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Abstract

PHARC (polyneuropathy, hearing loss, cerebellar ataxia, retinitis pigmentosa, early-onset
cataracts) is a human neurological disorder caused by deleterious mutations in the ABHD12 gene,
which encodes an integral membrane lyso-phosphatidylserine (lyso-PS) lipase. Pharmacological or
genetic disruption of ABHD12 leads to heightened lyso-PS lipids in human cells and the central
nervous system of mice. ABHD12 loss also causes rapid rewiring of PS content, resulting in
selective elevations in arachidonoyl (C20:4) PS and reductions in other PS species. The
biochemical basis for ABHD12-dependent PS remodeling and its pathophysiological significance
remain unknown. Here, we show that genetic deletion of the lysophospholipid acyltransferase
LPCAT3 blocks accumulation of brain C20:4 PS in mice lacking ABHD12 and concurrently
produces hyper-elevations in lyso-PS in these animals. These lipids changes correlate with
exacerbated auditory dysfunction and brain microgliosis in mice lacking both ABHD12 and
LPCAT3. Taken together, our findings reveal that ABHD12 and LPCAT3 coordinately regulate
lyso-PS and C20:4 PS content in the CNS and point to lyso-PS lipids as the likely bioactive
metabolites contributing to PHARC-related neuropathologies.
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Lipid metabolic enzymes play critical roles in the nervous system, regulating not only the
composition and structure of specialized membrane-delineated compartments (e.g.,
myelinated axons, dendritic spines, synaptic vesicles), but also the magnitude and duration
of signaling of lipid transmitters, such as endocannabinoids®: 2 and lysophospholipids3 4.
Accordingly, several human neurological diseases are caused by genetic perturbations in
lipid metabolic enzymes®: 6. Polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and
cataract (PHARC; OMIM 612674) is a rare, autosomal recessive monogenic disease that
manifests as a slowly progressive sensorimotor disorder and is caused by deleterious
mutations in the ABHDI12gene’. ABHD12 is an integral membrane serine hydrolase with
high expression in the central nervous system (CNS) and innate immune cells, including
microglia and macrophages. ABHD12 has been shown to hydrolyze several lipid substrates
in vitro, including lyso-8 and oxidized-° phosphatidylserines (PS) and monoacylglycerols,
such as the endocannabinoid 2-arachidonoylglycerol (2-AG)10-12,

ABHD12(-/-) mice display a subset of PHARC-related phenotypes, including age-
dependent hearing loss and motor impairments®. These behavioral phenotypes are
accompanied by heightened microgliosis in the CNS8, pointing to a potential
immunomodulatory function for ABHD12. Consistent with this premise, ABHD12(-/-)
mice and mice treated with the selective ABHD12 inhibitor DO26413 show greater
immunopathological responses in a viral infection modell3, and macrophages from
ABHD12(-/-) mice display heightened cytokine production® 14,

The (neuro)immunological phenotypes caused by ABHD12 disruption are accompanied by
discrete lipid changes in the CNS®: 13:15 in particular, elevations in several lyso-PS lipids,
as well as remodeled PS content reflecting a shift toward arachidonoyl (C20:4) PS with
reduction in other PS species® 13, The extent to which these different lipid changes
contribute to PHARC-related neuropathologies remains an open and mechanistically
important question. Lyso-PS lipids can activate immune-restricted GPCRs6-18 and Toll-like
receptors (TLRs)9 and have been found to produce diverse immunomodulatory
effects16:20. 21 C20:4 PS, on the other hand, is susceptible to oxidization to produce ligands
for the class B scavenger receptor CD36, which mediates phagocytosis of apoptotic cells by
innate immune cells?2, Acknowledging the independent biological activities of lyso-PS and
C20:4 PS lipids, we aimed to investigate both the mechanistic basis for their regulation by
ABHD12 in the CNS and their respective contributions to PHARC-related neuropathologies.

