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In eutherians, the placenta plays a critical role in the uptake, storage, and metabolism of lipids.
These processes govern the availability of fatty acids to the developing fetus, where inadequate
supply has been associated with substandard fetal growth. Whereas lipid droplets are essential
for the storage of neutral lipids in the placenta and many other tissues, the processes that regulate
placental lipid droplet lipolysis remain largely unknown. To assess the role of triglyceride lipases
and their cofactors in determining placental lipid droplet and lipid accumulation, we assessed

the role of patatin like phospholipase domain containing 2 (PNPLA2) and comparative gene
identification-58 (CGI58) in lipid droplet dynamics in the human and mouse placenta. While both
proteins are expressed in the placenta, the absence of CGI58, not PNPLA2, markedly increased
placental lipid and lipid droplet accumulation. These changes were reversed upon restoration of
CGI58 levels selectively in the CGI58-deficient mouse placenta. Using co-immunoprecipitation, we
found that, in addition to PNPLA2, PNPLAS interacts with CGI58. PNPLA9 was dispensable for
lipolysis in the mouse placenta yet contributed to lipolysis in human placental trophoblasts. Our
findings establish a crucial role for CGI58 in placental lipid droplet dynamics and, by extension, in
nutrient supply to the developing fetus.

Introduction
The placenta plays a vital role in supporting the growth and development of the eutherian fetus. Placental
nutritional supply to the fetus includes triglycerides and other lipids, which account for more than half of
the fetal caloric accretion during the second half of human pregnancy (1-8). Specifically, long-chain poly-
unsaturated fatty acids (LCPUFAs) are necessary for fetal brain and eye development. Indeed, unlike the
trafficking of most fatty acids, which reflects their concentration in the maternal plasma (8), there is pref-
erential transplacental transfer of the LCPUFAs docosahexaenoic acid (DHA) and arachidonic acid (AA)
when compared with short-chain fatty acids, resulting in their higher concentration in the fetal blood than
in the maternal blood (1, 9-15). Because the overall feto-placental lipogenic capacity does not meet intra-
uterine growth needs, maternal lipid supply is indispensable. Not surprisingly, pregnancy is characterized
by increased maternal gut lipid absorption, hyperlipidemia, and augmented maternal adipose stores (16).

Maternal blood triglycerides (TGs) within chylomicrons or very low-density lipoproteins must be
hydrolyzed by lipoprotein lipases to fatty acids and glycerol prior to their uptake by placental trophoblasts
(14). Fatty acids enter trophoblasts by passive diffusion or through enhanced transport by specific fatty acid
transporters (17, 18). In the cytosol, lipids bind fatty acid binding proteins for trafficking to intracellular
compartments (19), including lipid droplets (LDs), where fatty acids are re-esterified for efficient storage in
LDs and for prevention of cell injury by free fatty acids (20, 21).

Serving as an intracellular lipid depot, LDs comprise a core of TGs and cholesterol, within a mono-
layer of phospholipids, with attached regulatory proteins (22, 23). LDs are highly dynamic structures,
modulated by a balance of uptake, storage, transport, and metabolism (24). The formation of LDs is an
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intricate process that requires enzymes and cofactors (25). LD hydrolysis is an intricate process, requiring
the action of adipose triglyceride lipase (ATGL, PNPLA2, desnutrin) (26-28), which belongs to a family
of patatin-like phospholipases (PNPLA1-9) with diverse lipolytic functions (29). PNPLA2 is expressed
in white and brown adipose tissue and in many other organs. PNPLA2-knockout (PNPLA2-KO) mice
exhibit mild obesity and die from heart disease after 12 weeks, reflecting their inability to mobilize fat-
ty acids for fuel (20, 30-32). PNPLA2 is regulated by G,/G, switch gene (G0S2), cAMP, perilipins
(PLINs), ER/Golgi, and endocytosis proteins (33).

LD breakdown requires the interaction of PNPLA2 with its cofactor, comparative gene identifi-
cation-58 (CGI58, also known as o/ hydrolase domain 5, ABHDS5) (34-36), which was identified by
comparative genomics analysis between C. elegans and humans (37). CGI58 is critical for defining sub-
strate specificity and hydrolysis of LD TGs (38-40). Although CGI58 lacks lipid hydrolase activity (38),
it broadens the affinity of PNPLAZ2 to glycerol-bound fatty acids to include lipolysis at the sn-1 position,
in addition to sn-2 (38, 41, 42).

In humans, function-perturbing mutations in CGI58 cause neutral lipid storage disease with ichthyosis
(NLSDI, also known as Chanarin-Dorfman syndrome), a rare autosomal recessive and severe multiorgan
TG accumulation disease (43—46), in which the skin phenotype reflects the absence of the acylceramide
intermediates essential for skin cornification (47). Crossing of Cgi58-heterozygous (Cgi58-Het) mice leads to
Mendelian distribution of their progeny, yet KO mice die within 16 hours after birth with a phenotype that
resembles its human counterpart (48). In contrast, PNPLA2 deficiency in humans causes neutral lipid stor-
age disease with myopathy, characterized by systemic TG accumulation and cardiac and skeletal myopathy,
with less hepatomegaly and liver steatosis when compared with NLSDI (46, 49).

In the absence of lipolysis, CGI58 is tethered through its tryptophan-rich N-terminal domain to LD
surface PLIN proteins and LD phospholipids (50), rendering PNPLA2, at the LD surface, inactive (26,
42, 51-54). The phosphorylation of PLIN, dissociation of CGI58 from PLIN proteins, and interaction
of CGI58 with PNPLA?2 are critical steps for activating PNPLA2 and subsequent lipolysis and regulated
by PKA-dependent lipase phosphorylation and by PLIN ligands (38, 55-58). During lipolysis, PNP-
L A2 converts triacylglycerol (TAG) to diacylglycerol (DAG). In the second step, DAG is hydrolyzed by
hormone-sensitive lipase (HSL) to monoacylglycerol (MAG), which is subsequently hydrolyzed by
monoglyceride lipase (26, 36, 59-62).

A unique aspect of placental lipid mobilization to the fetus is the need for lipolysis not only for
satisfying placental metabolic and energetic requirements but also to regulate the release of fatty acid to
the developing fetus. While critically important, placental LD dynamics remain understudied. We have
previously shown that the accumulation of TGs in trophoblastic LDs is enhanced by hypoxia and by acti-
vation of PPARy/retinoic acid receptor pathways (63-65). We also showed the regulatory role of PLIN2
in this process (66). The regulation of LD lipolysis in trophoblasts has not been hitherto studied to our
knowledge. Here, we hypothesized that PNPLA2 and its cofactor CGI58 regulate lipolysis at trophoblas-
tic LDs. We show that CGI58 is essential for mouse and human placental LD lipolysis. While PNPLA2
is critical for lipid accumulation in many organs, its function in the placenta appears dispensable. Using
CGI58 protein as bait, we identified PNPLA9 as a CGI58-interacting protein and showed the function
of PNPLAY in TG accumulation in placental LDs.

Results

The lipase cofactor CGI58 plays a central role in trophoblastic LD accumulation. We previously showed that
exposure of primary human trophoblasts (PHT cells) to hypoxic injury led to accumulation of TGs within
LDs. This process was PLIN2 dependent and driven by decreased oxidation and reduced fatty acid efflux
(66). As expected, PHT cells also amassed LDs when exposed to diverse types of fatty acids, with a vari-
able effect on cell phenotype (Supplemental Figure 1, A-D; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.168717DS1). Considering the scant data on pathways
regulating trophoblastic LD lipolysis, we sought to first assess the expression of proteins that might be
involved in trophoblastic lipolytic pathways. PNPLA2 has been shown to be expressed in the placenta (67).
Assessing the expression of HSL, PNPLA2, and the PNPLA2 cofactor CGI58, we detected the expres-
sion of transcripts for CGI58 and PNPLA2, but not HSL, in PHT cells cultured in standard or hypoxic
conditions when compared with other human tissues (Supplemental Figure 1E). Pnpla2 and Cgi58 were
also expressed in the mouse placenta (Figure 1, A and B).
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To analyze the role of PNPLA2 and its cofactor CGI58 in placental lipolysis, we examined placental
LD accumulation in mice deficient for Pnpla2, Cgi58, or both (DKO, Figure 1C). Notably, it was previ-
ously reported that both Pnpla2- and Cgi58-KO mice were born at the expected Mendelian distribution,
and while Pnpla2-KO mice survived to adulthood, Cgi58-KO newborns died 2 days after delivery from
the phenotype described earlier. We verified these findings, noting small differences in fetal or placental
weight in the Pnpla2-KO or Cgi58/Pnpla2-DKO mice, compared with controls (Supplemental Figure 2,
A-C). Importantly, when compared with WT or Cgi58-Het mice, Cgi58-KO mice exhibited marked accu-
mulation of neutral lipids in the placenta (Figure 1, C-E). Pnpla2-KO placentas showed a small, yet
significant, neutral lipid accumulation, with no additional effect in Cgi58/Pnpla2-DKO mice compared
to Cgi58-KO mice (Figure 1D). Tandem mass spectrometry (MS/MS) analysis of the Cgi58-KO placenta
also verified elevated total TAG levels (Figure 1F), particularly in LCPUFA species containing 20:4,
22:4,22:5, and 22:6 acyl chains (Supplemental Table 1).

