (17f3) dehydrogenases (Hsd17b) are enzymes that
catalyze the conversion of 17-ketosteroids into 17B-hydroxysteroids™.
Hsd17b12, a member of this family, serves as a 3-ketoacyl-CoA reduc-
tase and is involved in the biosynthesizing of LC-PUFAs in mammals®.
HSD17B12 is strongly expressed in organs involved in lipid metabolism,
including the liver, kidneys, skeletal muscle, and placenta, during
embryonic development’. Hsd17bi2-knockout mice die at the
embryonic stage due to severe disruptions in organogenesis”. More-
over, liver-specific knockout of Hsd17b12 in adult mice resulted in
weight loss, reduced food and water intake, hepatic steatosis and
accumulation of lipids with side chains shorter than 18-carbon fatty
acids'®. Nevertheless, it remains largely unknown how Hsd17b12 reg-
ulates nutrient absorption and organ development.

In this study, we generated a mutant of the zebrafish hsd17b12a, an
orthologue of mammalian Hsd17b12, and used the hsd17b12a mutant
model to study the role of yolk-deposited lipid in early development.
We show that the contents of DHA, and DHA-derived phosphatidic acid
(PA) and PA-originated phosphatidylglycerol (PG), mainly synthesized
in the primitive intestine, are severely decreased after disruption of
hsd17b12a, which is specifically expressed in the intestine. The dis-
ruption of DHA-PA-PG axis results in intestinal ferroptosis and devel-
opmental defects of digestive organs in the mutants. In conclusion, our
study uncovers an intestinal DHA-PA-PG axis that promotes the
expansion of digestive organs through the absorption and utilization
of maternally-deposited yolk lipids during embryonic development.

Results

Loss of hsd17b12a leads to defective LC-PUFA synthesis and
embryonic lethality

The absorption and utilization of lipids are crucial for development.
After the endogenous-to-exogenous nutrient source transition
(eeNST) of zebrafish at 5 dpf, lipid absorption primarily occurs in the
intestine, while lipid metabolism is predominantly regulated by the
liver®. To further investigate the lipid dynamics before eeNST, we re-
analyzed the data from Fraher et al.”, and found that PL levels increase
in the body while decreasing in the yolk (Supplementary Fig. 1a),
indicating dynamic changes in lipid composition within the yolk and
body before 5 dpf. By re-analyzing a bulk-seq data for the liver
and primitive intestine at 5 dpf", we identified a large number of dif-
ferentially expressed genes (DEGs) between intestine and liver (Sup-
plementary Fig. 1b). Notably, we found an enrichment of glycerolipid
metabolism in the liver and glycerophospholipid metabolism in
the primitive intestine (Fig. 1a, b), underscoring the importance of
the primitive intestine in glycerophospholipid metabolism before
eeNST. In contrast, a bulk-seq analysis of the liver and intestine in
adult zebrafish showed that the liver becomes the primary site
for glycerophospholipid metabolism (Supplementary Tables 1 and 2).

Therefore, these results suggest that the primitive intestine might play
an important role in supplying PLs necessary for embryonic
development.

PLs are incorporated with LC-PUFAs which are synthesized via a
series of LC-PUFA synthases®™. Analysis of enzyme gene expression
related to LC-PUFA synthesis revealed elevated levels of hsd17b12a in
the primitive intestine compared to the liver (Fig. 1c). Whole-mount in
situ hybridization (WISH) analysis revealed that hsd17b12a is specifi-
cally expressed in the primitive intestine at 4 dpf and 5 dpf (Supple-
mentary Fig. 1c, d). To determine the cellular localization of Hsd17b12a,
we generated a knock-in zebrafish line, hsd17b12a""¥, using a recently
developed induced primordial germ cell transplantation (iPGCT) and
CRISPR/Cas9-mediated knock-in technology?. This knock-in strategy
introduced a Myc-tagged Hsd17b12a protein and an mCherry reporter,
linked by a P2A peptide, into the hsd17b12a locus (Fig. 1d). In the
hsd17b12a*%' line, mCherry exhibited no autofluorescence and co-
localized with EGFP in intestinal epithelial cells of Tg(ET33/1:EGFP)*
(Fig. 1e; Supplementary Fig. 1e). Swim bladder inflation and embryo
survival remained unaffected in both hsd17b12a""*' and hsd17b12a""
lines (Supplementary Fig. 1f-h), confirming that the knock-in did not
impair function of endogenous Hsdl7bl2a protein. Immuno-
fluorescence analysis using a Myc-tag antibody on primitive intestinal
sections of hsd17b12a""* embryos demonstrated specific expression of
Hsd17b12a in intestinal epithelial cells (Fig. 1f), and the signals mainly
co-localized with the endoplasmic reticulum (ER) marker ERp72
(Fig. 1g). We further analyzed the expression of the enzyme coding
genes responsible for LC-PUFA synthesis, and found that these genes,
such as elovlib, elovl7a, hacd4, and elovl2, are specifically expressed in
intestinal epithelial cells in WT embryos at 4 dpf (Fig. 1h). These results
indicate that the primitive intestine specifically expresses hsd17b12a
and other LC-PUFA synthesizing enzyme genes, which may enable the
intestine to synthesize LC-PUFAs.

To investigate the impact of primitive intestinal LC-PUFA
synthesis on yolk lipid absorption and utilization, we used CRISPR/
Cas9 to generate hsd17b12a mutants with disrupted NADB domains
(Supplementary Fig. 1i, j). There was a significant down-regulation of
hsd17b12a in mutants compared to wild-type (WT), with no com-
pensatory upregulation of hsd17b12b (Supplementary Fig. 1k, I).
Notable phenotypes in mutants included uninflated swim bladders
(Fig. 1i; Supplementary Fig. 1m) and embryonic lethality before 8 dpf
(Fig. 1j), and injection of hsd17b12a mRNA or transgenic over-
expression of hsd17b12a rescued these phenotypes (Fig. 1i, j; Sup-
plementary Fig. 1In-p). However, the mRNA-rescued mutants still
exhibited developmental defects, such as short stature, due to the
limited duration of hsd17b12a mRNA activity (Supplementary Fig. 1n).
In the mutants, expression of the LC-PUFA synthesizing enzyme
genes was absent in the primitive intestine as revealed by WISH
analysis (Fig. 1h, k; Supplementary Fig. 1q) and RT-PCR further con-
firmed the results (Fig. 1I; Supplementary Fig. 1r). These indicate a
defective synthesis ability in the mutant intestine, which led to
decreased LC-PUFAs levels and increased levels of essential fatty
acids (C18:2 and C18:3) (Fig. Im). Therefore, the hsd17bi2a mutants
serve as a model to investigate the role of primitive intestinal LC-
PUFA synthesis in yolk lipid absorption and utilization.

Digestive organ expansion is defective in hsd17b12a mutant

Given the specific expression of hsd17b12a in the primitive intestine
and the observation that its mutation leads to uninflated swim blad-
ders derived from the endoderm®, we investigated whether this
mutation affects the development of other endodermal organs. RNA
sequencing (RNA-seq) was performed to compare gene expression
between mutants and WT embryos at 3 dpf and 4 dpf, and the DEGs
were analyzed (Supplementary Fig. 2a, b). Specific markers were used
to analyze the development of endodermal organs, liver markers
(fabp10a, cp, and tfa)”’; exocrine pancreas markers (trypsin, cpas, and
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ctrl)**; endocrine pancreas markers (gcga for a-cells, ins for B-cells, and
sstl.1 for &-cells)”; intestine markers (fabp2 for enterocytes, agr2 for
goblet cells, cldni5la for epithelial cells, and neurodl for
enteroendocrine)”’; and swim bladder markers (pbxia for epithelium
cells, acta2 for mesenchyme cells, and elovila for mesothelium cells)*.
Endodermal organ development progresses through two stages:
anlage budding and organ expansion®*%, Bulk-seq analysis showed no
significant changes in the expression of endodermal organ markers at
3 dpf (Supplementary Fig. 2c), but did show variations in some

markers, particularly those associated with the exocrine pancreas, at 4
dpf (Supplementary Fig. 2¢). This suggests that developmental defects
in other endodermal organs in mutants primarily emerge during the
organ expansion stage, rather than the anlage budding stage.