Considering that ABHD12 lacks PS lipase activity® 2, we hypothesized that the remodeling
of brain PS lipids caused by disruption of this enzyme reflected a secondary metabolic
consequence of elevations in lyso-PS. A strong candidate enzyme responsible for converting
lyso-PS to C20:4 PS is lysophosphatidylcholine acyltransferase 3 (LPCAT3; or membrane-
bound O-acyltransferase 5 (MBOAT5)), which accepts lysophospholipid substrates,
including lyso-PS, and shows high specificity for polyunsaturated fatty acyl coenzyme A
(CoA\) substrates, specifically C18:2 and C20:4 CoA23: 24, The role of LPCAT3 in PC and
PE remodeling has been well-documented in various tissues from mice2>-27, However, a
potential contribution of LPCAT3 to modulating PS lipid content in the brain, or in human
cells, has not, to our knowledge, been investigated.
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We first evaluated ABHD12-LPCAT3 crosstalk in the human monocytic THP-1 cell line,
where we have previously shown that the ABHD12 inhibitor DO264 increases both lyso-PS
and C20:4 PS in a concentration-dependent manner®3. We generated LPCAT3-deficient
THP-1 cells using CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat/
Cas9) methods (see Detailed Experimental Procedures) and confirmed disruption of the
LPCAT3gene by DNA sequencing (Figure S1). Three independent populations of LPCAT3-
deficient THP-1 cells were generated (sgLPCAT3-1-3) and each showed a >90% loss of
LPCAT3 activity compared to a cell population treated with a control single-guide RNA
(sgCtrl), as measured using cell lysates and an LC-MS assay that quantified conversion of
17:1 lyso-PS and C20:4 CoA to 17:1/20:4 PS (Figure 1A). We then treated sgLPCAT3 and
sgCtrl THP-1 cells with DO264 (1 uM, 4 h) and analyzed phospholipids by LC-MS using
targeted multiple reaction monitoring (MRM) methods. Consistent with previous results3,
D0O264 treatment resulted in elevations in several lyso-PS and C20:4 PS lipids in control
(sgCtrl) THP-1 cells (Figure 1B, C and Figure S2 and Table S1). Notably, DO264-induced
elevations in lyso-PS were substantially higher in sgLPCAT3 cells, despite these cells
showing unaltered basal concentrations of lyso-PS (DMSO-treated groups) (Figure 1B and
Figure S2 and Table S1), and, conversely, the increases in C20:4 PS caused by DO264 were
blocked in sgLPCAT3 cells (Figure 1C). Other (lyso-)phospholipids showed more limited
changes, with subsets of lyso-PCs and lyso-PEs either decreasing or being unaltered in
DO0264-treated sgCtrl cells and showing no further alteration in sgLPCATS3 cells (Figures S3
and S4 and Table S1). None of the measured PC or PE lipids were altered by DO264 in
either sgCtrl or sgLPCAT3 cells (Figures S3 and S4 and Table S1). These data, taken
together, support a model where, in ABHD12-disrupted cells, LPCAT3 converts heightened
lyso-PS to C20:4 PS, creating a shunt pathway that both increases C20:4 PS and,
interestingly, blunts the magnitude of elevation in lyso-PS caused by ABHD12 loss.

We next set out to investigate LPCAT3-ABHD12 crosstalk in the CNS of mice. Global
genetic deletion of LPCAT3 is neonatally lethal in mice2> 28, so we generated nervous
system-specific LPCAT3-knockout mice (designated hereafter as “N-LPCAT3(-/—) mice”)
by crossing floxed-LPCAT3(fl/fl) miceZ® with nestin-Cre transgenic mice. N-LPCAT3(-/-)
mice were born at the expected Mendelian frequency (Table S2), survived to adulthood, and
were not distinguishable from LPCAT3(fl/fl) mice in their appearance and general cage
behavior. The lyso-PS acyltransferase activity of brain membrane lysates from N-
LPCAT3(-/-) mice was ~80% decreased compared to LPCAT3(fl/fl) mice (Figure 2A). It is
unclear whether the residual lyso-PS acyltransferase activity reflects contributions from
other LPCAT enzymes or the retention of LPCAT3 in brain cell types that do not express
nestin-Cre mice. Attempts to assess LPCAT3 protein content in brain tissue from
LPCAT3(fl/fl) mice and N-LPCAT3(-/-) mice by western blotting were thwarted due to the
lack of commercial antibodies showing specificity for LPCAT328, Nonetheless, our results
confirm that LPCATS3 is a major source of bulk lyso-PS acyltransferase activity in mouse
brain.

