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Emerging clinical data show that three ceramide molecules, Cer
d18:1/16:0, Cer d18:1/24:1, and Cer d18:1/24:0, are biomarkers
of a fatal outcome in patients with cardiovascular disease. This
finding raises basic questions about their metabolic origin,
their contribution to disease pathogenesis, and the utility of
targeting the underlying enzymatic machinery for treatment
of cardiometabolic disorders. Here, we outline the develop-
ment of a potent N-acetylgalactosamine-conjugated antisense
oligonucleotide engineered to silence ceramide synthase 2 spe-
cifically in hepatocytes in vivo. We demonstrate that this com-
pound reduces the ceramide synthase 2 mRNA level and that
this translates into efficient lowering of protein expression
and activity as well as Cer d18:1/24:1 and Cer d18:1/24:0 levels
in liver. Intriguingly, we discover that the hepatocyte-specific
antisense oligonucleotide also triggers a parallel modulation
of blood plasma ceramides, revealing that the biomarkers pre-
dictive of cardiovascular death are governed by ceramide
biosynthesis in hepatocytes. Our work showcases a generic
therapeutic framework for targeting components of the
ceramide enzymatic machinery to disentangle their roles in dis-
ease causality and to explore their utility for treatment of car-
diometabolic disorders.

INTRODUCTION
Ceramides are bioactive lipids with crucial roles in biochemical pro-
cesses that impinge on the pathophysiology of metabolic and cardio-
vascular diseases, including energy metabolism, apoptosis, and
inflammation.1–3 Emerging clinical data have recently revealed a
strong association between unique ceramide molecules in the circula-
tion and the mortality of patients with cardiovascular disease
(CVD)4–6 as well as the development of type 2 diabetes.7–9 Specif-
ically, Cer d18:1/16:0 and Cer d18:1/24:1 are reported to be high-
risk markers for a fatal outcome of patients with coronary artery
disease whereas Cer d18:1/24:0 is a protective marker.4 These findings
have prompted routine testing of ceramides in clinical settings to
provide independent and added value to traditional markers of cardi-
Mo
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ometabolic conditions, such as low-density lipoprotein (LDL) choles-
terol.6,10 Despite this great progress and its improved stratification of
patients in preventive healthcare, many questions concerning the
metabolic origin of the ceramide biomarkers, their mechanistic
contribution to disease pathogenesis, as well as the therapeutic utility
of targeting the underlying enzymatic machinery for treatment of car-
diometabolic disorders remain unexplored.

Ceramides are a diverse class of sphingolipids, composed of a long-
chain base and an amide-linked fatty acyl chain with variable lengths,
typically ranging from 14 to 24 carbon atoms and having 0 or 1 dou-
ble bond.11,12 Their biosynthesis is an essential module within the
more extensive sphingolipid metabolic network, which commences
with the condensation of serine and activated palmitoyl (16:0)-coen-
zyme A (CoA) and ends with the production and turnover of more
complex sphingolipids, including sphingomyelins (SMs) and glyco-
sphingolipids (Figure 1A). Six ceramide synthases (CerSs) exist in
mammals and are the prime determinants of ceramide molecular het-
erogeneity. These enzymes vary in tissue distribution and substrate
specificity.12–15 Especially, CerS1, CerS2, CerS5, and CerS6 have
been shown to be of relevance for cardiometabolic disorders. CerS1
is responsible for the synthesis of ceramides with primarily C18-fatty
acyl chains in neural tissue and skeletal muscle, which for the latter
has been reported to positively influence glucose homeostasis,16

thereby supporting the clinical utility of Cer d18:1/18:0 in stratifying
patients with risk of type 2 diabetes.6 CerS2 produces ceramides with
very long C24- and C22-fatty acyl (VLCFA) chains and is particularly
active in liver, specifically in hepatocytes,17 as well as in kidney and
adipose tissue. CerS2-deficient mice suffer from severe hepatopathy,
with high rates of hepatocyte apoptosis and proliferation, that results
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Figure 1. Development of potent ASOs for silencing

human CERS2 and mouse Cers2 expression

(A) Sequences of potent ASOs and locations of their target

sequences in mouse Cers2 mRNAs. Capital letters repre-

sent LNA nucleosides and lowercase letters represent DNA

nucleosides. The corresponding translation into CerS2

protein and its enzymatic function in sphingolipid biosyn-

thesis are indicated. Cer, ceramide; CoA, coenzyme A;