To confirm these developmental defects, we performed WISH
using specific probes for various endodermal organs. WISH results
indicated that hsd17b12a depletion does not affect the cell fate of swim
bladders (Supplementary Fig. 2d). The alterations in exocrine pan-
creatic and hepatic signals observed via WISH are consistent with
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Fig. 1| LC-PUFA synthesis facilitates the embryo-to-larval transition. a KEGG
pathway analysis of genes highly expressed in intestine compared to liver at 5 dpf
(p-value < 0.05). b KEGG pathway analysis of genes highly expressed in liver com-
pared to intestine at 5 dpf (p-value < 0.05). ¢ The heatmap illustrates enzyme
expression related to long-chain polyunsaturated fatty acid (LC-PUFA) synthesis in
the liver and intestine of WT at 5 dpf, showing p-values and effect sizes (n=3)

d Schematic of the knock-in strategy for inserting 5xMyc-P2A-mCherry into the
hsd17b12a locus using CRISPR/Cas9. e The mCherry signal, confirmed not to be
autofluorescence, co-localizes with the EGFP signal in the intestine-specific trans-
genic fish Tg(ET33/1:EGFP) at 5 dpf (n > 3). Scale bar, 200 um. fImmunofluorescence
staining of the intestine in hsd17b12a""*" using a Myc-tag antibody at 5 dpf (n=3).
Nuclei stained with DAPI. Scale bar, 200 pm. g Immunofluorescence staining of the
intestine in hAsd17b12a""*' using Myc-tag and ERp72 (ER) antibodies at 5 dpf (n=3).
Nuclei stained with DAPI. Scale bar, 200 um. h Expression of genes related to LC-

PUFA synthesis in WT at 4 dpf was detected using section in situ hybridization
(n=3). Scale bar, 50 um. i Overexpression of hsd17b12a rescued the swim bladder
inflation defect (n > 3). The arrows indicate the location of the swim bladder. Scale
bar, 500 pm. j Survival curves were plotted for WT, hsd17b12a"", hsd17b12a™",
hsd17b12a” with hsd17b12a mRNA, and Tg(CMV:hsd17b12a)/hsd17b12a™, respec-
tively. k Expression of genes related to LC-PUFA synthesis in hsd17b12a”" at 4 dpf
was detected using section in situ hybridization (n=3). Scale bar, 50 pm.

1 Expression of genes related to LC-PUFA synthesis in the primitive intestine was
quantified by RT-PCR in WT and hsd17b12a”" at 4 dpf. m Differential analysis of
relative amounts of total FAs (fatty acids) in hsd17b12a” larvae compared to WT at
4 dpf. Datainl, m are represented as mean + S.D., using a two-tailed Student’s ¢ test;
each point represents an independent biological sample (n=3). Source data are
provided as a Source Data file.
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Fig. 2 | Disrupting Hsd17b12a results in organ expansion defects. a-c The
development of the endocrine pancreas, exocrine pancreas, and liver was exam-
ined using WISH (whole-mount in situ hybridization) at 3 dpf, 4 dpf, and 5 dpf in
both WT and hsd17b12a” (n>3). Scale bar, 200 pm. d-f The areas of B-cells (ins),
exocrine pancreas (trypsin), and liver (fabpl0a) were measured in WT and
hsd17b12a” embryos at 3 dpf, 4 dpf and 5 dpf. g Fluorescence images of exocrine

3dpf 4dpf 5dpf

Exocrine pancreas Liver

pancreas and liver in WT, hsd17b12a™", and Tg (CMV: hsd17b12a)/hsd17b12a”" at 5
dpf (n>3). Scale bar, 200 pm. h The areas of images of the liver and exocrine
pancreas were quantified in WT, hsd17b12a”" and Tg(CMV:hsd17b12a)/hsd17b12a”".
Data in d-f, h are represented as mean +S.D., using a two-tailed Student’s ¢ test;
each point represents an independent +biological sample (n> 3). Source data are
provided as a Source Data file.

findings from bulk-seq analysis. At 3 dpf, there were no significant
differences in the areas of the exocrine pancreas and liver between the
mutants and WT (Fig. 2a, d-f). At 4 dpf, the areas of the exocrine
pancreas and liver in mutants were significantly smaller compared to
those in WT, with the most pronounced difference observed in exo-
crine pancreas (Fig. 2b, d-f). At 5 dpf, the exocrine pancreas and liver
areas in mutants remained smaller than in WT (Fig. 2c; Fig. 2d-f).
Further examination of endocrine pancreatic a-cells, B-cells, and &-
cells showed that only the &-cell areas were significantly reduced in the
mutants at 4 dpf (Fig. 2a-c; Fig. 2d-f; Supplementary Fig. 2e-g).
Despite the known role of the endocrine pancreas in glucose
metabolism?®’, glucose metabolism was not significantly affected by the
hsd17b12a mutation (Supplementary Fig. 2h). Thus, the loss of
hsd17b12a primarily impacts the expansion of the exocrine pancreas
and liver.

Furthermore, a transgenic line Tg(fabplO:RFP;ela3l:EGFP), which
labels liver and exocrine pancreas®, was used to analyze mutant and
WT embryos. At 4 dpf and 5 dpf, the liver and exocrine pancreas were
significantly smaller in mutants compared to WT or heterozygotes
(Supplementary Fig. 2i-n). Transgenic overexpression of hsd17b12a
restored expansion of the liver and exocrine pancreas in mutants
(Fig. 2g, h; Supplementary Fig. 20), confirming that hsd17b12a dis-
ruption specifically impairs digestive organ expansion. We further
observed a down-regulation of genes encoding secreted digestive
enzymes produced by acinar cells (Supplementary Fig. 2p)*, which are
crucial for nutrient absorption in the intestine®. Impaired nutrient
uptake likely leads to delayed embryonic development, evidenced by
the shorter standard length of mutants compared to WT at 4 dpf
(Supplementary Fig. 2q). These findings indicate that mutations in
hsd17b12a affect digestive function.
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Fig. 3 | Malabsorption of yolk lipids results in expansion defects. a ORO (Oil Red
0) staining was performed on embryos of WT and hsdI7b12a”" at 3 dpf, 4 dpf, and 5
dpf (n>3).Scale bar, 0.5 mm. b Images of yolk in WT and hsd17b12a”" at 3 dpfand 4
dpf. The white dotted line indicates the yolk region (n > 3). Scale bar, 1 mm.

¢ Quantification of the area of the yolk in WT and hsd17b12a™" at 3 dpf and 4 dpf.
d-g The body and yolk of WT and hsd17b12a” were isolated at 2 dpf, 3 dpf, and 4
dpf, and the TAG (triglyceride) and FFA (free fatty acid) levels in the body and yolk
were detected. h, i TAG content in the yolk and body of embryos with suppressed
expression of YSL hsd17b12a was measured at 2 dpf, 3 dpf, and 4 dpf.

Jj, k Fluorescence imaging of the liver and exocrine pancreas at 4 dpfin WT and WT
with suppressed YSL hsdI17b12a expression (n >3), and quantification of the liver

and exocrine pancreas. Scale bar, 500 pm. I Assessment of lipid transport by
injection of BODIPY FL C12 (green) into the yolk in WT and hsd17b12a” at 4 dpf
(n=3). Images were captured at 10 mpi (10 min post-injection) and 2 hpi (2 h post-
injection). The orange dotted line indicates intestinal lumen. The white dotted line
indicates the region of yolk. Scale bar, 0.5 mm. m Relative analysis of the fluores-
cence intensity in the yolk compared to the total fluorescence (BODIPY) intensity (O
mpi) in the yolk at 10 mpi and 2 hpi. Data in d-i are presented as mean + S.D., using a
two-tailed Student’s t-test; n > 3. Data in ¢, k, m are represented as mean+S.D.,
using a two-tailed Student’s ¢ test; each point represents an independent biological
sample (n > 3). Source data are provided as a Source Data file.