As expected, CGI58 was also expressed in human villous trophoblasts. We validated the effect of
CGI58 deficiency using knockdown (KD) of CGI58 in PHT cells, showing accumulation of LDs in these
cells (Figure 1, G and H). To rule out the possibility that the effect of CGI58 ablation was mediated by
altered expression of PLIN2, which promotes placental LD formation (66), we showed that KD of CGI58
had no effect on PLIN2 or PLIN3 mRNA in PHT cells (Supplemental Figure 2D). Similarly, KD of CGI58
had no effect on PNPLA2 expression in PHT cells (Supplemental Figure 2E).

To ensure that lipid accumulation in the Cgi58-KO mouse placenta indeed reflected the deletion of pla-
cental Cgi58 and not an indirect effect by other fetal organs, we deployed lentivirus-driven overexpression
of Cgi58 selectively in the blastocyst, which leads to overexpression of the Cgi58 transgene in the trophecto-
derm and, later, the placenta, but not in the fetus (Figure 2A) (68-70). Notably, we previously showed that
this approach leads to transgene overexpression in the mouse placental labyrinthine and junctional zones
(70). Because the mouse ICR (CD1) line was needed for this lentivirus-driven manipulation, we first vali-
dated that fetuses and placentas from transferred ICR blastocysts resembled those derived from C57BL/6
blastocysts (Supplemental Figure 3A). We verified that the lentiviral transduction rescued CGI58 expres-
sion in the Cgi58-KO placenta, with no effect on feto-placental weight (Figure 2B and Supplemental Figure
3B). Importantly, we found that the placenta-selective CGI58 rescue in the Cgi58-KO mouse markedly
lowered placental lipid levels, and, outstandingly, restored the distribution of TAG-bound fatty acids in
placental TAG (Figure 2, C—E). We also verified that the rescue effect was selective to the placenta and not
observed in the fetal liver (Supplemental Figure 3C). Together, these data establish the potentially unique
role of CGI58 in the accumulation of LDs and neutral lipids in the placenta.

Placental PNPLAY interacts with CGI58. Considering the relatively minor role of PNPLA2 in tropho-
blastic LD accumulation, we surmised that other lipases might interact with CGI58 and mediate LD
lipolysis in trophoblasts. To identify additional lipases that might interact with CGI58, we used Sulfo-
SBED to cross-link CGI58 with putative interacting proteins present in a placental tissue lysate. After
UV irradiation, the cross-linked CGI58 and its potential partners were precipitated using streptavidin
beads and resolved using SDS-PAGE gel. The gel slices were cut and analyzed by MS proteomics.
Among the interacting peptides in the 65 to 80 kDa gel slice (Supplemental Table 2), we identified the
phospholipase and triglyceride lipase PNPLA9 (PLA2G6) as a potential CGI58-interacting partner. We
validated the interaction of PNPLA9 with CGI58 by pulling down the Sulfo-SBED-biotinylated CGI58
and showed that endogenous PNPLAY indeed associated with CGI58 compared with BSA control (Fig-
ure 3A). We corroborated this interaction using purified His-tagged CGI58 as bait for PNPLA9 from
a mouse placental lysate (Figure 3B). Consistently, by immunoprecipitating His-CGI58 in HEK293T
cells coexpressing FLAG-PNPLA9 and His-CGI58, we found that FLAG-PNPLA9 associated with
CGI58 compared with control cells expressing FLAG-PNPLA9 alone (Figure 3C). Reassuringly, we
also found that His-CGI58 interacted with FLAG-PNPLA2 or FLAG-PNPLA9 once we pulled down
the FLAG fusion proteins (Figure 3D).

The function of PNPLAY in trophoblastic LD accumulation. We first assessed the expression of
PNPLAO9 in the human and mouse placenta. As shown in Supplemental Figure 4, A and B, PNPLA9
is expressed in human placental villi, mainly in the trophoblast layer, with scattered expression in the
villous core, and across all layers of the mouse placenta. Using laser-capture microdissection, we quan-
tified the relative expression of mouse Pnpla9, also validating a similar expression pattern for Cgi58 and
Pnpla2 (Supplemental Figure 4C).
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Figure 1. The function of Pnpla2 and Cgi58 in the placenta. (A and B) The expression of Pnpla2 and Cgi58 RNA (A): n = 3, *P < 0.05, ANOVA with post
hoc Tukey's test; and protein (B) across the second half of mouse pregnancy (n = 5). DKO, double KO. (C) The effect of ablation of Atgl, Cgi58, or both

on placental lipid accumulation at E17.5, monitored using Oil Red O staining for neutral lipids, performed as detailed in Methods. WT, wild-type. (D) The
accumulation of LDs in the E17.5 mouse placental labyrinth (left, n = 48-63) or TGs (right, n = 3-18) according to mouse genotypes. *P < 0.01, **P < 0.001,
ANOVA with post hoc Tukey’s test. (E) The accumulation of LDs in the E17.5 mouse placental labyrinth, analyzed using bright-field microscopy enhance-
ment as descried in Methods. (F) The level of TAG in the mouse placenta in WT and Cgi58-KO0 placentas, analyzed by MS/MS (n =10, *P < 0.0001, t test).
(G) Immunofluorescence staining of CGIS8 (shown in red), with nuclei stained with 4',6-diamidino-2-phenylindole (DAPI) (blue), in human placental villi.
(H) Knockdown of CGI58 in PHT cells, stained with boron dipyrromethene difluoride 493/503 (BODIPY) (green) for LDs and DAPI (blue) for nuclei.
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Figure 2. Rescue of the lipid accumulation phenotype in Cgi58-KO mice by placenta-selective overexpression of CGI58. (A) A schematic depicting our
strategy for rescue of the Cgi58-mediated placental phenotype. (B) Western blot, showing overexpression of CGI58 in WT or Cgi58-KO placentas. (C) Oil
Red O staining of the WT versus Cgi58-KO mouse placenta, analyzed using bright-field microscopy enhancement as descried in Methods. (D) The ratio of
mouse Cgi58 expression (based on variable CGI58 expression in several individual Cgi58-KO placentas) to placental TG levels, analyzed using R?-goodness-
of-fit. (E) MS/MS analysis of TAG's fatty acid distribution across the phenotypes as noted in the figure, expressed as m/z ratio.

We used Prpla9-KO mice to explore the potential role of PNPLA9 in placental lipid accumulation. We
examined LD accumulation in WT, Prpla9-Het, or Pnpla9-KO placentas, and as expected, we found no signifi-
cant difference in fetal or placental weights among these genotypes (Supplemental Figure 4D). Importantly, we
found no difference in LD accumulation in the Prpla9-KO mouse placenta (Figure 4, A and B). We also used
MS/MS to show that mouse KO of Pnpla9 did not affect the distribution of TAG-bound placental fatty acids
(compare Supplemental Figure 4E to Figure 2E). Moreover, crossing mice to produce Pnpla2/Pnpla9 Het/Het,
Het/KO, and KO/KO fetuses had an insignificant effect on placental TG accumulation (Supplemental Figure
4F). Interestingly, using CRISPR/Cas9 to knock out PNPLA9 in a BeWo trophoblast line, we found no differ-
ence at baseline, as expected, but a significant increase in accumulation of LDs in PNPLA9-KO cells upon addi-
tion of a linoleic acid/oleic acid (LA/OA) fatty acid mix for 48 hours (Figure 4C), with an insignificant differ-
ence in LD accumulation between WT and PNPLA9-KO BeWo trophoblasts that were exposed to LCPUFAs
(Supplemental Figure 4G). Together, these results establish the dominant role of CGI58 in placental lipid accu-
mulation, with a minor role for PNPLA9 in LD dynamics in human trophoblasts.

The expression and function of PNPLA2, PNPLAY, and CGI58 in hypoxic placentas. We previously showed that
hypoxia increases lipid accumulation in trophoblasts by reducing -oxidation and neutral lipid efflux but with-
out affecting lipid uptake or TG synthesis (66). We therefore surmised that hypoxia might reduce the expression
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Figure 3. CGIS58 interacts with PNPLAS in the placenta. (A) CGI58 cross-linked with Sulfo-SBED interacts with endogenous Pnpla9 in mouse placenta.
Purified BSA and His-CGI58 were UV-cross-linked with Sulfo-SBED and mixed with WT mouse placental lysate, then pulled down using streptavidin

beads as detailed in Methods and processed for Western blot (WB) for CGIS8 and PNPLAS. Note that CGI58 was conjugated to Sulfo-SBED in the third

lane and, hence, shows a higher band. (B) Purified His-CGI58 interacts with endogenous PNPLAS in a mouse placenta lysate. The immunoprecipitations
were performed overnight with either IgG (control) or anti-His antibody and processed for His-CGI58 or PNPLAS blots, as detailed in Methods. (C) Over-
expressed His-CGI58 interacts with overexpressed FLAG-PNPLAS in HEK293T cells. Transfections, overnight immunoprecipitation (IP), and blotting were
performed as detailed in Methods. WB was performed using anti-FLAG antibody. (D) Overexpressed His-CGI58 interacts with overexpressed FLAG-PNPLA2
or FLAG-PNPLAS in HEK293T cells. The experiment was performed as in panel C, with IP of FLAG and the addition of FLAG-PNPLA2. WB was performed
using anti-His antibody. Note that all panels depict a representative experiment, each repeated at least 3 times.

of CGIS58 or its associated lipases and thus diminish the breakdown of neutral lipids from their LD reservoir.
As expected, culturing PHT cells in hypoxia led to LD accumulation (Figure 5A and Supplemental Figure 5, A
and B). Importantly, this was associated with reduced expression of CGI58 mRNA and protein, yet increased
PNPLAZ2, and led to a small reduction in PNPLAY protein levels (Figure 5, B-D, and Supplemental Figure
5C). We also showed that KO of PNPLA9 in BeWo cells led to further accumulation of cellular LDs in cells
exposed to hypoxia and reoxygenation (Figure 5E).