HexCer, hexosylceramide; LCB, long-chain base; SM,

sphingomyelin. (B) Dose-response curves for ASOs tar-

geting CERS2 transcripts in human HEK293 cells and

Cers2 transcripts in mouse J774A.1 cells. Cells were

treated with the indicated compounds or phosphate-buff-

ered saline (control [CTRL]) for 3 days. (C) Compound se-

quences and IC50 values for the ASOs assayed in HEK293

and J774A.1 cells. Capital letter represents an LNA nucle-

oside; a lowercase letter represents a DNA nucleoside;

superscript m represents a 5-methyl cytosine; a subscript s

represents a phosphorothioate internucleoside linkage.

Data represent mean ± SD of three independent experi-

ments.
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in hepatomegaly and hepatocellular carcinoma.18–20 Moreover, Cers2
null mice exhibit glucose intolerance due to decreased insulin recep-
tor activation.21 Notably, several single-nucleotide polymorphisms in
the human CERS2 gene are associated with cardiometabolic disease
traits, including elevated glycosylated hemoglobin level as well as
impaired glomerular filtration rate.22–26 CerS5 and CerS6 mediate
production of primarily C16-ceramides in liver and many other tis-
sues. Notably, both CerS5- and CerS6-derived Cer d18:1/16:0 have
been linked to the pathophysiology of insulin resistance showcased
by attenuated weight gain of gene-deficient mice,27,28 possibly
through a molecular mechanism that abates fatty acid-induced mito-
chondrial fragmentation and metabolic dysregulation.29

The structure-activity relationships of different ceramides have
benefited tremendously from investigations in mouse knockout
models. These models have also helped highlight the therapeutic po-
tential of targeting sphingolipid enzymes for the treatment of meta-
bolic disorders, cardiovascular disease, and cancers.14,30 Thesemodels,
however, poorly recapitulate clinical settings where healthy individ-
uals, with no apparent genetic deficiencies, develop chronically debil-
itating metabolic and cardiovascular diseases over a long time period
through sedentary lifestyles and poor dietary habits. The pharmaco-
logical toolbox formodulating sphingolipidmetabolism in this setting
has until recently been limited to chemical inhibitors that prompt
1662 Molecular Therapy Vol. 30 No 4 April 2022
global and unspecific inhibition of sphingolipid
enzymes leading to adverse side effects, especially
for the treatment of chronic disorders.14 An alter-
native avenue is to use antisense oligonucleotide
(ASO)-based gene expression inhibitors.31 In
fact, several validated antisense therapeutics
have been designed to specifically target lipid
metabolic processes, including apolipoprotein B
(APOB),32 lipoprotein(a),33 proprotein convertase subtilisin/kexin
type 9 (PCSK9),34 phosphatase and tensin homolog (PTEN),35 and
sterol regulatory element-binding protein 1 (SREBF1).36,37 For preci-
sion treatment of severe diseases with hepatic origin, ASOs can be
coupled to N-acetylgalactosamine (GalNAc) to enhance hepatocyte-
targeted delivery,38–40 which in turn can mitigate potential nephro-
toxic side effects of unconjugated analogs.41,42 Notably, an unconju-
gated ASO targeting Cers6 inmice was recently reported to ameliorate
metabolic abnormalities in obese mice.43

In this study, we outline the development and characterization of a
potent locked nucleic acid (LNA)-based ASO that targets both human
CERS2 and mouse Cers2 mRNA transcripts. We show that this com-
pound, as well as related analogs, efficiently reduces CerS2 protein
expression and activity in cultured cells and elicits a specific lowering
of VLCFA-containing ceramides and a compensatory increase in ce-
ramides with shorter chain lengths, including Cer d18:1/16:0. We go
on to demonstrate that GalNAc conjugation facilitates specific reduc-
tion of CERS2 expression in hepatocytes and that low-dose treatment
of mice with this compound prompts specific lowering of CerS2 activ-
ity in the liver as well as VLCFA-containing ceramides and other
sphingolipids without adverse side effects. Intriguingly, we find that
the hepatocyte-specific reduction of CerS2 activity also triggers a par-
allel modulation of the ceramide molecular profile in the circulation,