To rule out the potential impact of maternal Hsd17b12a protein on
organ expansion, we analyzed the knock-in-positive and -negative
embryos from hsd17b12a*" females crossed with WT males (Supple-
mentary Fig. 2r). Western blot (WB) analysis demonstrated that
maternal Hsd17b12a protein persists up to 3 dpf but disappeared at 4
dpf (Supplementary Fig. 2s, t). However, a significant contribution
from zygotic expression of Hsd17bl2a was observed from 3 dpf
(Supplementary Fig. 2s, t), indicating the defects observed at 4 dpf are
mainly due to the zygotic loss of hsd17b12a. To further confirm this, we
designed a morpholino (MO) to inhibit hsd17b12a translation by

targeting the 5-UTR and ATG sequence (Supplementary Fig. 3a).
Injection of the hsd17b12a_MO at the 1-cell stage resulted in an unin-
flated swim bladder in WT embryos (Supplementary Fig. 3b, c¢) and
decreased mCherry fluorescence in hsd17b12a*"*" embryos (Supple-
mentary Fig. 3d). Conversely, heat shock overexpression of hsd17b12a,
which is not targeted by the MO (Supplementary Fig. 3a), rescued the
uninflated swim bladder phenotype in hsd17b12a knockdown embryos
(Supplementary Fig. 3e). These results confirm that the hsd17b12a MO
specifically inhibits hsd17b12a translation and causes defects in organ
expansion and yolk absorption (Supplementary Fig. 3f), mimicking the
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Fig. 4 | The primitive intestinal structures exhibit defects. a Intestinal devel-
opment was examined using whole-mount in situ hybridization in both WT and
hsd17b12a”" at 3 dpf, 4 dpf, and 5 dpf (n > 3). Scale bar, 200 um. b Intestinal
fluorescence imaging of WT and hsd17b12a” (n=5). The white arrows indicate the
yolk region. Scale bar, 200 um. ¢ HE staining of paraffin sections of the intestine in
hsd17b12a” and WT at 4 dpf and 5 dpf (n=5). Scale bar, 100 pm. d The thickness of
the primitive intestine was quantified in WT and hsd17b12a”" at 4 dpf and 5 dpf.
e Confocal imaging of the intestine in WT and hsd17b12a”" at 4 dpf (n = 5). The white
dotted line indicates the intestinal lumen. Scale bar, 100 pm. f, g Transmission
electron microscopy micrographs (TEM) (n > 3) and quantification of the intestinal
microvilli length in WT and hsd17b12a”" at 4 dpf. Scale bar, 0.5 pm. h, i TEM

micrographs (n=3) and quantification of the intestinal tight junction length in WT
and hsd17b12a”" at 4 dpf. The white arrows indicate the tight junctions. Scale bar,
0.5 um. j Immunofluorescence staining of proteins associated with tight junction
formation in the intestine of WT and hsd17b12a™" at 4 dpf (n=3). Scale bar, 50pum.
k Tg(CMV:hsd17b12a) rescued the expansion defects of primitive intestine in
hsd17b12a”" (n>3). Scale bar, 0.5 mm. | The area of the primitive intestine was
quantified by the signal of fabp2 in WT, hsd17b12a”~ and Tg(CMV:hsd17b12a)/
hsd17b12a”". Data in d, j, i, 1 are represented as mean +S.D., using a two-tailed
Student’s ¢ test; each point represents an independent biological sample (n>3).
Source data are provided as a Source Data file.

zygotic mutants. Overall, these results collectively highlight the critical
role of Hsd17b12a expressed in the primitive intestine for proper organ
expansion during embryonic development.

Hsd17b12a promotes yolk lipid absorption and utilization

Vertebrates, including zebrafish, cannot synthesize LC-PUFAs de
novo®, and rely on dietary linoleic acid (LA) and a-linolenic acid
(ALA) for in vivo biosynthesis of LC-PUFAs via fatty acid elongation.
In zebrafish, the yolk acts as a source of nutrients, and we have shown
that hsd17b12a plays an important role in synthesizing LCFAs in the
primitive intestine. We then examined the absorption and utilization
of yolk lipids in Asd17b12a mutants. Oil Red O (ORO) staining showed
that hsd17b12a mutants at 3-5 dpf had darker red ORO staining sig-
nals in the yolk, indicating an accumulation of TAGs compared with
WT embryos (Fig. 3a). Further analysis showed that the size of the
yolk region of the mutants was not different from that of the WT
embryos at 3 dpf, but was significantly larger after 4 dpf (Fig. 3b, c).
Previous studies have shown that altered lipid accumulation under
yolk platelet activation in the YSL can affect its opacity®*>*. However,

the hsd17b12a mutant embryos showed no significant changes in YSL
transparency (Supplementary Fig. 4a, b), suggesting that Hsd17b12a
is not required for yolk platelet activation. The total amount of TAGs
was significantly higher in the hsd17b12a mutant than in the WT, but
the total amount of FFA was significantly lower (Supplementary
Fig. 4c-e). Overexpression of hsd17b12a reduced TAG accumulation
in hsd17b12a mutant (Supplementary Fig. 4f). The above results
suggest that the utilization of TAGs may be blocked in the yolk of the
hsd17b12a mutant.

Subsequently, we analyzed the dynamic changes in the TAG and
FFA levels in yolk or body over time, after the embryonic body and yolk
were dissected. Compared to the WT, the hsd17b12a mutant had a
higher content of TAGs in the yolk and lower content of TAGs in the
body from 4 dpf (Fig. 3d, f). From 3 dpf to 4 dpf, although both the
mutant and WT embryos showed similar dynamic changes of FFA
levels in yolk and body, we noted that the hsd17b12a mutant had sig-
nificantly lower FFA content in the yolk and significantly higher FFA
content in the body (Fig. 3e, g). This suggests that the utilization of
TAGs is slower in the mutants than in the WT from 4 dpf.
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To further investigate the effects of Hsd17b12a on yolk TAG uti-
lization, we examined the expression of apolipoprotein (apo) genes’,
microsomal triglyceride transfer protein (MTP)*?, and CD36°**, which
are essential for the transport of yolk lipids from YSL into the body.
Our results suggest that apo genes, mtp and cd36 were downregulated
in mutants (Supplementary Fig. 4g-j). To exclude the possibility that
YSL-specific expression of hsd17b12a affects yolk lipid utilization, we
injected hsd17b12a_MO into the YSL at the 1000-cell stage to block
YSL-expression of Hsd17bl12a according to a previous study (Supple-
mentary Fig. 5a)*°. We found that YSL-specific inhibition of Hsd17b12a
did not affect swim bladder inflation, yolk utilization, and larval growth
(Supplementary Fig. 5b-f), TAG contents in both the yolk and body
from 2 dpf to 4 dpf (Fig. 3h, i), and the expansion of exocrine pan-
creas and liver (Fig. 3j, k). Therefore, the impaired yolk lipid utiliza-
tion and defective organ expansion in mutants are not due to
Hsd17b12a function in the YSL. To evaluate defects in yolk lipid
transport and utilization, we used fluorescently labeled fatty acids
(BODIPY FL C12)". At 4 dpf, BODIPY FL C12 was transported from the
yolk to the primitive intestine within 2 h post-injection (hpi) in WT
embryos, but remained within the yolk in mutants (Fig. 31, m). All
these indicate that Hsd17b12a-mediated LC-PUFA synthesis in the
primitive intestine promotes the absorption and utilization of yolk
lipids by the body.