To determine whether hypoxia and reoxygenation of the mouse dam in vivo enhances lipid accumula-
tion, we placed pregnant dams in hypoxia (O, = 11%) between E12.5 and E17.5 and analyzed lipid accu-
mulation after exposure to hypoxia. Notably, there was no difference in fetal or placental weight among the
paradigms (Supplemental Figure 5D), with no further accumulation of placental LDs in hypoxic Cgi58-KO
placentas (Supplemental Figure 5E). After reoxygenation of the Prnpla9-KO mice for 4-24 hours before sac-
rifice, we found a small increase in accumulation of placental TGs. This increase was strikingly lower than
the accumulation of neutral lipids in the Cgi58 mice on room air (Figure 5F). Together, these data support
the role of CGIS58 in regulating lipid efflux from placental LDs during hypoxia and suggest a more minor
role for PNPLAY in that context.

Discussion

In our quest to understand lipid mobilization across the placenta, we centered our investigation on the LD
depot in trophoblasts and on key lipases and their cofactors that regulate the initial lipolytic steps. Thus
far, data on these processes in the context of placental biology are scarce, showing that the expression of
CGI58 mRNA is increased by 2-fold in placentas from pregnancies complicated by gestational diabetes or
maternal obesity, with no change in PNPLA?2 in these conditions, and reduced by nearly 2-fold in placen-
tas from women with preeclampsia (71-73). We found that CGI58 was expressed in human and mouse
trophoblasts and that CGI58 was essential for placental lipid mobilization, with intense lipid accumula-
tion in the placentas of CGI58-KO fetuses, which was corrected upon selective overexpression of CGI58
in the placenta. Notably, although CGI58 was expressed in the placental labyrinthine and junctional
zones, fat accumulated mainly in the labyrinthine zone of the CGI58-KO mouse placenta, which plays a

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 6
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described in Methods (n = 4-6, *P < 0.01, ANOVA with Tukey’s post hoc test). The Western immunoblotting validates PNPLAS-KO efficiency.

dominant role in maternal fetal oxygen and nutrient exchange. Although CGI58 is identified as a cofactor
of PNPLA2 and required for the TAG hydrolase activity of PNPLA2 (38, 54), our results indicate that
the role of PNPLA2 is minor. Our observations resemble the more widespread phenotype of human or
murine CGI58 mutations, causing hepatomegaly, hepatosteatosis, and ichthyosis, when compared with
the more restricted phenotype of PNPLA2 deficiency (4648, 74).

The phenotypic differences between deficiency of CGI58 or PNPLA2 suggest that CGI58 may have
other functions (75). Indeed, CGI58 is implicated in regulation of inflammation and insulin resistance
(76) and lysophosphatidic acid—specific acyltransferase activity (77, 78). The relevance of these activities
to placental function is currently unknown. An alternative explanation is that CGI58 may be a cofactor
for the activity of other lipases (reviewed in ref. 79). To examine this possibility, we used a protein-protein
interaction assay, using CGI58 as bait, and identified PNPLA9 as a CGI58-interacting protein in mouse
placental tissues and in human trophoblasts. We validated this interaction using several protein-protein
immunoprecipitation approaches, where WT or His-tagged CGI58 was used as bait to pull down PNPLA9
from mouse placental lysate, with immunoprecipitation validated in human cells. Finally, we highlight that
other CGI58-interacting proteins that were identified in our protein-protein interaction assay, and other
proteins that were expressed at a lower level and below our assay sensitivity, may be relevant to modulation
of CGI58 action. Notably, PNPLA2 was not identified in our screening assay, yet we validated its interac-
tion with CGI58 by immunoprecipitation.

The family of PNPLA proteins includes at least 10 proteins, with members exhibiting acyl hydro-
lase activity or phospholipase activity. Some members, including PNPLA2 and PNPLAY, include both
functions (27; reviewed in refs. 29, 80, 81). We showed that PNPLAY is expressed in human and mouse
trophoblasts. Although PNPLAJY deficiency, alone or in combination with PNPLA2 deficiency, did not sig-
nificantly affect lipid accumulation in the mouse placenta, we observed a more pronounced effect on LDs
and neutral lipids in human placental cells, implying a role for PNPLA9 in human trophoblasts.

We previously showed that human placentas from pregnancies complicated by fetal growth restric-
tion related to reduced placental perfusion exhibit lipid retention and that LD accumulation in hypoxic
trophoblasts can be attributed to reduced lipid oxidation and efflux (66). Here, we examined the effect
of hypoxia on the expression of placental PNPLA2, PNPLAY, and CGI58. We found that hypoxia led
to reduced expression of CGI58 mRNA and protein, with a weak effect on the expression of PNPLAY,
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Figure 5. The function of CGI58 and PNPLAS in the hypoxic placenta. (A) LD accumulation in trophoblasts during hypoxia and reoxygenation. PHT cells
were exposed to standard culture conditions for 48 hours, then to hypoxia for 16 hours (48-64 hours), and then back to standard conditions for an additional
12 hours, as detailed in Methods and shown in the upper panel. The images show LD accumulation over the experimental time course. (B) The expression of
PNPLA2, PNPLAY, and CGI58 mRNA in hypoxic (48-72 hours) PHT cells (n = 4, *P < 0.05, paired t test). (C) The expression of CGI58 protein along the time
course in A. (D) The expression of PNPLA protein along the time course in A (representative experiments, n = 3). (E) The effect of PNPLA9 KO on LD accumu-
lation in BeWo cells (n = 7-8, *P < 0.05, ANOVA with Tukey’s post hoc test). (F) The effect of hypoxia on LD accumulation in the E17.5 mouse placenta, based
on Pnplag genotype, with Cgi58-KO mice, maintained in room air, used as a positive control (n = 4-8, *P < 0.05, ANOVA with Tukey’s post hoc test).

and increased expression of PNPLA2. Together, our data suggest that diminished expression of CGI58
contributes to lipid retention in hypoxic trophoblasts, highlighting a key role for CGI58 in placental lipid
mobilization. Additional detailed experiments might be warranted to confirm these results in conditions
that mimic hypoxic placental injury in human diseases.

We were intrigued by the enhanced retention of LCPUFA in CGI58-KO placentas, which was reversed
by the placenta-specific overexpression of CGI58. This shift in retention of LCPUFA and very-long-chain
PUFA was also seen in LDs of PNPLA2-KO mouse hepatocytes, particularly after fasting (82). It has been
shown that PNPLA2 prefers hydrolysis at the sn-2 position, resulting in sn-1,3 DAG (41). This specificity is
broadened to the sn-1 position in the presence of CGI58. Further, PNPLA?2 favors hydrolysis of long-chain
fatty acids, possibly preferring hydrolysis of esters with mono- or polyunsaturated fatty acids (41). Together,
these observations may explain our observation of the “right shift” in retained fatty acids in CGI58-KO
mice. Our complete understanding of PNPLA2 and CGI58 function in TAG hydrolysis and the potential
preference of LCPUFA await a high-resolution analysis of CGI58/PNPLA2 protein complexes on the
LD surface. Regardless, the retention of placental LCPUFA is consistent with the increased retention of
LCPUFA and decreased fetal levels of the LCFUFAs AA and DHA in the growth-restricted fetus (83, 84).

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 8



. RESEARCH ARTICLE

While our work served to identify key regulators of lipolysis in trophoblastic LDs, our use of a global
CGI58 KO prohibited us from assessing the fetal consequences of CGI58 deficiency in the placenta. Indeed,
CGI58-KO mice exhibited lipid accumulation in fetal organs, such as hepatomegaly and hepatosteatosis
(48, 74), which might have impeded assessment of overall fetal growth. Such functional assessment awaits
the generation of placenta-specific CGI58 KO. Further, we focused on the interaction between PNPLA
lipases and their cofactor CGI58, yet other known regulators of lipolysis at the LD, including other PNPLA
members, may be relevant to efflux of neutral lipids from trophoblasts and the reduced efflux in hypoxia (85,
86). HSL regulates the second step in TAG hydrolysis, converting DAG to MAG, a process independent of
CGI58 activity (57, 87). While the level of HSL was below the level of detection in our assays, others have
reported the expression of HSL in the placenta (88-90). Other proteins have been implicated in attenuation
of PNPLAZ2 hydrolysis, including hypoxia-inducible gene-2, also known as hypoxia-inducible LD-associated
protein, and its ortholog G0S2, which directly binds PNPLA2 through the patatin domain-containing region
of PNPLA2 and inhibits its TAG hydrolase function (40, 91-96). Other potential regulators of CGI5S,
including some of those identified through our protein-protein interaction screen, might play a role in tro-
phoblastic lipid mobilization. Further, the coordinated action of these factors and cofactors might be per-
turbed in pregnancy complications that emanate from placental dysfunction. Similarly, the regulation of
placental PNPLA2, PNPLA9, and CGI58 by insulin, as shown in other systems, remains to be clarified (97).
Other relevant regulators, such as PPAR agonists, glucocorticoids, mMTOR complex activators, or sirtuin 1,
may also play a role in regulation of PNPLA2, PNPLAY, and CGI58 actions (36). Interestingly, PNPLA2
was recently shown to exhibit transacylase activity, critical for the formation of the antiinflammatory and
antidiabetic palmitic acid esters of hydroxy stearic acids, and this activity was augmented (1.5-fold) by
CGI58 (98). The relevance of these activities to placental LD balance remains to be elucidated.