Figure 2. Silencing of CERS2 reduces CerS2 protein

expression and activity

(A) CERS2 transcript level in HEK293 cells treated with

ASOs at 5 and 50 mMor phosphate-buffered saline (CTRL)

for 6 days. Data represent mean ± SD (n = 3 independent

experiments) and dots show values of individual treat-

ments. (B) CerS2 protein level in HEK293 cells treated with

ASOs at 5 and 50 mMor phosphate-buffered saline (CTRL)

for 6 days. Equal protein amounts were separated by

SDS-PAGE and analyzed by immunoblotting with anti-

bodies to CerS2 and GAPDH (left panel). Protein abun-

dance (right panel) was determined by densitometry and

the CerS2 level is expressed relative to the mean of the

control treatments. Data represent mean (n = 2–4 inde-

pendent experiments) and dots show values of individual

treatments. (C) Specific CerS2 activity in HEK293 cells

treated with ASOs. CerS2 activity was determined via

production of fluorescently labeled 24:1-containing dihy-

droceramide using cell homogenates, thin-layer chroma-

tography, and densitometry. Data represent mean ± SD

(n = 4 independent experiments) and dots show values for

individual treatments. (D) Sphingolipid levels in HEK293

cells treated with ASOs or phosphate-buffered saline

(CTRL) for 6 days. Data represent mean ± SD (n = 2–4

independent experiments) and dots show values of indi-

vidual treatments. Significant differences (p < 0.05) are

highlighted by p value computed using ANOVA. (E) Tran-

script levels of indicated CERSs in HEK293 cells treated

with ASO-1 and ASO-2 for 6 days. Data represent mean ±

SD of two independent experiments. See also Figure S1.
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demonstrating that the levels of high-risk CVD death marker Cer
d18:1/24:1 as well as the protective marker Cer d18:1/24:0 are gov-
erned by ceramide biosynthesis in hepatocytes in vivo. Overall, our
study showcases a therapeutic framework that can be engineered to
target any subset of the sphingolipid enzymatic machinery, specif-
ically in hepatocytes in vivo, to support both fundamental studies of
sphingolipids in disease causality and exploration of the therapeutic
utility of targeting ceramide enzymes in the treatment of metabolic
and cardiovascular conditions.

RESULTS
Development of potent ASOs for silencing CERS2 expression

To develop a potent antisense inhibitor capable of reducing CerS2 ac-
tivity, we synthesized a library of LNA-based ASOs that target only
conserved sequences in human CERS2 mRNA and mouse Cers2
mRNA (100% homology) and have no match to any other mRNA se-
quences in the human transcriptome (<0.01% sequence homology).
The efficacy of these ASOs was evaluated using a panel of human and
mouse cell lines. These cell lines were incubated with ASOs for gym-
M

notic uptake,44 and the levels of human CERS2
or mouse Cers2 transcripts were measured by
quantitative PCR (qPCR) (data not shown).
This gave rise to four potent ASOs that were
selected for further characterization (Figure 1A).
These ASOs were subsequently assayed for their half-maximal inhib-
itory concentration (IC50) for silencing CERS2 mRNA expression in
human HEK293 cells and in mouse J774A.1 cells. This demonstrated
that all four ASOs display a characteristic pharmacological profile
with a dose-dependent reduction of transcript levels and potencies
in the low micromolar range (Figures 1B and 1C).

Potent ASOs reduce CerS2 activity

Having confirmed target engagement, we next examined the ability of
the ASOs to reduce CerS2 protein expression and activity, since this is
a major premise for their therapeutic utility. To this end, we treated
HEK293 cells with the four ASOs at 5 and 50 mM. Subsequently,
we assayed in parallel CERS2 mRNA expression, CerS2 protein
expression, and enzyme activity. This recapitulated that treatment
with 5 and 50 mM ASO reduces CERS2 expression in a dose-depen-
dentmanner to 32% and 6%, respectively, of its level in untreated con-
trol cells (Figure 2A). Concomitantly, this prompts a reduction in the
CerS2 protein level to 43% and 7%, respectively (Figure 2B). Impor-
tantly, the ASOs also evoke a pronounced, dose-dependent reduction
olecular Therapy Vol. 30 No 4 April 2022 1663
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Figure 3. Improved potency of GalNAc-conjugated ASOs toward silencing