Primitive intestine is defective in hsd17b12a mutant

To elucidate the mechanisms underlying impaired yolk lipid absorp-
tion and utilization in the primitive intestine of hsd17b12a mutants, we
conducted a detailed analysis of intestinal morphology. The develop-
ment of the primitive intestine was analyzed by WISH using the
intestine-specific marker fabp2”. At 3 dpf, the shape of the primitive
intestine in mutants was similar to that in WT, although the fabp2
signal was more intense in mutants (Fig. 4a). By 4 dpf and 5 dpf,
mutants exhibited reduced curvature and width of the primitive
intestine compared to WT (Fig. 4a). Fluorescence labeling revealed
impaired expansion of the primitive intestine and pronounced yolk
accumulation in mutants (Fig. 4b). These findings suggest that intest-
inal development is impaired in mutants.

Zebrafish intestinal epithelial cells complete differentiation and
remodeling to form a functional primitive intestine at 4 dpf*, therefore
we analyzed primitive intestine of the mutant and WT embryos at 4 dpf
and/or 5 dpf in different aspects. Hematoxylin-eosin (HE) staining
indicated that primitive intestine in mutants appeared thinner with less
pronounced folds compared to WT at 4 dpf and 5 dpf (Fig. 4c, d).
Confocal microscopy showed that the mutants had fewer microvilli in
the intestine lumen than the WT (Fig. 4e), and transmission electron
microscopy (TEM) analysis further confirmed that microvilli in
mutants were significantly shorter than those in WT (Fig. 4f, g). It is
known that tight junctions are crucial for forming the intestinal epi-
thelial barrier and maintaining intestinal function”’, we further inves-
tigated tight junctions in the mutants and found that the length of tight
junctions was significantly reduced compared to WT (Fig. 4h, i).
Although Rabl13, which regulates tight junction assembly by recruiting
claudin proteins®, was not affected in the mutants, tight junction-
forming proteins, such as Claudin-4 and Claudin-3, were absent in
mutants (Fig. 4j), indicating a severe defect of tight junctions in the
mutant intestinal epithelial cells. Finally, we showed that over-
expression of hsd17b12a rescued the intestinal expansion defects in
mutants (Fig. 4k, 1). Therefore, disruption of hsdi17bi2a leads to
defective intestinal structure, which is a major contributor to impaired
intestinal function.

Ferroptosis causes defects in digestive organ expansion

To investigate the mechanisms underlying defects in digestive organ
expansion, KEGG pathway analysis was conducted on embryos at 3 dpf
and 4 dpf. At 3 dpf, enriched pathways included fatty acid synthesis

and metabolism (Fig. 5a; Supplementary Data 1). By 4 dpf, additional
enriched pathways involved digestion and absorption of fats and
proteins, pancreatic secretion, tight junctions, apoptosis, ferroptosis
and glycerophospholipid metabolism (Fig. 5b; Supplementary Data 2).
These findings suggest that impaired fatty acid metabolism at 3 dpf
further affects pathways crucial for nutrient digestion and absorption
at 4 dpf.

To further elucidate the digestive organ expansion defects, single-
cell RNA sequencing (scRNA-seq) analysis was performed on the
intestine, liver, and exocrine pancreas of both mutants and WT at 4
dpf. UMAP clustering identified sixteen cell types in the integrated
data, which were annotated according to specific markers (Fig. 5¢;
Supplementary Fig. 6a). Importantly, hsd17bi2a expression was
restricted to intestinal epithelial cells and enteroendocrine cells
(Supplementary Fig. 6b). Compared to WT, the mutants showed
increased cell fractions in the intestine and decreased cell fractions in
hepatocytes, pancreatic exocrine cells, and immune cells (Fig. 5d).
Subsequent analysis revealed downregulation of ribosome and amino
acid metabolism pathways in the intestine. Notably, upregulation of
the ferroptosis pathway, an iron-dependent form of cell death char-
acterized by lipid peroxidation®, was found in mutant intestinal cells,
but not in hepatocytes-1 and pancreatic exocrine cells (Fig. 5e; Sup-
plementary Fig. 6c-e), indicating that hsd17b12a deficiency leads to
ferroptosis in the primitive intestine.

We further analyzed ferroptosis in mutants at 3 and 4 dpf. The
results showed that the levels of reactive oxygen species (ROS) and
malondialdehyde (MDA), which are produced by lipid peroxidation®’,
were elevated in mutants compared to WT at 4 dpf (Fig. 5f, g).
Expression of acsl4b, a marker of ferroptosis sensitivity*’, was upre-
gulated in mutants compared to WT at 3 and 4 dpf (Fig. 5h). Addi-
tionally, Fe?' levels were also increased in the liver and intestine of
mutants relative to WT (Fig. 5i, j). Gpx4 protein levels, which inhibit
ferroptosis®, were reduced in the intestine of mutants compared to
WT (Fig. 5k-m). These findings confirm that loss of hsd17b12a leads to
ferroptosis in the primitive intestine.

To determine whether the expansion defects in the digestive
organs are attributable to ferroptosis in the primitive intestine, we
conducted rescue experiments using two ferroptosis inhibitors,
rosiglitazone (Rosi), which inhibits Acsl4 activity’’, and a potent
inhibitor of ferroptosis, ferrostatin-1 (Fer-1)*"*2. Interestingly, Rosi
treatment rescued the expansion defect in the exocrine pancreas of
mutants (Fig. 5n, 0); and Fer-1 treatment partially rescued hepatic
and exocrine pancreatic expansion defects in mutants (Fig. 5p-r).
These results suggest that ferroptosis of primitive intestine in
hsd17b12a mutant is responsible for the defects of liver and exocrine
pancreas expansion.

DHA-PA-PG axis regulates ferroptosis and digestive organ
expansion

To investigate whether the cell fate of primitive intestine was affected
by hsd17b12a depletion, we re-clustered intestinal cells from the
scRNA-seq data for further analysis. There are six distinct subclusters
within intestinal cells, based on cell-type-specific markers (Fig. 6a;
Supplementary Fig. 7a). By analyzing cell trajectories originating from
stem cells®, we concluded that enterocytes can differentiate into
brush border cells or intestinal epithelial cells (Supplementary Fig. 7b).
There are no significant differences in cell differentiation trajectories
in the liver, pancreas, and intestine of mutants compared to WT
(Supplementary Fig. 7c). In the mutants, the proportions of intestinal
epithelial cells and brush border cells were dramatically decreased,
while the proportions of enterocytes and stem cells were greatly
increased (Fig. 6b). Specifically, hsd17b12a is prominently expressed in
enterocytes and intestinal epithelial cells (Fig. 6¢), suggesting that
depletion of hsdi7bi2a strongly affects the differentiation from
enterocytes to intestinal epithelial cells. We then tried to screen
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transcriptional factors that are specifically expressed in hsd17b12a-
positive intestinal epithelial cells. The results showed that two tran-
scriptional factor genes, osrl, which is suggested to play a role in
digestive organ development**, and tfcp2l1, previously shown to reg-
ulate lipid metabolism®, were specifically expressed in hsd17b12a-
positive intestinal epithelial cells (Supplementary Fig. 7d-f). Interest-
ingly, the hsd17b12a mutants displayed pectoral fin malformations
(Supplementary Fig. 7g), which mimic those observed in the osri-
knockdown embryos*. We then conducted KEGG pathway analysis
with the hsd17b12a-positive intestinal epithelial cells, and the results

fabp10a

Liver trypsin

Exocrine pancreas

suggest that these cells play an important role in lipid metabolism
(Fig. 6¢, d), such as glycerophospholipid metabolism and fatty acid
degradation. These findings suggest that the loss of hsd17b12a leads to
a cell fate loss of intestinal epithelial cells, which may strongly affect
glycerophospholipid metabolism.