Methods

Human placentas. All participants provided informed consent to the use of deidentified and discarded term
placentas (37-41 weeks) after uncomplicated labor and delivery, under protocols approved by the Institutional
Review Board at the University of Pittsburgh. This included the use of whole placentas for trophoblast cell
dispersal (protocol STUDY20050066) or for placental biopsies (protocol STUDY 19120076). These biopsies
(5 mm?®) were obtained immediately after delivery, using a region of the placenta that is midway between the
cord insertion and the placental margin and between the chorionic and basal plates, as we previously detailed
(99). All tissues were either snap-frozen in liquid nitrogen and stored at —80°C until processed or fixed with
4% paraformaldehyde (Thermo Fisher Scientific) in 0.1 M phosphate-buffered saline (PBS) and embedded in
paraffin or in cryomold. Sections (5 pm) were used for hematoxylin/eosin staining and microscopic analysis.

Cell culture, ligands, and medium human chorionic gonadotropin and lactate dehydrogenase measurement. Term
placental cells were dispersed, and PHT cells were isolated using a modification of previously published
trypsin-DNase-dispase/Percoll protocols, as previously described (100, 101). PHT cells were cultured at
a density of 350,000 cells/cm? in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 1% antibiotics, as we previously detailed (102). The BeWo trophoblast cells (ATCC,
CCL-98) were maintained in F12K Kaighn’s modified medium (Gibco) supplemented with 10% bovine
growth serum (HyClone) and antibiotics. The HEK293T cell line (ATCC CRL-11268) was used for len-
tivirus transductions, as we previously described (102) (and see below). Some of the cells were cultured
on coverslips in less than 1% O, hypoxic atmosphere, using a hypoxia chamber (Thermo Electron), as we
have described (66, 103). Where indicated, after 24 hours in culture, the cells were supplemented for 24 to
48 hours by a fatty acid mix of LA (stock 200 mM) and OA (stock 100 mM, Sigma-Aldrich or Cayman
Chemical) or various other fatty acids (stock 100 mM, all from Cayman Chemical), as indicated, including
palmitic acid, AA, docosatetraenoic acid (adrenic acid), docopentaenoic acid, or DHA. All fatty acids were
preincubated with serum-free medium containing 0.5% fatty acid-free BSA (Sigma-Aldrich) for 20 minutes
at 37°C to allow the formation of a fatty acid—albumin complex and used at a final concentration of 100
uM in 0.1% ethanol. Culture medium levels of human chorionic gonadotropin (hCG) and lactate dehydro-
genase were measured using enzyme immunoassay, as we previously described (102).

Real-time PCR and quantitative PCR. Total RNA from placentas, cells, or human tissues (FirstChoice
Survey Panel catalog 6000, Ambion) was extracted using TRI reagent (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. RNA samples were further purified with on-column RNase-free
DNase (QIAGEN). Real-time quantitative PCR (RT-qPCR) was performed as we previously described,
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in duplicate, with SYBR Select Master Mix (Thermo Fisher Scientific, catalog 4472908), according to
standard procedures, as we previously described, using the ViiA 7 Real-Time PCR System (Thermo
Fisher Scientific) (104, 105). The results were calculated using the 272“T method (106) and normalized to
the expression of the housekeeping gene GAPDH or 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ). The specificity of amplification was confirmed using a
dissociation curve of each PCR product. Control H,O samples were included in each gPCR experiment.
All primer sequences are provided in Supplemental Table 3.

For regular PCR, RNA was extracted as above and processed with DNase I (Ambion). For reverse
transcription, total RNA (1 ug) was added to 4 pL. High-Capacity RNA-to-cDNA Master Mix (Applied
Biosystems) according to the manufacturer’s instructions and diluted into 100 pL. For PCR, we mixed
cDNA (2 pL) with a dNTP mixture (2.5 mM) and forward and reverse primers as noted in Supplemental
Table 3, along with 2 uL. of Ex Taq buffer and 0.1 pL of Ex Taq HS (Takara Bio) in a 20 pL reaction
volume. PCR was performed using 30 to 35 cycles of 10 seconds at 98°C, 30 seconds at 55°C, 1 minute
at 72°C. The PCR product (8 uL) was loaded and electrophoresed in 2% DNA gel and visualized using a
UVP Biolmaging System (Ultraviolet Products) or ChemiDoc MP Gel Imaging System (Bio-Rad).

Tissue immunofluorescence and laser-capture microdissection. Immunofluorescence of PNPLA9 in human
or mouse placental sections was performed as previously described (102). A similar procedure was used
for detection of CGI58, including blocking in donkey serum for 2 hours and incubation with primary
anti-CGI58 rabbit monoclonal antibody and a secondary antibody, as detailed in Supplemental Table
4. For laser-capture microdissection, frozen sections (7 um) of cryomold-embedded mouse placentas
were transferred to polyethylene naphthalate membrane slides (Thermo Fisher Scientific) and stained
with toluidine blue. The Leica LMD7000 laser-capture microdissection system was used to visualize,
circumscribe, and collect 3 tissue types: labyrinth, junctional zone, and decidua. RNA was extracted
from the microdissections, using the RNeasy FFPE Kit (QIAGEN, catalog 73504) according to the man-
ufacturer’s instructions. The SuperScript VILO synthesis kit enzyme (Thermo Fisher Scientific, catalog
11755500) was used for the reverse transcription reaction, according to the manufacturer’s instructions.
qPCR was performed in duplicate as detailed above.

Western immunoblotting. The source of all antibodies is provided in Supplemental Table 4. Cultured cells
were washed with cold PBS, scraped, pelleted, and lysed in PBS containing 0.25 M sucrose and 0.05% NP-40
or in a 50 mmol/L Tris-HCI buffer containing 150 mmol/L NaCl, 1% NP-40, 0.5% sodium deoxycholate,
and 0.1% sodium dodecyl sulfate (pH 7.5). Both lysis buffers contained protease inhibitor (Thermo Fisher
Scientific, catalog 1861278). Following lysis, the mix was centrifuged at 12,000¢ for 15 minutes at 4°C and
the supernatant was collected. Snap-frozen mouse placentas were thawed and homogenized or sonicated in
the lysis buffer as above. Total protein concentration was measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Protein aliquots (20-30 pg) were separated by 8% to 10% SDS-PAGE and trans-
ferred to PVDF membranes (Bio-Rad). Blots were blocked with 5% nonfat milk in Tris-buffered saline with
0.1% Tween 20 (TBST) for 0.5 to 1 hour and incubated with the relevant primary antibody overnight at 4°C.
Following TBST washes, membranes were incubated with the appropriate secondary antibody (Supplemental
Table 4) for 1 hour at room temperature and enhanced using WesternBright Sirius HRP substrate (Advansta).
Chemiluminescence signal was detected using the ChemiDoc MP Gel Imaging System.

Expression, purification, and cross-linking of CGI58 with Sulfo-SBED. Human CGI58 expression sequence
was PCR-amplified with primers designed to introduce BamHI and NotlI sites using human CGI58 expres-
sion plasmid as a template (GE Healthcare Life Sciences, MHS1010-74037 clone 3920855). The PCR
product was cloned into the pET-Duet1 plasmid (Addgene plasmid 71146) for bacterial expression. Mouse
Cgi58 was PCR-amplified with primers including a His tag and flanked by BamHI/Xhol sites for cloning
into pcDNA3.1. Mouse Pnpla2 expression sequence was PCR-amplified with primers that include NotI/
Kpnl sites for cloning into pFlag-CMV2 (Sigma-Aldrich). Mouse Pnpla9 expression sequence was PCR-
amplified with primers that include EcoRI/Kpnl sites using mouse Pnpla9 expression plasmid as a tem-
plate (GE Healthcare Life Sciences, MMM1013-202769194 clone 5329147). The PCR product was cloned
into pFlag-CMV?2. All constructs were verified by sequencing (GENEWIZ).