N-LPCAT3(—/-) and LPCAT3(fl/fl) control mice were treated with vehicle or DO264 (30
mg/kg, 4 h), after which animals were sacrificed and brain tissue harvested and analyzed for
phospholipid content. The lyso-PS concentrations in vehicle-treated LPCAT3(fl/fl) and N-
LPCAT3(-/-) mice were similar except for a reduction in C20:4 lyso-PS in N-LPCAT3(-/-)
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mice (Figure 2B and Table S1). DO264 caused the expected elevations in several lyso-PS
lipids in LPCAT3(fl/fl) mice, and, interestingly, these increases were even greater in N-
LPCAT3(-/-) mice for some of the most abundant lyso-PS species (16:0, 18:0, 18:1) (Figure
2B and Table S1). Notably, however, the elevation in C20:4 lyso-PS observed in DO264-
treated LPCAT3(fl/fl) mice was completely blocked in N-LPCAT3(-/-) mice. The PS
content of N-LPCAT3(-/-) mice showed substantial basal rewiring, with vehicle-treated
animals displaying decreased concentrations of C20:4 PS lipids and increased
concentrations of other PS species (e.g. 18:1, 22:6, and 22:4 PS) (Figure 2C and Figure S5
and Table S1). Consistent with previous studies 13, acute inhibition of ABHD12 by DO264
produces a more limited set of PS changes in control mice compared to chronic disruption of
this enzyme (e.g., ABHD12(—/-) mice; see below), but these changes — elevations in
18:1/20:4 and 20:1/20:4 PS — did not occur in N-LPCAT3(-/-) mice (Figure 2C and Figure
S5 and Table S1).

We next assessed the impact of chronic loss of both ABHD12 and LPCAT3 in the nervous
system by crossing ABHD12(+/-)/LPCAT3(fl/fl) and ABHD12(+/-)/LPCAT3(fl/fl) nestin-
Cre mice to generate ABHD12/N-LPCAT3 double-knockout (double-KO) mice. The
double-KO mice were born at the expected Mendelian ratio (Table S2) and indistinguishable
from LPCAT3(fl/fl), ABHD12(-/-), or N-LPCAT3(-/-) mice in their appearance and
general cage behavior. The expected reductions in both brain lyso-PS lipase (ABHD12) and
lyso-PS acyltransferase (LPCAT3) activity were observed across the genotypes (Figure 3A).
As we found for DO264-treated N-LPCAT3(—/-) mice, the double-KO mice, evaluated at
either 11 weeks or nine-months of age, showed hyper-elevations in several brain lyso-PS
species compared to ABHD12(—/-) mice (Figure 3B and Table S1). The principal exception
was again C20:4 lyso-PS, for which the elevation in ABHD12(-/-) mice was blocked in
double-KO mice. The widespread increases in C20:4 PS lipids and decreases in saturated/
monounsaturated PS lipids in ABHD12(—/-) brain tissue were also mostly ablated in double-
KO mice (Figure 3C and Table S1). In general, the PS profile of double-KO mice resembled
that of N-LPCAT3(—/-) mice (Figure 3C and Figure S6 and Table S1). These results
demonstrate that ABHD12 and LPCAT3 coordinately regulate lyso-PS and C20:4 PS
content in the mammalian brain and enable construction of a metabolic pathway diagram to
explain the flux of specific lyso-PS and PS lipids (Figure 3D).

Additional, generally more restricted changes in other (lyso-)phospholipids were observed in
ABHD12- and LPCAT3-disrupted mice, including: 1) increases in 18:0 lyso-PC and 18:0
lyso-PE (Figures S7 and S8 and Table S1) in ABHD12(—/-) and double-KO mice; and 2)
reductions in C20:4 (lyso)-PC and C20:4 (lyso)-PE (Figures S7 and S8 and Table S1) in N-
LPCAT3(-/-) and double-KO mice. Unlike PS, however, substantia acyl chain remodeling,
as reflected in elevations in other non-C20:4 lipids, was not observed for PC or PE in N-
LPCAT3(-/-) and double-KO mice (Figures S7 and S8 and Table S1). We also do not know
whether the C18:0 lyso-PC/PE changes observed in ABHD12-disrupted mice reflect direct
utilization of these lipids as substrates by ABHD12 or are an indirect consequence of
remodeling of the brain lyso-PS-PS network in these animals.