To investigate how glycerophospholipid metabolism regulates
yolk lipid absorption and organ expansion, we conducted lipidomic
analysis on the mutants and WT embryos at 4 dpf. There were
reduced levels of free fatty acid (FFA), phosphatidic acid (PA), and
phosphatidylglycerol (PG) in mutants compared to WT (Fig. 6e;
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Fig. 5 | Ferroptosis hinders the digestive organ expansion. a, b KEGG pathway
analysis of differentially expressed genes in hsd17b12a” compared to WT at 3 dpf
and 4 dpf (p-value < 0.05). ¢ Single-cell sequencing analysis of the liver, intestine,
and pancreas in hsd17b12a”~ and WT at 4 dpf. The “Liver” label indicates liver-origin
cells, the “Pancreas” label indicates pancreas-origin cells, and the “Intestine” label
indicates intestinal-origin cells. d The proportions of each cell type in hsd17b12a”
and WT. e KEGG pathway analysis of differentially expressed genes in the intestine
of hsd17b12a”~ compared to WT (p-value < 0.05). f Detection of ROS (reactive
oxygen species) in WT and hsd17b12a”" at 4 dpf (n=6). The white arrowheads
indicate the intestine. Scale bar, 0.5 mm. g MDA (malondialdehyde) levels were
measured in WT and hsd17b12a” at 4 dpf. h RT-qPCR of acsi4a and acsl4b in WT
and hsd17b12a”" at 3 dpf and 4 dpf. i, j Assessment and quantification of intracel-
lular Fe?* levels in larvae using FerroOrange probe in WT and hsd17b12a™ at 4 dpf

(n>3).k, 1 Evaluation of GPX4 protein levels in WT and hsd17b12a” by western blot
and quantification of GPX4 relative to GAPDH (n = 3). m Immunofluorescence
analysis of GPX4 protein in the primitive intestine of WT and hsd17b12a”" at 4 dpf
(n=3). The white arrows indicate the intestinal epithelia. Scale bar: 25 pm.

n Fluorescence imaging of the liver and exocrine pancreas in hsd17b12a”" treated
with the Acsl4 inhibitor Rosi (rosiglitazone) (n > 3). o Measurement of the exocrine
pancreas and liver areas in both untreated and Rosi-treated hsd17b12a”". Scale bar:
250 um. p, q Fluorescence imaging and quantification of the exocrine pancreas and
liver areas in WT, hsd17b12a”", and Fer-1 (Ferrostatin-1)-treated hsd17b12a”" at 5 dpf
(n>3). Scale bar: 200 um. r RT-PCR of fabp10a and trypsin at 5 dpf after treatment
with Fer-1. Datain g, h, j, I, 0, q, r are represented as mean + S.D., using a two-tailed
Student’s ¢ test; each point represents an independent biological sample (n> 3).
Source data are provided as a Source Data file.

Supplementary Data 3). It is known that PA is essential for glycer-
ophospholipid metabolism, such as producing PG through the cyti-
dine diphosphate (CDP)-DAG pathway (Supplementary Fig. 8a)*’. We
found that genes involved in glycerophospholipid metabolism, such
as agpat2 and Ipin2, were highly expressed in hsd17b12a-positive
intestinal epithelial cells (Supplementary Fig. 8b). Further analysis of
RNA-seq results suggests that most genes involved in glyceropho-
spholipid metabolism, except Ipinl, were downregulated in the
intestines of mutants compared to WT (Supplementary Fig. 8c, d),
which is in accordance with the decreased level of PG in the mutants.
These results suggest that disruption of Hsd17b12a strongly impairs
PG synthesis.

To investigate how LC-PUFA synthesis defects affect PG synthesis,
we analyzed the LC-PUFA contents in mutants and WT. It was shown
that all LC-PUFA contents were decreased in mutants compared to WT,
with the most pronounced decrease observed in DHA (C22:6) (Fig. 6f).
Although free LA (C18:2) and ALA (C18:3) contents were also decreased
in mutants, the contents of TAGs containing LA and ALA in their side
chains were increased (Fig. 6f, g). The contents of PA and PG con-
taining LC-PUFAs were significantly decreased in mutants compared to
WT (Fig. 6h, i). Thus, LC-PUFAs synthesized by hsd17b12a, such as DHA,
are essential for PA and PG synthesis, through a DHA-PA-PG axis. Given
that suppression of ferroptosis rescues organ expansion defects, we
investigated whether disruption of the DHA-PA-PG axis contributes to
ferroptosis. Treatment of mutants with DHA, PA, or PG significantly
reduced acsl4b expression (Fig. 6j, k), suggesting an inhibition of fer-
roptosis. RT-PCR analysis demonstrated that DHA treatment improved
marker gene expression in the intestine, liver, and exocrine pancreas
of mutants (Fig. 61). Live imaging further indicated partial restoration
of the exocrine pancreas expansion defect (Fig. 6m, n). Therefore, our
results indicate that the DHA-PA-PG axis is crucial for digestive organ
expansion.

AGPAT2 and CDS1/2 interact to form functional complexes that
facilitate PA metabolism through the CDP-DAG pathway". In the
mutant, both agpat2, which converts LPA to PA, and pgsI, which
converts PA to PG, are specifically expressed in the primitive intes-
tine and are downregulated compared to the WT (Supplementary
Fig. 8c, d). However, overexpression of pgsi, but not agpat2, partially
rescued exocrine pancreas expansion defects and yolk malabsorp-
tion in the hsd17bi2a-knockdown embryos (Supplementary
Fig. 8e-g). Furthermore, overexpression of pgsI in the mutants res-
cued defects in exocrine pancreas expansion and yolk malabsorption
(Fig. 60-q), and also slightly suppressed ferroptosis, as indicated by
decreased acsl4b expression and increased levels of Gpx4 protein
(Fig. 6r; Supplementary Fig. 8h, i). To further confirm that the DHA-
PA-PG axis influences organ expansion via ferroptosis, we used four
gRNAs to knockout agpat2 and pgsi and observe the resulting phe-
notype in FO zebrafish*®. Knockout of agpat2 and pgsI resulted in
impaired expansion of liver and exocrine pancreas, as well as
reduced yolk absorption, while overexpression of these genes res-
cued knockout phenotypes (Supplementary Fig. 8j-0). Thus, the

DHA-PA-PG axis promotes yolk lipid absorption and organ expan-
sion, whereas its disruption leads to ferroptosis and defects in organ
expansion (Fig. 6s).

Discussion

The yolk sac has garnered considerable attention in recent research
due to its crucial role in nutrient absorption. Transcriptomic and
single-cell omics studies in humans and mice have highlighted its
significance, particularly in nutrient transport and embryonic
development***°, Disruption in yolk sac function, such as defects in
vitelline duct closure or impaired nutrient absorption, can lead to
developmental abnormalities like Meckel’s diverticulum®. Our study
identifies the primitive intestine as a primary site for synthesizing LC-
PUFAs and phospholipids (PLs), demonstrating that the Hsd17bl2a-
regulated DHA-PA-PG axis is crucial for yolk sac lipid absorption and
digestive organ expansion. The discovery of these regulatory
mechanisms is crucial for our understanding of early embryonic
development during eeNST, and may provide insights into therapeutic
strategies for gastrointestinal diseases related to nutrient absorption
disorders.

Previous studies have shown the role of protein and glucose
metabolism in digestive organ growth. For example, disruption of
mTORCI signaling or ribosome biosynthesis leads to hypoplasia of the
digestive organs due to impairing cell proliferation®**, and glucose
transporters are required for maintaining nucleotide synthesis and for
controlling liver outgrowth®. Nevertheless, the contribution of lipid
metabolism to the digestive organ development has been elusive.
Lipid metabolism is highly active during embryonic development,
both in the yolk and within the embryo". Despite its importance, the
regulation of yolk sac lipid utilization by the embryo is not well
understood. Our research reveals that the loss of Hsd17b12a disrupts
DHA, PA, and PG synthesis, namely a DHA-PA-PG axis, in the primitive
intestine, impairing yolk sac lipid absorption and digestive organ
expansion.