The plasmid pETDuet-1-His-CGI58 was transformed into Rosetta DE3 competent cells (Sigma-
Aldrich), induced with 0.5 mM IPTG, and then grown for an additional 3 hours at 25°C. The cells
were pelleted at 4,000g at room temperature and resuspended in PBS that contained 0.5% Triton X-100,
50 pg/mL lysozyme, and protease inhibitors (cOmplete ULTRA Tablets, Roche catalog 05892970001,
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Sigma-Aldrich). The mixture was sonicated and centrifuged at 100,000g for 1 hour at 4°C, the cell lysate
was diluted to reduce the Triton X-100 concentration to 0.1%, and imidazole (5 mM) was added to the
lysate. A tricorn column (Sigma-Aldrich) was packed with His-select beads (Sigma-Aldrich) and loaded
with the lysate using an Aktaxpress system (GE Healthcare). CGI58 was then eluted with 300 mM imid-
azole after extensive washes with increasing concentrations of salt (20-80 mM).

Sulfo-SBED was used according to the manufacturer’s instructions (Thermo Fisher Scientific, catalog
33034). Briefly, Sulfo-SBED was dissolved in DMSO and added to purified CGI58 in a 5 M excess, then
incubated at room temperature for 30 minutes, protected from light. The samples were desalted using 2 mL
Zeba spin desalting columns (Thermo Fisher Scientific, catalog 89890), The protein was eluted and conju-
gation with Sulfo-SBED was confirmed by Western blot using streptavidin-HRP (Thermo Fisher Scientific,
catalog 21130) and by quantifying biotin (Thermo Fisher Scientific, catalog 28005).

Co-precipitation of CGI58-interacting proteins. As a source of CGI58-interacting proteins, we homoge-
nized WT C57BL/6 mouse placentas in a PBS buffer that contained 0.25 M sucrose, 0.05% NP-40 (Roche
catalog 11332473001, Sigma-Aldrich), and protease inhibitors, as noted above. The homogenized tissue
was incubated for 30 minutes on a rotating platform at 4°C and then centrifuged at 13,000g for 15 minutes.
Labeled and cross-linked CGI58 protein was incubated with the placenta lysate overnight on a rocker at
4°C, protected from light. The mixture was transferred to a plastic well on ice and irradiated using a long-
wave UV lamp (365 nm) for 10 minutes. The sample was transferred to a microcentrifuge tube, and 150 pL.
of Dynabeads MyOne Streptavidin T1 (Thermo Fisher Scientific, catalog 65601) was added and allowed
to mix for 2 hours at 4°C. The beads were washed with a high-salt, 300 mM NaCl buffer and then with the
homogenization buffer. The Dynabeads were resuspended in 1x SDS sample buffer and boiled at 95°C for
10 minutes before resolving on SDS-PAGE gel. Gel slices were cut and submitted to the University of Pitts-
burgh’s Biomedical Mass Spectrometry Center for processing and analysis. All proteins shown in Supple-
mental Table 2 were identified in the 65-80 kDa gel slice. A similar process was repeated for validating the
interaction of CGI58 with PNPLAY, using 8% SDS-PAGE gel, followed by transfer to a PVDF membrane
and probing for CGI58 and PNPLAY, using antibodies as noted earlier (Supplemental Table 4).

For co-precipitation of purified His-CGI58 and endogenous PNPLAO9, we repeated the same procedure
described above, using 2 WT C57BL/6 mouse placentas. After incubation, the lysate was precleared with
Protein G Dynabeads (Thermo Fisher Scientific, catalog 10003) for 30 minutes at 4°C. The precleared
lysate was mixed with 12 pg of purified CGI58 protein and 10 pg of anti-His antibody or mouse IgG as a
negative control. The sample was mixed at 4°C overnight, and Protein G Dynabeads were then added for
2 hours at 4°C. The Dynabeads were washed and resuspended in 1X SDS sample buffer, then processed for
Western immunoblotting with antibodies as above.

To assess the interaction of CGI58 with ectopically expressed tagged proteins, we used FuGENE 6
(Promega, catalog E2691) to transfect HEK293T cells with plasmids expressing mouse pcDNA3.1-CGI58,
mouse pFlag-CMV2-PNPLA2, or mouse pFlag-CMV2-PNPLA9. Two days after transfection, the cells
were collected and resuspended in a 100 mM NaCl buffer that contained 50 mM Tris-HCI pH 7.2, 1% Tri-
ton X-100, 2 mM B-mercaptoethanol, and protease inhibitors (as above). The samples were incubated on a
rotating platform at 4°C and centrifuged at 13,000g for 15 minutes. The lysate was precleared with Protein
G Dynabeads for 30 minutes on a mixer at 4°C. The precleared lysate was transferred to another tube, and
10 pg of anti-His or anti-FLAG antibody (Supplemental Table 4) was added per immunoprecipitation. The
samples were mix-incubated at 4°C overnight. Protein G Dynabeads were mixed the next day for 2 hours at
4°C. The beads were washed, resuspended in SDS sample buffer, and processed for immunoblotting with 2
pg/mL anti-His antibody or 2 pg/mL anti-FLAG antibody (Supplemental Table 4).

KD or CRISPR/Cas9-mediated protein KO in BeWo cells. We have previously described the generation
of stably expressing, doxycycline-inducible Cas9 in BeWo cells and their use to create PNPLA2-KO and
PNPLA9-KO BeWo cells (102). The Cas9 plasmid (Addgene plasmid 50661) was generated by the Lander
and Sabatini Labs (107). The plasmid pLKO5.sgRNA.EFS.GFP (Addgene plasmid 57822) was used for
the PNPLA2 guide, and the plasmid pLKO5.sgRNA.EFS.tRFP657 (Addgene plasmid 57824) was used for
the Pnpla9 guide. Both plasmids were generated by the Ebert Lab (108).

For KD of CGI58 we used shRNA lentiviruses that were produced using our published protocol
(109). Briefly, we transiently transfected HEK293T cells with a combination of 3 lentiviral plasmids,
including pLV-CGI58 shRNA (RHS4430-200174486, sequence 5-GCATTAAAGCAGCGTATC-3,
Horizon Discovery, Dharmacon) alongside pMD2.G (Addgene plasmid 12259) and psPAX2 (Addgene
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plasmid 12260). After 60 hours, the lentiviruses in the conditioned media were pelleted by centrifugation
at 18,000¢ for 2 hours at 4°C and resuspended in 100 uL of PBS. BeWo cells were transduced with con-
centrated lentiviruses in the presence of 8 ug/mL polybrene (Sigma-Aldrich; TR-1003-G). At 48 hours
after transduction, BeWo cells were selected with 5 pg/mL puromycin (Invivogen; ant-pr-1) for 7 days to
ensure the nontransduced WT cells were eliminated.

Mice and breeding. All mouse-related procedures and experimental protocols were approved by the
TACUC of Magee-Womens Research Institute and the University of Pittsburgh (IACUC 19075519) and
conducted in accordance with United States Public Health Service policy, as defined in the Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011). Pnpla9-mutant mice (129S6/BL/6)
were obtained from Jackson Laboratory as we previously detailed (102). Pnpla2- and Cgi58-mutant mice
(129SV/BL/6) were provided by Rudolf Zechner (University of Graz, Graz, Austria) and Erin Kershaw
(University of Pittsburgh, Pittsburgh, Pennsylvania, USA) and previously published (48). All data were
validated using mice that were bred more than 6 times into the C57BL/6 strain. Timed breeding exper-
iments were performed by pairing males and females overnight. Generation of Pnpla2/Pnpla9-DKO
placentas was accomplished by mating Pnpla25° Pnpla9"* males with Pnpla2’® Pnpla9 females. The
morning after mating was considered EQ.5 after verifying the presence of a vaginal plug. All mice were
kept under standard conditions of 12-hour light/12-hour dark cycle and fed a regular rodent chow diet
and water ad libitum. Pregnancy was confirmed by a 10% weight gain at E13.5. Dams were euthanized
by CO, followed by cervical dislocation on E17.5. Fetuses and placentas were delivered transabdomi-
nally and weighed. One half of each placenta was fixed using 4% paraformaldehyde and the other half
snap-frozen and stored at —80°C for Western blot, TG, or lipidomic analysis. Genomic DNA was iso-
lated from fetal tails using the HotSHOT (hot sodium hydroxide and Tris) method, and genotyping was
performed by standard PCR (Verity, Applied Biosystems). The list of all primers used for genotyping is
provided in Supplemental Table 5.

For in vivo exposure to hypoxia, timed pregnant mice (E11.5-E12.5) were exposed to hypoxic condi-
tions of 11% O, for 5 to 6 days, using a hypoxia chamber designed specifically for mouse experiments (Coy
Laboratory Products). Following removal from the hypoxia chamber, some of the mice were immediately
sacrificed while others underwent a period of reoxygenation prior to sacrifice, as detailed in the Results
section. After sacrifice, fetuses and placentas were delivered transabdominally for use in histological and
biochemical analysis, as noted earlier.