Cers2 mRNA

(A) Dose-response curves for ASOs targeting Cers2 transcripts in primary mouse

hepatocytes. Cells were treated with the indicated compounds or phosphate-

buffered saline (CTRL) for 3 days. Data represent mean ± SD of four independent

experiments. (B) IC50 values are displayed as mean ± SD of four biological repli-

cates.
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in CerS2 activity to 20% and 5%, respectively (Figure 2C). Taken
together, these data demonstrate that all four ASOs are not only
capable of efficiently lowering the CERS2 transcript level but also
the CerS2 protein and its enzymatic activity.

To explore whether reducing CerS2 expression also modulates levels
of ceramides and downstreammetabolically connected sphingolipids,
we analyzed ASO-treatedHEK293 cells by in-depthMSALL lipidomics
(Table S1). Notably, MSALL analysis is a lipidomics technology that
affords high-fidelity identification and accurate quantification of mo-
lecular lipid species at a lipidome-wide level using high-resolution tan-
dem mass spectrometry (MS/MS).45,46 This analysis demonstrated a
dose-dependent reduction in CerS2-specific ceramide products with
VLCFAs, including Cer d18:1/24:1 and Cer d18:1/24:0 (Figure 2D).
In addition, we observed an increase in the long-chain fatty acyl
(LCFA)-containing ceramides, including Cer d18:1/16:0, Cer d18:1/
18:0, and Cer d18:1/14:0. Overall, the total level of ceramides did
not change significantly, and the modulation of the ceramide molecu-
lar profile is propagated directly into downstream SM and hexosylcer-
amide (HexCer, most likely glucosylceramide) products (Figure 2D).
Notably, a similar shift to production of LCFA-containing ceramides
has been observed in livers of Cers2 null mice that are practically
devoid of Cer d18:1/24:1 and Cer d18:1/24:0.19

To examine whether the increase in LCFA-containing ceramides is
due to a compensatory increase in the expression of other CerSs we
measured their transcript levels. This showed that the expression of
CERS1, CERS4, CERS5, and CERS6 do not change upon silencing
1664 Molecular Therapy Vol. 30 No 4 April 2022
CERS2 (Figure 2E). These data suggest that the increase in LCFA-
containing ceramides is not due to elevated expression of other CerSs
with specificities toward LCFA-CoAs. Hence, the accumulation of
LCFA-containing ceramides could be due to a buildup of LCFA-
CoAs attributed to their ineffective conversion to downstream
VLCFA-CoA products and utilization by CerS2. Alternatively, post-
translational mechanisms for regulation of enzymatic activity, espe-
cially for CerS5 and CerS6, via protein-protein interactions47 as
well as protein phosphorylation48,49 could be alternative compensa-
tory mechanisms of action.

GalNAc conjugation improves potency of ASOs

Having successfully developed a series of potent LNA-based ASOs
that specifically silence CERS2/Cers2 gene expression in vitro, we
next sought to evaluate their utility for perturbing CerS2 function
in vivo. A pilot study showed that treating mice with a relatively
high dose of ASOs (2.8 mmol/kg, �15 mg/kg; five doses across
16 days) rendered up to 90% and 70% reduction of Cers2 expression
in both the liver and the kidney, respectively (data not shown). This
concurred with 80% and 70% reduction in CerS2 activity in both the
liver and the kidney, respectively (data not shown). Moreover, this pi-
lot study revealed that ASO-1 and ASO-2 are more efficacious for
pharmaceutical intervention due to lower hepatotoxicity (monitored
by serum alanine aminotransferase levels) as compared to ASO-3 and
ASO-4 (data not shown). Based on these findings we chose to explore
the therapeutic utility of only ASO-1 and ASO-2 in further detail.