In hsd17b12a mutants, a significant imbalance in cell fate occurs in
the primitive intestine, characterized by the near absence of brush
border cells and hsdI7b12a-positive epithelial cells, alongside an
increase in enterocytes. This imbalance underscores the pivotal role of
hsd17b12a-positive epithelial cells in glycerophospholipid metabolism,
influencing intestinal cell differentiation. Blocking the DHA-PA-PG axis
or the glycerophospholipid metabolic pathway triggers ferroptosis in
the primitive intestine. Inhibiting ferroptosis rescues the expansion
defect in mutants, emphasizing the significant role of ferroptosis
homeostasis in digestive organ development. PG, a negatively charged
membrane phospholipid, facilitates material transport®, and main-
tains mitochondrial homeostasis®®. Our study indicates that PG defi-
ciency leads to ferroptosis and developmental defects in the digestive
organs.

In viviparous vertebrates, placental nutrient sensing and hormone
release regulate fetal nutrient supply, which is crucial for
development™®, The hormone-like peptide IGF2, produced by
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placental endocrine cells, modulates maternal glucose and lipid
metabolism to support fetal growth®. Oviparous vertebrates rely
exclusively on yolk nutrients for embryonic development, while
mechanisms governing yolk nutrient release by embryos remain
poorly understood. Our findings reveal that Hsd17b12a-mediated LC-
PUFA synthesis in the primitive intestine stimulates the release and
absorption of yolk lipids, promoting the expansion of digestive
organs. These insights enhance our understanding of nutrient
absorption mechanisms and could inform future research into rela-
ted developmental and metabolic disorders.

Methods

Ethics statement

All animal experiments were conducted according to the standard
animal guidelines approved by the Animal Care Committee of the
University of Chinese Academy of Sciences and the Institute of
Hydrobiology, Chinese Academy of Sciences.

Zebrafish
The zebrafish used in this study were maintained at the Chinese Zeb-
rafish Resource Center of the National Aquatic Biological Resource
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Fig. 6 | PG inhibits ferroptosis and promotes organ expansion. a UMAP analysis
classified the intestines of hsd17b12a”~ and WT. b Proportional statistics of the six
intestinal cell types in hsd17b12a”~ and WT. ¢ Violin plots showing hsd17b12a
expression profiles in six intestinal cell types. d Identification of enriched pathways
for highly expressed genes in intestinal epithelial cells (p-value < 0.05). e Heatmap
depicting changes in lipid components in WT and hsd17b12a”" larvae at 4 dpf
(n=3). f Differential analysis of free LC-PUFAs (long-chain polyunsaturated fatty
acids) in hsd17b12a” larvae compared to WT at 4 dpf. g Differential analysis of
TAGs (triglycerides) containing C18:2 or C18:3 in hsd17b12a”" larvae compared to
WT at 4 dpf. h, i Differential analysis of PA (phosphatidic acid) and PG (phospha-
tidylglycerol) in hsd17b12a” larvae compared to WT at 4 dpf. j, k RT-PCR analysis of
acsl4b gene expression at 5 dpf after DHA (docosahexaenoic acid), PA, and PG
immersion treatments. | RT-PCR analysis of fabp2, fabp10a, and trypsin expression
in WT, hsd17b12a”", and DHA-immersed hsd17b12a”" at 5 dpf. m, n Images and

quantification of the exocrine pancreas areas in WT, hsd17b12a”", and DHA-
immersed hsd17b12a”" at 5 dpf (n = 3). Scale bar, 200 pum. o Overexpression of pgsI
rescued exocrine pancreatic expansion defects and facilitated yolk utilization in
hsd17b12a” (n> 3). Scale bar, 250 um. p, q Quantification of exocrine pancreas area
and yolk area at 4 dpf. Yolk area highlighted with a white dotted line. r RT-PCR
analysis of acsl4b gene expression at 4 dpf following pgsI overexpression. s Model
of the DHA-PA-PG axis in the primitive intestine regulating digestive organ
expansion. In hsd17b12a”", the LC-PUFA synthesis is blocked, leading to TAG
accumulation in the yolk, decreased LC-PUFA and LC-PUFA-containing phospholi-
pids, further resulting in ferroptosis and defective digestive organ expansion. The
red arrows indicate increased content, while the blue arrows indicate decreased
content. Data in f-1, n, p, q, r are represented as mean + S.D., using a two-tailed
Student’s ¢ test; each point represents an independent biological sample (n > 3).
Source data are provided as a Source Data file.

Center (CZRC-NABRC, Wuhan, China, http://zfish.cn). The following
transgenic lines were utilized: Tg(fabplOa:dsRed; ela3l:EGFP)*°, and
Tg(ET33/1.EGFP)”. To investigate the effects of hsd17b12a over-
expression, Tg(CMV:mCherry,CMV:hsd17b12a) and Tg(hsp70:hsd17
b12a-P2A-GFP) were generated using Tol2 transposase. The corre-
sponding plasmid and Tol2 mRNA were co-injected into one-cell stage
WT embryos.

Knockout and knock-in at the hsd17b12a locus
The hsd17b12a knockout mutants were generated using CRISPR/Cas9.
The sgRNA sequence for targeting hsdl7bl2a was 5'-
GGATATGGGTGCTGGGAA

AC-3', designed with the CRISPR-scan tool®.. To identify homo-
zygous mutants, sequencing and PCR with specific primers were
employed. For the knock-in procedure, a 5xMyc-P2A-mCherry cassette
was introduced into the hsd17b12a genomic locus using a recently
developed induced primordial germ cell transplantation (iPGCT) and
CRISPR/Cas9-mediated knock-in technology®. The gRNA sequence for
the knock-in vector and the endogenous target was 5-
GGGGTTTCAAGCCGTAGAC-3'. All microinjections were conducted at
the one-cell stage embryos. Primers sequences used in these proce-
dures are listed in Supplementary Tables 3 and 4.

Morpholino Oligonucleotide (MO) design and injection

The hsdi17b12a morpholino oligonucleotide (hsd17b12a_ MO) was
designed by Gene Tools (https://www.gene-tools.com/). The sequence
targeting both the 5-UTR and the cDNA sequence with ATG is ACGT-
TAAACGACTCCATGTCTAC GG. To knock down hsd17b12a expression
in whole embryos, MO was injected at the one-cell stage. For specific
targeting of hsd17b12a expression in the yolk syncytial layer (YSL), MO
was injected at the 1000-cell stage®. Injected embryos were subse-
quently incubated at 28 °C until the desired developmental stages
were reached.

mRNA synthesis and yolk injection

hsdi17b12a cDNAs were transcribed in vitro using the mMESSAGE
mMMACHINE™ SP6 Transcription Kit (Invitrogen, Cat. AM1340) fol-
lowing the provided protocol. The transcribed mRNAs were injected
into one-cell stage embryos. Survival curves for WT, mutants and
mutants expressing hsd17b12a were generated by recording survival
rates over a period of fifteen consecutive days.

Treatment of embryos with DHA, PA, PG, Rosi, and Fer-1

Docosahexaenoic acid (DHA, Sigma-Aldrich, Cat. D2534) powder was
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mM,
and embryos were treated with 50 uM from 2 dpf to 4 dpf. DMSO
treatment was served as a control. Phosphatidic acid (PA, Sigma-
Aldrich, Cat. P9511), and phosphatidylglycerol (PG, Sigma-Aldrich, Cat.
P8318) powders were dissolved in chloroform at a concentration of

100 mM, and embryos were treated with 50 pM from 2 dpf to 4 dpf.
Chloroform treatment was served as a control. Ferrostatin-1 (Fer-1,
Sigma-Aldrich, Cat. SMLO583) powder was dissolved in DMSO at a
concentration of 200 mM, and embryos were treated with 20 pM from
3 dpfto 4 dpf. DMSO treatment was served as a control. Rosiglitazone
(Rosi, aladdin, Cat. 122320-73-4) powder was dissolved in DMSO at a
concentration of 200 mM, and embryos were treated with 1 pM from 2
dpf to 4 dpf. DMSO treatment was served as a control.