Lentiviral transduction of blastocysts for CGI58 “rescue.” Cgi58-Het mice in C57BL/6 were crossbred for
at least 6 generations with ICR mice, creating Cgi58-Het mice in the ICR (Jackson Lab) background that
were used for blastocyst manipulations. Blastocyst-specific CGI58 overexpression was performed using
the procedure we previously described in detail (70). Briefly, CGI58 overexpression was performed using
the following 3 lentiviral DNA plasmids: expression plasmid FUGW (Addgene plasmid 14883) for over-
expression of CGI58 (or no expression sequences, as control) driven by EF1a promoter, envelope plasmid
pLTR-G (Addgene plasmid 17532), and packaging plasmid pCD/NL-BH*DDD (Addgene plasmid 17531).
Lentiviruses were produced in HEK293T cells (70), and lentiviral titers were quantified using ELISA
(Zeptometrix 0801111B). ICR females were injected with pregnant mare serum gonadotropin on day 1
and with hCG on day 3, when breeding took place. On day 7 of the experiment, or E3.5, blastocysts were
flushed from the uterus, processed for lentiviral transduction, and transferred back to pseudo-pregnant
females, now considered E2.5. Pregnancy was confirmed by 10% weight gain on E13.5, and delivery was at
E18.5. Note that, on average, 18.2 (range 5-20) blastocysts were transferred, yielding a mean of 8.2 (range
1-16) live pups. Placental and fetal Cgi58 genotype was determined using the primers listed in Supplemen-
tal Table 5, which also confirmed that 25% of the newborns were Cgi58 KO.

Assessment of neutral lipids in tissues or cells. Oil Red O (Sigma-Aldrich) or LipidTox (Thermo Fisher
Scientific) was used for staining of neutral lipids, as we previously described (66), for quantification of lipid
accumulation in mouse placentas. Sections were counterstained with hematoxylin and mounted with aque-
ous mounting medium. Images were acquired with a 90i widefield microscope (Nikon), and quantification of
lipid staining in the placental labyrinth was done using Nikon NIS-Elements software.

‘We used BODIPY, diluted to 10 pg/mL in PBS (Molecular Probes), to quantify neutral LDs in cells,
which were cultured on coverslips coated with 0.01% poly-L-lysine (Sigma-Aldrich) in a 12-well plate, as we
previously described (66). The cells were rinsed with cold PBS, fixed in 2% paraformaldehyde for 20 min-
utes, and washed with PBS. Nuclei were stained with DAPI (Sigma-Aldrich) as described (66). Images were
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acquired with a Nikon A1R confocal system, and quantification of LDs was done using Nikon NIS-Elements
software or ImageJ software (NIH). The total number, area, and average size of LDs stained by BODIPY,
along with the total number of nuclei for each field, were recorded.

For quantification of TGs in tissues or cells, whole mouse placentas were homogenized in a 5%
NP-40 buffer in 2 mL/100 mg tissue or 500 pL./100 mg protein for cells. The samples were heated at
90°C for 2 minutes, then cooled to room temperature. The heating and cooling steps were repeated twice,
and the samples were centrifuged at 8,000¢ for 15 minutes at room temperature. The clear lysate was used
to measure TG content, using a colorimetric Triglyceride Quantification Kit (BioVision) according to
the manufacturer’s instructions. Absorbance was determined at 570 nm using a VersaMax spectrometry
microplate reader (Molecular Devices).

Reverse-phase column separation of TG. To analyze TG in cultured trophoblasts or in mouse placental
tissue, total lipids were extracted by the Folch procedure (110) and analyzed by a Dionex Ultimate 3000
HPLC coupled online to a Q-Exactive hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher
Scientific). TGs were separated on a reverse-phase column [Luna 3 pum C18 (2) 100A, 150 X 1.0 mm,
Phenomenex]at a flow rate of 0.065 mL/min. The column was maintained at 35°C. The analysis was per-
formed using gradient solvents (A and B) containing 0.1% NH,OH. Solvent A was methanol and solvent B
was propanol. The column was eluted for 2 minutes from 0% B to 2% B (linear), from 3 to 6 minutes with a
linear gradient from 2% solvent B to 3% solvent B, then isocratically from 3 to 18 minutes using 3% solvent
B, 18 to 35 minutes with a linear gradient from 3% solvent B to 40% solvent B, 35 to 60 minutes using a
linear gradient from 40% to 55% solvent B, then isocratically from 60 to 65 minutes at 55% solvent B, then
from 65 to 80 minutes from 55% to 0% B (linear), followed by equilibration from 80 to 90 minutes at 0% B.

MS and MS/MS analysis of TGs. MS and MS/MS analysis of TGs were performed mostly on a
Q-Exactive hybrid quadrupole-orbitrap mass spectrometer, and part of experiments were performed
on the ion trap LXQ (Thermo Fisher Scientific). TG cations were formed through molecular ammo-
nium adduction (TG + NH,). Positional analysis of acyl chains in TG species was performed after
collision-induced dissociation fragmentation of TGs (111, 112). Analysis was performed in positive-ion
mode at a resolution of 140,000 for the full MS scan and 17,500 for the MS2 scan in a data-dependent
mode with an inclusion list for TGs. The scan range for MS analysis was m/z 300-1,200 with a maxi-
mum injection time of 128 ms using 1 microscan. A maximum injection time of 500 ms was used for
MS2 (high-energy collisional dissociation) analysis with collision energy set to 24. An isolation window
of 1.0 Da was set for the MS and MS2 scans. Capillary spray voltage was set at 4.5 kV, and capillary
temperature was 320°C. Sheath gas was set to 8 arbitrary units and the S-lens Rf level was set to 60.

Statistics. The data were analyzed using 1-way ANOVA with Tukey’s post hoc method (for all pairwise
comparisons) or with Dunnett’s post hoc test (for comparison with control). For 2-group comparisons,
2-tailed ¢ test was used. Data are presented as means £ SD where relevant. P < 0.05 was determined to be
significant. All analyses were performed using Prism, version 9.4.1 (GraphPad).

Study approval. All experiments involving mice were approved by the TACUC at the University of Pitts-
burgh (protocols IS00002512 and IS00015519). All experiments involving the use of human tissue were
approved by the Institutional Review Board at the University of Pittsburgh. This included the use of whole
placentas for trophoblast cell dispersal (exempt protocol STUDY20050066) or for placental biopsies (proto-
col STUDY 19120076, with written informed consent received prior to participation).

Author contributions

JGS, MM, SYO, VEK, and YS conceived the study and designed the experiments. JGS, MM, SYO,
TM, JPG, IB, ES, and YO performed the experiments. VAT and YYT performed the lipidomics anal-
ysis and analyzed data. JGS, VEK, and YS discussed and interpreted all results. JGS, MM, SYO, and
YS wrote the manuscript.

Acknowledgments

We thank Xiao-Hua Shi, Huijie Sun, Tiffany Coon, and Heather Sorenson for technical assistance and
Rudolf Zechner (Institute of Molecular Biosciences, University of Graz, Graz, Austria) and Erin Kershaw
(Division of Endocrinology and Metabolism, Department of Medicine, University of Pittsburgh, Pittsburgh,
Pennsylvania, USA) for the Pnpla2- and Cgi58-mutant mouse lines. We also thank Lori Rideout for assis-
tance in manuscript preparation and Bruce Campbell for editing. This work was funded by grants from the

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 13



RESEARCH ARTICLE

NIH Eunice Kennedy Shriver National Institute of Child Health and Human Development (P01HD069316 to
YS), and March of Dimes Prematurity Research Center at the University of Pennsylvania (to YS).

Address correspondence to: Yoel Sadovsky, Magee-Womens Research Institute, 204 Craft Ave., Pittsburgh,
Pennsylvania 15228, USA. Phone: 01.412.641.2675; Email: ysadovsky@mwri.magee.edu.

ISR -

~

© o

—_
—_

1
1

~N O

1

oo

19.

20.

2

—

22.
23.

24.

2

w

26.

2

~

2

0

2

\O

30.

31.

32.

3

@

34.
35.

.Ruyle M, et al. Placental transfer of essential fatty acids in humans: venous-arterial difference for docosahexaenoic acid in fetal

umbilical erythrocytes. Proc Natl Acad Sci U S A. 1990;87(20):7902-7906.

Herrera E, Amusquivar E. Lipid metabolism in the fetus and the newborn. Diabetes Metab Res Rev. 2000;16(3):202-210.
Sparks JW, et al. An estimate of the caloric requirements of the human fetus. Biol Neonate. 1980;38(3-4):113-119.

‘White DR, et al. The composition of body tissues (II). Fetus to young adult. BrJ Radiol. 1991;64(758):149-159.

Ziegler EE, et al. Body composition of the reference fetus. Growth. 1976;40(4):329-341.

Jones CT, Rolph TP. Metabolism during fetal life: a functional assessment of metabolic development. Physiol Rev.
1985;65(2):357-430.

Haggarty P. Placental regulation of fatty acid delivery and its effect on fetal growth--a review. Placenta. 2002;23(suppl
a):528-S38.

Coleman RA. Placental metabolism and transport of lipid. Fed Proc. 1986;45(10):2519-2523.

. Hendrickse W, et al. The transfer of free fatty acids across the human placenta. Br J Obstet Gynaecol. 1985;92(9):945-952.
10.

Dancis J, et al. Transfer across perfused human placenta. 3. Effect of chain length on transfer of free fatty acids. Pediatr Res.
1974;8(9):796-799.

. Haggarty P, et al. Effect of maternal polyunsaturated fatty acid concentration on transport by the human placenta. Bio/ Neonate.

1999;75(6):350-359.

. Innis SM. Fatty acids and early human development. Early Hum Dev. 2007;83(12):761-766.
. Crawford MA, et al. n-6 and n-3 fatty acids during early human development. J Intern Med Suppl. 1989;731:159-169.
. Gil-Sanchez A, et al. Mechanisms involved in the selective transfer of long chain polyunsaturated fatty acids to the fetus.