The bidirectional changes in lyso-PS (hyper-elevated) and C20:4 PS (suppressed) observed
in double-KO mice compared to ABHD12(-/-) mice afforded an opportunity to investigate
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the respective contributions of these lipid classes to ABHD12-dependent neuropathologies.
We hypothesized that, if lyso-PS lipids were contributing to ABHD12-dependent
neurological phenotypes, then the double-KO mice should show equivalent or even greater
defects compared to ABHD12(-/-) mice, while, if C20:4 PS lipids were a principle source
of pathogenicity, then the double-KO mice should be protected from ABHD12-dependent
neurological impairments. We compared the auditory startle responses of nine-month old
LPCAT3(fl/fl), ABHD12(-/-) mice, N-LPCAT3(-/-), and double-KO mice and found, as
reported previously® 13, that ABHD12(—/-) mice show a substantial impairment (Figure
4A). The auditory function of N-LPCAT3(-/-) mice, on the other hand, was generally
similar, albeit modestly reduced, compared to LPCAT3(fl/fl) control mice (Figure 4A). The
double-KO mice, however, displayed the greatest loss of auditory function, significantly
exceeding in magnitude the impairment observed in ABHD12(—/-) mice (Figure 4A). A
similar trend was observed for the degree of cerebellar microgliosis as determined by
immunostaining for ionized calcium binding adaptor molecule 1 (Ibal), a marker of
activated microglia and macrophages. As reported previously8, the number of enlarged,
activated microglia was higher in ABHD12(—/-) mice compared to wild type control
(LPCAT3(fl/fl)) mice (Figure 4B, C). N-LPCAT3(-/-) mice also showed a higher number of
activated microglia, and the microgliosis was greatest in the double-KO mice. We interpret
the exacerbated auditory dysfunction and microgliosis state of the double-KO mice as being
more supportive of the hypothesis that elevations in lyso-PS lipids, rather than C20:4 PS
lipids, contribute to the neuropathological phenotypes observed in ABHD12(—/-) mice.
While we do not yet understand why the N-LPCAT3(-/-) mice independently show a
microgliosis phenotype, it is possible that the broader reductions in C20:4 phospholipids
(e.g., PC, PE) occurring in these animals also produce a neuroimmunological effect.

In summary, our findings provide compelling insights into both the metabolic regulation of
(lyso-)PS lipids in the nervous system and how specific perturbations in this lipid network
relate to neurological disease. We are struck by the tight coupling of ABHD12 and LPCATS3,
as even acute pharmacological blockade of ABHD12 resulted in rapid LPCAT3-dependent
remodeling of PS lipids. Additionally, while LPCAT3 disruption did not, on its own, alter
the lyso-PS content of human cells or mouse brain, with the notable exception of C20:4
lyso-PS (see below), the loss of this enzyme had a major impact on lyso-PS lipids in
ABHD12-disrupted systems, leading, in many cases, to the hyper-elevation of these lipids.
We interpret this result to indicate that, when ABHD12 is blocked, LPCAT3 becomes a rate-
limiting enzyme for controlling lyso-PS. The curious case of C20:4 lyso-PS suggests an
alternative metabolic pathway for this lipid — instead of serving as a direct substrate for
ABHD12, we posit that the elevations in C20:4 lyso-PS in ABHD12-disrupted systems
reflect the action of a distinct, as-of-yet unidentified, sn-1 PS lipase acting on elevated C20:4
PS lipids (Figure 3D). Further advances in our understanding of the dynamic interplay
between ABHD12 and LPCAT3, as well as possibly other lipid enzymes (e.g. sn-1 or sn-2
PS lipases that generate lyso-PS14: 29; or additional LPCATS, such as MBOAT1, that can
also accept lyso-PS lipids as substrates?3 24) would benefit from the development of
selective and /in vivo-active LPCAT3 inhibitors, as these compounds would overcome some
of the technical challenges associated with the lethality caused by the global, genetic loss of
LPCAT3.
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The integration of our lipidomic and neuropathology data point to lyso-PS lipids, rather than
C20:4 PS lipids, as the more likely source of neurological defects caused by ABHD12
disruption. The /n vivo signaling mechanisms of lyso-PS lipids, however, remain poorly
understood. Candidate lyso-PS receptors, such as GPR34 and GPR174, are implicated in
(neuro)immunological processes30, but we do not know yet which, if any of the established
lyso-PS receptors, contribute to the neuropathological phenotypes caused by ABHD12 loss.
We also recently identified ABHD12 as a modulator of ferroptosis in human cancer cells3?,
and this non-apoptotic form of cell death is also regulated by LPCAT332. PHARC has been
suggested to have a neurodegenerative basis’, and it will be interesting, in future studies, to
determine if neurons in ABHD12-disrupted mice show altered ferroptotic potential. Finally,
our findings provide some directionality to the pursuit of treatment strategies for PHARC
and related neuroimmunological disorders, as they point to enzymes involved in lyso-PS
biosynthesis, such as PLA1 and/or PLA2 PS lipases! 29, as potentially attractive targets.
Even more ambitious would be the development of small-molecule activators of LPCATS3,
which would be predicted, based our findings, to counter the rise in lyso-PS caused by
ABHD12 loss.11:17:26
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Figure 1.
Lyso-PS and PS lipid profiles of LPCAT3-deficient THP-1 cells treated with the ABHD12