Quantitative RT-PCR

Total RNA was isolated from zebrafish embryos of WT and hsd17b12a™”
at 4 dpf and 5 dpf using the FastPure Cell/tissue Total RNA Isolation Kit
(Vazyme, Cat. RC101-01) according to the protocol provided with the
Kit. cDNA was synthesized from the isolated RNA using HiScript Il All-
in-one RT SuperMix Perfect for RT-PCR (Vazyme, Cat. R333) following
the provided protocol. Quantitative RT-PCR was performed with Taq
Pro Universal SYBR RT-PCR Master Mix (Vazyme, Cat. Q712) and
SYBRGreen Supermix (BioRad, Cat. 172-5124) on a BioRad CFX96 Real-
Time PCR Detection System. Expression values were calculated using
the 2" method and normalized to B-actin. The expression in control
sample was further normalized to 1. The primers used for RT-PCR are
listed in Supplementary Table 5.

Analysis of yolk syncytial layer (YSL) opacity

To analyze yolk syncytial layer (YSL) opacity*, embryo images were
obtained using transmitted light microscopy. The opacity of YSL the
was quantified based on the gray value of the eyes in the images. The
analysis was performed at 2 days post-fertilization (dpf), 3 dpf, and 4
dpf for both hsd17b12a mutants and WT embryos. Gray values were
measured using Image) software to determine differences in opacity
between groups.

Detection of Fe** levels and glucose levels

Fe? levels were detected using FerroOrange staining (DOJINDO, Cat.
F374)%%. Embryos were incubated with FerroOrange at a concentration
of 10 uM for 1 h at 37 °C. After staining the embryos were imaged using
a fluorescence microscope. Finally, the fluorescence intensity of the
liver and intestine was measured using Image]. Free glucose levels in
whole larvae were measured using a Glucose Kit (Jiancheng, Nanjing,
China, Cat. A154-1-1), according to the protocol provided with the kit.
Glucose concentration was quantified relative to the number of
embryos.

Measurement of triacylglycerol and free fatty acids

Yolks and bodies of embryos were dissected and measured indepen-
dently. The tissues were homogenized and centrifuged at 600 x g for
10 min. The supernatant was stored and analyzed using the Non-
esterified Free Fatty Acids (FFAs) Assay Kit (Jiancheng, Nanjing, China,
Cat.A042-2-1) and the Tissue Triglyceride Assay Kit (Jiancheng,
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Nanjing, China, Cat.A110-1-1), according to the protocol provided with
the Kits. Lipid amounts were normalized to the number of embryos.

Detection of ROS levels and MDA levels

Lipid peroxidation was assessed in WT and mutant using a Reactive
oxygen species Assay Kit (Jiancheng, Nanjing, China, EO04-1-1) at 4 dpf,
according to the protocol provided with the Kit. Malondialdehyde
(MDA) levels, indicative of lipid peroxidation, were measured using a
Microscale Malondialdehyde (MDA) Assay Kit (Jiancheng, Nanjing,
China, A003-1-2) at 4 dpf, according to the protocol provided with
the Kit.

Oil Red O staining and BODIPY-labeled fatty acid injection

WT and hsd17b12a” embryos at 3-5 dpf were fixed with 4% paraf-
ormaldehyde and stained with 0.3% Oil Red O solution®’. BODIPY™ FL
C12 (Invitrogen, Cat. D3822) were injected into the yolk of 4 dpf
embryos and fluorescence intensity of BODIPY in the yolk was mea-
sured at 10 min post-injection (mpi) and 2 h post-injection (hpi) com-
pared to the initial fluorescence intensity (O mpi)’. Images were
captured using a fluorescence microscope, and the fluorescence
intensity was quantified using ImageJ software.

In situ hybridization

Digoxigenin (DIG)-labeled oligonucleotides were synthesized using T7
polymerase and PCR-amplified sequences of genes of interest. The
primers used for synthesizing these probes are listed in Supplemen-
tary Table 6. Whole-mount in situ hybridization (WISH) was performed
on WT and hsd17b12a”~ embryos at different developmental stages
according to the protocol®*. In situ hybridization on frozen section was
performed®. In brief, larvae were embedded in OCT compound and
sectioned at 12-pum thickness. Sections were air-dried, fixed in 4% PFA
for 15 min, and then washed three times with 1x PBS for 5 min each.
DIG-labeled probes were hybridized at 70 °C overnight. DIG antibodies
were subsequently incubated at room temperature in the dark to
visualize the hybridization signals.

Immunofluorescence on sections

Immunofluorescence of frozen intestinal sections was performed on
WT and hsdI17b12a” primitive intestine®®. Sections were incubated
with primary antibodies overnight at 4 °C. and subsequently incubated
with secondary antibodies and DAPI overnight at 4 °C. The following
primary antibodies were used: mouse anti-Myc tag (Cell Signal Tech-
nology, Cat. 2276, 1:8000), rabbit anti-Gpx4 (HUABIO, Cat. ET1706-45,
1:100), rabbit anti-Rab13 (SAB, Cat. 46176-1, 1:200), rabbit anti-Claudin-
3 (Invitrogen, Cat. 18-7340, 1:200), mouse anti-ERp72 (HUABIO, Cat.
EM1701-95, 1:50) and mouse anti-Claudin-4 (Invitrogen, Cat. 32-9400,
1:200). Secondary antibodies included anti-rabbit Alexa Fluor 680 and
488 and anti-mouse Alexa Fluor 488. Fluorescent images were cap-
tured using a Leica SP8 confocal microscope.

Western blotting

Protein extraction was performed on 50 larvae per sample from WT
and hsd17b12a” embryos at 4 dpf, and western blotting (WB) was
conducted®’. The following primary antibodies were used for WB:
mouse anti-GAPDH (DIA-AN, Cat. 2058, 1:3000) and rabbit anti-Gpx4
(HUABIO, Cat. ET1706-45, 1:100). Protein bands were detected using
ECL western blotting detection reagents (Millipore, Cat. WBKLS0100,
Billerica, Massachusetts) and visualized with the ChemicDoc MP ima-
ging system (BioRad).

Histological analysis and transmission electron microscopy

Histomorphological analysis of WT and hsd17b12a”~ embryos at 4 dpf
and 5 dpf was conducted using paraffin embedding and HE staining.
For transmission electron microscopy (TEM), larvae were embedded in
Epon812 resin after dehydration. Ultrathin sections (70-80 nm) were

prepared using an ultrathin slicer. The sections were then examined
using a TEM for detailed structural analysis.

Gas chromatography-mass spectrometer (GC-MS) analyzes
Fatty acids (FAs) of WT or hsd17b12a”" 50 larvae were quantified using
gas chromatography-mass spectrometer (GC-MS). Total lipids were
extracted from dried larvae, and TAGs were separated. The FA content
in TAGs was then analyzed using GC-MS.