Front Genet. 2011;2:57.

. Neuringer M, et al. The essentiality of n-3 fatty acids for the development and function of the retina and brain. Annu Rev Nutr.

1988;8:517-541.

. Neville MC. Adaptation of maternal lipid flux to pregnancy: research needs. Eur J Clin Nutr. 1999;53(suppl 1):S120-S123.
. Campbell FM, et al. Plasma membrane fatty-acid-binding protein in human placenta: identification and characterization.

Biochem Biophys Res Commun. 1995;209(3):1011-1017.

. Campbell FM, et al. Preferential uptake of long chain polyunsaturated fatty acids by isolated human placental membranes.

Mol Cell Biochem. 1996;155(1):77-83.

Richieri GV, et al. Fatty acid binding proteins from different tissues show distinct patterns of fatty acid interactions. Biochemistry.
2000;39(24):7197-7204.

Haemmerle G, et al. Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase. Science.
2006;312(5774):734-737.

. Young SG, Zechner R. Biochemistry and pathophysiology of intravascular and intracellular lipolysis. Genes Dev.

2013;27(5):459-484.

Zweytick D, et al. Intracellular lipid particles of eukaryotic cells. Biochim Biophys Acta. 2000;1469(2):101-120.

Tauchi-Sato K, et al. The surface of lipid droplets is a phospholipid monolayer with a unique fatty acid composition. J Biol
Chem. 2002;277(46):44507-44512.

Paar M, et al. Remodeling of lipid droplets during lipolysis and growth in adipocytes. J Biol Chem. 2012;287(14):11164-11173.

. Brasaemle DL. Thematic review series: adipocyte biology. The perilipin family of structural lipid droplet proteins: stabilization

of lipid droplets and control of lipolysis. J Lipid Res. 2007;48(12):2547-2559.
Zimmermann R, et al. Fat mobilization in adipose tissue is promoted by adipose triglyceride lipase. Science.
2004;306(5700):1383-1386.

.Jenkins CM, et al. Identification, cloning, expression, and purification of three novel human calcium-independent

phospholipase A2 family members possessing triacylglycerol lipase and acylglycerol transacylase activities. J Biol Chem.
2004;279(47):48968-48975.

. Villena JA, et al. Desnutrin, an adipocyte gene encoding a novel patatin domain-containing protein, is induced by fasting and

glucocorticoids: ectopic expression of desnutrin increases triglyceride hydrolysis. J Biol Chem. 2004;279(45):47066—47075.

. Kienesberger PC, et al. Mammalian patatin domain containing proteins: a family with diverse lipolytic activities involved in

multiple biological functions. J Lipid Res. 2009;50(suppl):S63-S68.

Schoiswohl G, et al. Adipose triglyceride lipase plays a key role in the supply of the working muscle with fatty acids. J Lipid Res.
2010;51(3):490-499.

Hoy AJ, et al. Adipose triglyceride lipase-null mice are resistant to high-fat diet-induced insulin resistance despite reduced energy
expenditure and ectopic lipid accumulation. Endocrinology. 2011;152(1):48-58.

Girousse A, Langin D. Adipocyte lipases and lipid droplet-associated proteins: insight from transgenic mouse models. Int J Obes
(Lond). 2012;36(4):581-594.

.Lass A, et al. Lipolysis - a highly regulated multi-enzyme complex mediates the catabolism of cellular fat stores. Prog Lipid Res.

2011;50(1):14-27.

Schrag JD, Cygler M. Lipases and alpha/beta hydrolase fold. Methods Enzymol. 1997;284:85-107.

Lord CC, et al. Mammalian alpha beta hydrolase domain (ABHD) proteins: lipid metabolizing enzymes at the interface of cell
signaling and energy metabolism. Biochim Biophys Acta. 2013;1831(4):792-802.

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 14



36.
37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.
60.

6

—_

62.

6

@

64.

6

%)

66.

67.

68.

69.

70.
. Barrett HL, et al. Placental lipases in pregnancies complicated by gestational diabetes mellitus (GDM). PLoS One.

7

—_

JCl Insight 2023;8(10):e168717 https:

RESEARCH ARTICLE

Zechner R, et al. Fat Signals - lipases and lipolysis in lipid metabolism and signaling. Cell Metab. 2012;15(3):279-291.

Lai CH, et al. Identification of novel human genes evolutionarily conserved in Caenorhabditis elegans by comparative proteomics.
Genome Res. 2000;10(5):703-713.

Lass A, et al. Adipose triglyceride lipase-mediated lipolysis of cellular fat stores is activated by CGI-58 and defective in
Chanarin-Dorfman Syndrome. Cell Metab. 2006;3(5):309-319.

Granneman JG, et al. Perilipin controls lipolysis by regulating the interactions of AB-hydrolase containing 5 (Abhd5) and adi-
pose triglyceride lipase (Atgl). J Biol Chem. 2009;284(50):34538-34544.

Lu X, et al. Differential control of ATGL-mediated lipid droplet degradation by CGI-58 and G0S2. Cell Cycle.
2010;9(14):2719-2725.

. Eichmann TO, et al. Studies on the substrate and stereo/regioselectivity of adipose triglyceride lipase, hormone-sensitive lipase,

and diacylglycerol-O-acyltransferases. J Biol Chem. 2012;287(49):41446-41457.

Yamaguchi T, et al. CGI-58 facilitates lipolysis on lipid droplets but is not involved in the vesiculation of lipid droplets caused
by hormonal stimulation. J Lipid Res. 2007;48(5):1078-1089.

Chanarin I, et al. Neutral-lipid storage disease: a new disorder of lipid metabolism. Br Med J. 1975;1(5957):553-555.

Dorfman ML, et al. Ichthyosiform dermatosis with systemic lipidosis. Arch Dermatol. 1974;110(2):261-266.

Lefevre C, et al. Mutations in CGI-58, the gene encoding a new protein of the esterase/lipase/thioesterase subfamily, in
Chanarin-Dorfman syndrome. Am J Hum Genet. 2001;69(5):1002-1012.

Schweiger M, et al. Neutral lipid storage disease: genetic disorders caused by mutations in adipose triglyceride lipase/PNPLA2
or CGI-58/ ABHDS5. Am J Physiol Endocrinol Metab. 2009;297(2):E289-E296.

Radner FP, Fischer J. The important role of epidermal triacylglycerol metabolism for maintenance of the skin permeability
barrier function. Biochim Biophys Acta. 2014;1841(3):409-415.

Radner FP, et al. Growth retardation, impaired triacylglycerol catabolism, hepatic steatosis, and lethal skin barrier defect in
mice lacking comparative gene identification-58 (CGI-58). J Biol Chem. 2010;285(10):7300-7311.

Fischer J, et al. The gene encoding adipose triglyceride lipase (PNPLA2) is mutated in neutral lipid storage disease with
myopathy. Nat Genet. 2007;39(1):28-30.

Boeszoermenyi A, et al. Structure of a CGI-58 motif provides the molecular basis of lipid droplet anchoring. J Biol Chem.
2015;290(44):26361-26372.

Miura S, et al. Functional conservation for lipid storage droplet association among Perilipin, ADRP, and TIP47 (PAT)-related
proteins in mammals, Drosophila, and Dictyostelium. J Biol Chem. 2002;277(35):32253-32257.

Jiang HP, Serrero G. Isolation and characterization of a full-length cDNA coding for an adipose differentiation-related protein.
Proc Natl Acad Sci U S A. 1992;89(17):7856-7860.

Yamaguchi T, et al. CGI-58 interacts with perilipin and is localized to lipid droplets. Possible involvement of CGI-58 mislocalization
in Chanarin-Dorfman syndrome. J Biol Chem. 2004;279(29):30490-30497.

Gruber A, et al. The N-terminal region of comparative gene identification-58 (CGI-58) is important for lipid droplet binding
and activation of adipose triglyceride lipase. J Biol Chem. 2010;285(16):12289-12298.

Granneman JG, et al. Functional interactions between Mldp (LSDP5) and Abhd5 in the control of intracellular lipid accumulation.
J Biol Chem. 2009;284(5):3049-3057.

Sanders MA, et al. Endogenous and synthetic ABHDS5 ligands regulate ABHD5-perilipin interactions and lipolysis in fat and
muscle. Cell Metab. 2015;22(5):851-860.

Schweiger M, et al. Adipose triglyceride lipase and hormone-sensitive lipase are the major enzymes in adipose tissue triacylglycerol
catabolism. J Biol Chem. 2006;281(52):40236-40241.

Bezaire V, et al. Contribution of adipose triglyceride lipase and hormone-sensitive lipase to lipolysis in hMADS adipocytes.
J Biol Chem. 2009;284(27):18282-18291.

Holm C, et al. Molecular mechanisms regulating hormone-sensitive lipase and lipolysis. Annu Rev Nutr. 2000;20:365-393.
Fredrikson G, et al. Hormone-sensitive lipase of rat adipose tissue. Purification and some properties. .J Biol Chem.
1981;256(12):6311-6320.