inhibitor DO264. A) Lyso-PS acyltransferase activity of membrane lysates (0.05 mg/mL)
from LPCAT3-wild type (sgCtrl) and LPCAT3-null (sgLPCAT3-1-3) THP-1 cells generated
by the CRISPR/Cas9 system were tested using 17:1 lyso-PS and C20:4 CoA as substrates.
Data represent mean + SE values. n = 3 per group. B, C) Lyso-PS (B) and PS (C) lipid
profiles of LPCAT3-wild type and LPCAT3-null THP-1 cells treated with DMOSO or
D0264 (1 uM, 4 h). C20:4 PS lipids are highlighted in red. Data represent mean + SE
values. n = 3 per group. *P < 0.05; ** or ## P < 0.01; *** or ### P < 0.001. (asterisk (*)
used for two-sided Student’s t-test performed relative to sgCtrl for (A) and to respective
DMSO controls for (B) and (C). Pound (#) used for two-sided Student’s t-test performed for
DO264-treated sgLPCAT3 cell populations relative to DO264-treated sgCtrl cells.
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Figure2.
Lyso-PS and PS lipid profiles of N-LPCAT3(-/-) mice treated with the ABHD12 inhibitor

DO0264. A) Lyso-PS acyltransferase activity from brain membrane lysates (0.05 mg/mL) of
N-LPCAT3(-/-) mice. B, C) Brain lyso-PS (B) and PS (C) lipid profiles of wild type (WT;
LPCAT3(fl/fl)) and N-LPCAT3(-/-) mice treated with vehicle (\Veh) or DO264 (30 mg/kg,
4h, p.o.). Data represent mean = SE values. n = 5/group. C20:4 PS species are highlighted in
red. * or # P < 0.05; ** or ## P < 0.01; *** or ### P < 0.001 (two-sided Student’s t-test
performed relative to LPCAT3(fl/fl) for (A). For (B) and (C), asterisks (*) were used for
LPCAT3(fl/fl) + Veh vs LPCAT3(fl/fl) + 30 mg/kg DO264 and N-LPCAT3(-/-) + Veh vs N-
LPCAT3(-/-) + 30 mg/kg DO264 comparisons. Sharps (#) were used for LPCAT3(fl/fl) +
Veh vs N-LPCAT3(-/-) + Veh comparisons.
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Figure 3.

Lyso-PS and PS lipid profiles of ABHD12(-/-), N-LPCAT3(-/-), and ABHD12/N-LPCAT3
double-KO mice. A) Lyso-PS hydrolysis (ABHD12) and lyso-PS acyltransferase (LPCAT3)
activities from brain membrane lysates (0.05 mg/mL) of WT (LPCAT3(fl/fl)),
ABHD12(-/-), N-LPCAT3(-/-), and double-KO mice. B, C) Brain lyso-PS (B) and PS (C)
lipid profiles of WT, ABHD12(-/-), N-LPCAT3(—/-), and double-KO mice. Data represent
mean + SE values and are shown for eleven week-old mice. n = 5/group. Similar profiles
were observed in nine month-old mice (Table S1). D) Metabolic pathway diagram
delineating the coordinated regulation of lyso-PS and C20:4 PS content in the mammalian
brain by ABHD12 and LPCAT3. Arrows indicate abundance changes of indicated
metabolites in ABHD12(—/-) (red), N-LPCAT3(-/-) (blue), and double-KO (green) mice. *P
< 0.05; **P < 0.01; ***P < 0.001 (two-sided Student’s t-test performed relative to WT.
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Figure 4.
Auditory function and microgliosis of ABHD12(—/-), N-LPCAT3(-/-), and ABHD12/N-

LPCAT3 double-KO mice. A) Auditory startle response test performed on nine-month-old
WT, ABHD12(-/-), N-LPCAT3(-/-), and double-KO mice. Data represent mean + SE
values. n = 23-30/group. B) Representative images of Iba-1 immunostaining for activated
microglia in the cerebellum of 12-month-old WT, ABHD12(-/-), N-LPCAT3(-/-), and
double-KO mice. Scale bar, 100 um. C) Quantification of activated microglia (Iba-1* cells
with area greater than 200 pm?2) in the cerebellum of 12-month-old WT, ABHD12(~/-), N-
LPCAT3(-/-), and double-KO mice. Data represent mean + SE values. n = 5/group. * or # P
< 0.05; ** or ## P < 0.01; ***P < 0.001 (asterisk (*) used for two-sided Student’s t-test
performed relative to WT for (A) and (C); pound (#) used for two-sided Student’s t-test
performed between ABHD12(—/-) and double-KO data in (A).
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