Liquid chromatography-mass spectrometry (LC-MS) analyses
Lipids were extracted from approximately 30 mg of WT and
hsd17b12a”- embryos (n=3 replicates) at 4 dpf using a modified ver-
sion of Bligh and Dyer’'s method®. Briefly, the tissues were homo-
genized in 750 pL of chloroform:methanol:MilliQ H20 (3:6:1) (v/v/v).
The homogenate was then incubated at 200 x g for 1 h at 4 °C. At the
end of the incubation, 350 uL of deionized water and 250 L of
chloroform were added to induce phase separation. The samples were
then centrifuged and the lower organic phase containing the lipids was
extracted into a clean tube. Lipid extraction was repeated by adding
450 L of chloroform to the remaining aqueous phase. The lipid
extracts were pooled into a single tube and dried in the SpeedVac
under OH mode. Samples were stored at —80 °C until further analysis.
Lipidomic analyses were conducted at LipidALL Technologies
using a Shimadzu Nexera 20-AD coupled with a Sciex QTRAP 6500
PLUS®’. Sample reconstitution was performed in isotopic mixed stan-
dards using an Exion UPLC-QTRAP 6500 Plus (Sciex) liquid
chromatography-mass spectrometry (LC-MS) system. All analyses
were conducted in electrospray ionization (ESI) mode under the fol-
lowing conditions: curtain gas =20, ion spray voltage = 5500V, tem-
perature =400 °C, ion source gas 1=35, and ion source gas 2=35.
Separation of individual lipid classes of polar lipids by normal phase
(NP)-HPLC was carried out using a TUP-HB silica column (i.d.150 x 2.1
mm, 3um) with the following conditions:mobile phase A (chlor-
oform:methanol: ammonium hydroxide, 89.5:10:0.5) and mobile
phase B (chloroform:methanol: ammonium hydroxide:water,
55:39:0.5:5.5). Multiple reaction monitoring (MRM) transitions were
established for comparative analysis of various polar lipids. Individual
lipid species were quantified by referencing spiked internal standards.
d9-PC32:0(16:0/16:0), d9-PC36:1p (18:0p/18:1), d7-PE33:1(15:0/18:1),
d31-PS(d31-16:0/18:1), d7-PA33:1(15:0/18:1), d7-PG33:1(15:0/18:1), d7-
PI33:1(15:0/18:1), C17-SL, d5-CL72:8(18:2)4, Cer d18:1/15:0-d7, d9-SM
d18:1/18:1, d7-LPC18:1, d7-LPE18:1, C17-LPI, C17-LPA, C17-LPS, and C17-
LPG, which were obtained from Avanti Polar Lipids. GM3-d18:1/18:0-d3
was purchased from Matreya LLC. Free fatty acids were quantified
using d31-16:0 (Sigma-Aldrich) and d8-20:4 (Cayman Chemicals).
Glycerol lipids, including diacylglycerols (DAG) and triacylgly-
cerols (TAG), were quantified using a modified version of reverse
phase HPLC/MRM. Separation of neutral lipids was achieved on a
Phenomenex Kinetex-C18 column (i.d.4.6 X100 mm, 2.6 um) using an
isocratic mobile phase containing chloroform:methanol:0.1M ammo-
nium acetate 100:100:4 (v/v/v) at a flow rate of 300 pL/min for 10 min.
Levels of short-, medium-, and long-chain TAGs were calculated by
referencing spiked internal standards of TAG(14:0)3-d5, TAG(16:0)3-d5
and TAG(18:0)3-d5 obtained from CDN Isotopes, respectively. DAGs
were quantified using d5-DAG17:0/17:0 and d5-DAGI18:1/18:1 as internal
standard (Avanti Polar Lipids). Quantification was achieved using the
isotope internal standard based on neutral loss MS/MS techniques.

RNA-seq and data analysis

For embryo samples, 50 embryos at 3 dpf and 4 dpf were collected as a
single sample. Total RNA from the samples was extracted using RNA-
prep Pure Micro Kit (TIANGEN, Cat. DP420) according to the provided
protocol in the Kit. Genomic DNA was removed using DNase |
(Vazyme). RNA-seq data for the intestine and liver at 5 dpf were
obtained from the National Genomics Data Centre (CRA005219 and
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CRA005220, https://ngdc.cncb.ac.cn/gsa)®. RNA-seq transcriptome
library construction and bioinformatics analysis were performed fol-
lowing standard protocols’.

Generating single-cell suspensions for single cell RNA-seq

Embryos at 4 dpf were first treated with 1x PBS (pH 7.4) containing an
anesthetic to stabilize the embryos during dissection. Using two syr-
inges with fine needles, the needle in the left hand was inserted into the
swim bladder to stabilize the embryo, while the needle in the right
hand was used to gently scraped and remove the tissue around the
yolk. Subsequently, the skin surrounding the hindgut was peeled away.
After draining the yolk and removing the skin around the hindgut, the
needle in the right hand was positioned at the junction of the foregut
and esophagus through an abdominal incision, and the junction was
gently severed. The organs, including the intestine, liver, and pancreas,
were then removed together and separated using the needle. All dis-
sections were performed under a light microscope to ensure precision.

The liver, intestine, and pancreas tissues from WT (n=100) and
hsd17b12a™ (n = 200) zebrafish were placed in 2 mL low-adsorption EP
tubes containing 1 mL of L-15 (Sigma-Aldrich) and cut into pieces. Next,
0.25% trypsin (Biological Industries), 400 U/mL collagenase a (Alad-
din), and 0.05% DNasel (Roche) were added to 1 mL L-15, followed by
incubation at 32°C for 2-3 h in a water bath. Once the large tissue
masses had disappeared, the resulting cell suspension was filtered
sequentially through 70 pm and 40 pm cell strainers to remove small
tissue debris. The reaction was terminated by adding 10% fetal bovine
serum (FBS). Cells were washed three times with Dulbecco’s
phosphate-buffered saline (DPBS) containing 0.04% bovine serum
albumin (BSA) and resuspended in 100-200 pL of the same buffer. For
viability assessment, 10 pL of the cell suspension was mixed with 10 pL
of AOPI dye, then applied to a Countstar cell plate and analyzed using
the Countstar instrument to determine viable cell concentration, via-
bility, diameter, and aggregation rate.

Single-cell suspensions were processed using the 10X Genomics
Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v3.1.
Libraries were constructed according to the Chromium Next GEM
Single Cell 3’ Reagent Kits v3.1 User Guide. Quality control of libraries
involved quantification using a Nanodrop spectrophotometer, agarose
gel electrophoresis to check for degradation and contamination, and
analysis with the Agilent 2100 Bioanalyzer for library integrity and
quantification. Paired-end sequencing with 150 bp read length on each
end was performed on the Illumina HiSeq platform.

Processing and analysis of single-cell RNA-seq data

To analyze RNA-seq data from single cells, Cell Ranger (10X Genomics,
version 7.1.0) was employed to process lllumina sequencing data and
map reads to the reference genome of zebrafish (Ensembl
GRCz11.108). The output matrices from Cell Ranger were analyzed
using the Seurat R package (version 4.3.0) in RStudio. To reduce the
number of low-quality cells and doublets, cells with fewer than 200
unique molecular identifiers (UMIs), more than 3000 UMIs, or greater
than 10% mitochondrial reads were excluded. The Seurat package was
used to normalize the expression values, cluster all cells in the inte-
grated dataset at a resolution of 0.2, and cluster the intestinal cells in
the integrated dataset at a resolution of 0.1. Following the identifica-
tion of marker genes for each cluster using the ‘FindMarkers’ function
in Seurat, the clusters were annotated based on known cell type mar-
kers in zebrafish.

Reagents and antibodies
See Supplementary Table 7.

Statistical analysis
WT, hsd17b12a”, and hsd17b12a”" zebrafish embryos were obtained
from incross of hsd17b12a"" males and females and the genotypes of

offspring were identified before all the experiments. Early embryos
and WISH samples were imaged using a fluorescence stereomicro-
scope (Axio Zoom.V16, Zeiss), chemical stained sections were imaged
using a microscope (Scope.Al, Zeiss), immunofluorescence sections
were imaged using a confocal microscope (SP8, Leica). The replicate
numbers or sample numbers are identified in the figures, figure
legends or text. The diagram in Fig. 6s was created using Adobe
Illustrator 2020, and the diagrams in Supplementary Fig. 3b and Sup-
plementary Fig. 5a were drawn using Microsoft Office PowerPoint.
Images were processed using Image ] software (version 1.8.0), and data
were analyzed using R software (version 4.3.0), or GraphPad Prism
8.0 software. All data are presented as mean values +S.D.. Unpaired
two-tailed Student’s ¢ test was used to calculate the P values.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequence data that support the findings of this study have been
deposited in the Genome Sequence Archive at the National Genomics
Data Center, China National Center for Bioinformation/Beijing Insti-
tute of Genomics, Chinese Academy of Sciences (CRA018363 [https://
ngdc.cncb.ac.cn/gsa/search?searchTerm=CRA018363], CRAO01833],
and CRA018335) are publicly accessible at https://ngdc.cncb.ac.cn/gsa.
The lipidomics data are provided in Supplementary Data 3. Public bulk
RNA-seq data are available in the GSA database under the accession
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