. Torngvist H, Belfrage P. Purification and some properties of a monoacylglycerol-hydrolyzing enzyme of rat adipose tissue. J Bio/

Chem. 1976;251(3):813-819.
Haemmerle G, et al. Hormone-sensitive lipase deficiency in mice causes diglyceride accumulation in adipose tissue, muscle, and
testis. J Biol Chem. 2002;277(7):4806-4815.

. Bildirici I, et al. The lipid droplet-associated protein adipophilin is expressed in human trophoblasts and is regulated by

peroxisomal proliferator-activated receptor-gamma/retinoid X receptor. J Clin Endocrinol Metab. 2003;88(12):6056—-6062.
Schaiff WT, et al. Ligand-activated peroxisome proliferator activated receptor gamma alters placental morphology and placental
fatty acid uptake in mice. Endocrinology. 2007;148(8):3625-3634.

. Biron-Shental T, et al. Hypoxia regulates the expression of fatty acid-binding proteins in primary term human trophoblasts.

Am J Obstet Gynecol. 2007;197(5):511-516.

Bildirici I, et al. PLIN2 is essential for trophoblastic lipid droplet accumulation and cell survival during hypoxia. Endocrinology.
2018;159(12):3937-3949.

Lake AC, et al. Expression, regulation, and triglyceride hydrolase activity of Adiponutrin family members. J Lipid Res.
2005;46(11):2477-2487.

Okada Y, et al. Complementation of placental defects and embryonic lethality by trophoblast-specific lentiviral gene transfer.
Nat Biotechnol. 2007;25(2):233-237.

Georgiades P, et al. Trophoblast-specific gene manipulation using lentivirus-based vectors. Biotechniques. 2007;42(3):317, 318,
320, 322-325.

Mishima T, et al. Determinants of effective lentivirus-driven microRNA expression in vivo. Sci Rep. 2016;6:33345.

2014;9(8):€104826.

//doi.org/10.1172/jci.insight.168717 15



RESEARCH ARTICLE

72. Hirschmugl B, et al. Maternal obesity modulates intracellular lipid turnover in the human term placenta. Int J Obes (Lond).
2017;41(2):317-323.
73.Dong J, et al. Association between the levels of CGI-58 and lipoprotein lipase in the placenta of patients with preeclampsia.
Exp Ther Med. 2021;22(4):1129.
74. Guo F, et al. Deficiency of liver Comparative Gene Identification-58 causes steatohepatitis and fibrosis in mice. J Lipid Res.
2013;54(8):2109-2120.
75. Zierler KA, et al. Comparative gene identification-58/a/f hydrolase domain 5: more than just an adipose triglyceride lipase
activator? Curr Opin Lipidol. 2014;25(2):102-109.
76. Lord CC, et al. CGI-58/ ABHD5-derived signaling lipids regulate systemic inflammation and insulin action. Diabetes.
2012;61(2):355-363.
77. Ghosh AK, et al. CGI-58, the causative gene for Chanarin-Dorfman syndrome, mediates acylation of lysophosphatidic acid.
J Biol Chem. 2008;283(36):24525-24533.
78. Montero-Moran G, et al. CGI-58/ABHDS is a coenzyme A-dependent lysophosphatidic acid acyltransferase. J Lipid Res.
2010;51(4):709-719.
79. Lord CC, Brown JM. Distinct roles for alpha-beta hydrolase domain 5 (ABHDS5/CGI-58) and adipose triglyceride lipase
(ATGL/PNPLAZ2) in lipid metabolism and signaling. Adipocyte. 2012;1(3):123-131.
80. Ramanadham S, et al. Calcium-independent phospholipases A2 and their roles in biological processes and diseases. J Lipid Res.
2015;56(9):1643-1668.
Hermansson M, et al. The PNPLA-family phospholipases involved in glycerophospholipid homeostasis of HeLa cells. Biochim
Biophys Acta. 2016;1861(9 pt a):1058-1065.
82. Chitraju C, et al. The impact of genetic stress by ATGL deficiency on the lipidome of lipid droplets from murine hepatocytes.
J Lipid Res. 2013;54(8):2185-2194.
. Chassen SS, et al. Alterations in placental long chain polyunsaturated fatty acid metabolism in human intrauterine growth
restriction. Clin Sci (Lond). 2018;132(5):595-607.
84. Cetin I, et al. Intrauterine growth restriction is associated with changes in polyunsaturated fatty acid fetal-maternal relationships.
Pediatr Res. 2002;52(5):750-755.
85.Romeo S, et al. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat Genet.
2008;40(12):1461-1465.
86. Kienesberger PC, et al. Adipose triglyceride lipase deficiency causes tissue-specific changes in insulin signaling. J Biol/ Chem.
2009;284(44):30218-30229.
87. Zechner R, et al. Adipose triglyceride lipase and the lipolytic catabolism of cellular fat stores. J Lipid Res. 2009;50(1):3-21.
88. Lindegaard ML, et al. Placental triglyceride accumulation in maternal type 1 diabetes is associated with increased lipase gene
expression. J Lipid Res. 2006;47(11):2581-2588.
89. Ameis D, et al. Purification, characterization and molecular cloning of human hepatic lysosomal acid lipase. Eur J Biochem.
1994;219(3):905-914.
90. Waterman 1J, et al. Characterisation of triacylglycerol hydrolase activities in human placenta. Biochim Biophys Acta.
1998;1394(2-3):169-176.
Padmanabha Das KM, et al. Hypoxia-inducible lipid droplet-associated protein inhibits adipose triglyceride lipase. J Lipid Res.
2018;59(3):531-541.
92. Zhang X, et al. Inhibition of intracellular lipolysis promotes human cancer cell adaptation to hypoxia. Elife. 2017;6:€31132.
93. Yang X, et al. The G(0)/G(1) switch gene 2 regulates adipose lipolysis through association with adipose triglyceride lipase.
Cell Metab. 2010;11(3):194-205.
94. Cerk IK, et al. A peptide derived from G0/G1 switch gene 2 acts as noncompetitive inhibitor of adipose triglyceride lipase.
J Biol Chem. 2014;289(47):32559-32570.
95. Kioka H, et al. Evaluation of intramitochondrial ATP levels identifies GO/G1 switch gene 2 as a positive regulator of oxidative
phosphorylation. Proc Natl Acad Sci U S A. 2014;111(1):273-278.
96. Maier A, et al. Hypoxia-inducible protein 2 Hig2/Hilpda mediates neutral lipid accumulation in macrophages and contributes
to atherosclerosis in apolipoprotein E-deficient mice. FASEB J. 2017;31(11):4971-4984.
97. Kershaw EE, et al. Adipose triglyceride lipase: function, regulation by insulin, and comparison with adiponutrin. Diabetes.
2006;55(1):148-157.
98. Patel R, et al. ATGL is a biosynthetic enzyme for fatty acid esters of hydroxy fatty acids. Nature. 2022;606(7916):968-975.
99. Wyatt SM, et al. The correlation between sampling site and gene expression in the term human placenta. Placenta.
2005;26(5):372-379.
100.Kliman HJ, et al. Purification, characterization, and in vitro differentiation of cytotrophoblasts from human term placentae.
Endocrinology. 1986;118(4):1567-1582.
101. Nelson DM, et al. Hypoxia limits differentiation and up-regulates expression and activity of prostaglandin H synthase 2 in
cultured trophoblast from term human placenta. Am J Obstet Gynecol. 1999;180(4):896-902.
102. Beharier O, et al. PLA2G6 guards placental trophoblasts against ferroptotic injury. Proc Natl Acad Sci U S A.
2020;117(44):27319-27328.
103. Mouillet JF, et al. MiR-205 silences MED1 in hypoxic primary human trophoblasts. FASEB J. 2010;24(6):2030-2039.
104. Mishima T, et al. The expression and function of fatty acid transport protein-2 and -4 in the murine placenta. PLoS One.
2011;6(10):€25865.
105. Ouyang Y, et al. Term human placental trophoblasts express SARS-CoV-2 entry factors ACE2, TMPRSS2, and furin. mSphere.
2021;6(2):€00250-21.
106. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods. 2001;25(4):402-408.
107. Wang T, et al. Genetic screens in human cells using the CRISPR-Cas9 system. Science. 2014;343(6166):80-84.

81.

—

8

w

oo

91.

—

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 16



. RESEARCH ARTICLE

108. Heckl D, et al. Generation of mouse models of myeloid malignancy with combinatorial genetic lesions using CRISPR-Cas9
genome editing. Nat Biotechnol. 2014;32(9):941-946.

109.Krawczynski K, et al. Unc-13 homolog D mediates an antiviral effect of the chromosome 19 microRNA cluster miR-517a.
J Cell Sci. 2020;134(5):jcs246769.

110. Folch J, et al. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem.
1957;226(1):497-509.

111.Li X, Evans JJ. Examining the collision-induced decomposition spectra of ammoniated triglycerides as a function of fatty acid
chain length and degree of unsaturation. I. The OXO/YQY series. Rapid Commun Mass Spectrom. 2005;19(18):2528-2538.

112. Malone M, Evans JJ. Determining the relative amounts of positional isomers in complex mixtures of triglycerides using
reversed-phase high-performance liquid chromatography-tandem mass spectrometry. Lipids. 2004;39(3):273-284.

JCl Insight 2023;8(10):e168717 https://doi.org/10.1172/jci.insight.168717 17