To further improve the therapeutic efficacy of ASO-1 and ASO-2 we
equipped these compounds with a trivalent GalNAc moiety. Notably,
we and others have previously shown that GalNAc conjugation tar-
gets RNA therapeutics to hepatocytes via binding to the asialoglyco-
protein receptor expressed specifically on the cell surface.33,39,50 As a
first step to determine the efficacy of the GalNAc-conjugated ASOs,
we assessed their ability to silence Cers2 mRNA in primary mouse he-
patocytes. This assessment confirmed the potency of our unconju-
gated ASOs toward mouse Cers2 expression with IC50 values in the
low nanomolar range of 27–63 nM (Figures 3A and 3B). Further-
more, we found that the GalNAc-conjugated analogs also display a
characteristic pharmacological profile with dose-dependent reduction
of the Cers2 transcript level with up to 13-fold greater potency than
the unconjugated analogs (i.e., IC50 values of 5–6 nM). Importantly,
these data not only underpin the improved efficacy and potency of
our GalNAc-conjugated ASOs to lower Cers2 expression specifically
in hepatocytes, but they also provide an avenue for further in vivo
testing at lower doses as compared to treatment with unconjugated
ASOs, which have a higher risk of nephrotoxic side effects.

Hepatocyte-specific targeting reduces CerS2 activity in the liver

Next, we reasoned that our more potent GalNAc-conjugated com-
pounds should result in specific delivery to liver tissue in vivo and
prompt a specific lowering of CerS2 activity and a shift in the molec-
ular profile of ceramides in the liver. To explore this, we carried out a
short-term study where mice were treated with equimolar doses
(276 nmol/kg; two doses across 7 days) of the unconjugated or the



Figure 4. GalNAc-conjugated ASOs prompt specific

reduction in liver Cers2 expression and activity in

adult animals

(A) Design of short-term in vivo study with dual treatments.

Ten-week-old C57BL/6J mice were treated twice with

ASO-1, GalNAc-ASO-1, ASO-2, or GalNAc-ASO-2

across a 7-day period. The mice were injected on day

0 and 3 with 278 nmol/kg (approximately 2.1 mg/kg and

1.5 mg/kg for GalNAc-ASOs and ASOs, respectively).

Control mice were treated with saline. Data in following

panels represent mean ± SD and dots show individual

measurements (n = 5 biological replicates). (B) Relative

expression of Cers2 in liver and kidney. (C) Relative level of

alanine aminotransferase (ALT) in serum, a proxy for

hepatotoxicity. (D) Specific CerS2 activity in liver and

kidney. (E) Sphingolipid levels in livers of mice treated with

saline or GalNAc-ASO-1. Significant differences (p < 0.05)

are highlighted by p value computed using ANOVA.
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GalNAc-conjugated ASOs across a 7-day period (Figure 4A). Anal-
ysis of transcript levels in liver and kidney demonstrated that the
low-dose treatment with unconjugated ASOs does not affect Cers2
expression in either of the two tissues (Figure 4B). Conversely, we
found that both GalNAc-ASO-1 and GalNAc-ASO-2 elicit a potent,
specific, and significant reduction of the Cers2 transcript level only
in the liver to 25% and 45%, respectively. None of the treatments
rendered signs of hepatotoxicity (Figure 4C). To confirm that the
treatments translate into a reduction of protein function, we assayed
CerS2 activity in the liver and kidney. This revealed that only the
treatments with the GalNAc-conjugated ASOs, and not the unconju-
gated ASOs, cause a specific reduction in liver CerS2 activity
(Figure 4D).

To further explore the metabolic impact of the hepatocyte-specific
Cers2 silencing we carried out MSALL lipidomics of liver tissue
from the saline- and GalNAc-ASO-1-treated mice (Table S2). As ex-
Mo
pected, the levels of VLCFA-containing ceram-
ides, including Cer d18:1/24:1 and Cer d18:1/
24:0, were reduced in livers of mice treated
with GalNAc-ASO-1 (Figure 4E). Moreover,
we observed an increase in the LCFA-contain-
ing Cer d18:1/16:0 species, which maintains
the total level of ceramides in the liver constant.
Notably, we also found that the characteristic
shift in the ceramide molecular profile is propa-
gated into the pools of metabolically coupled SM
and HexCer molecules (Figure 4E).

Overall, these data demonstrate that our devel-
oped GalNAc-conjugated ASOs facilitate spe-
cific downregulation of CerS2 function and
activity in the liver, and specifically in hepato-
cytes. We deem that these ASOs can serve as
both tool compounds to investigate the molecu-
lar physiology of perturbing CerS2 activity in hepatocytes of adult
animals, mitigating confounding effects from developmental
compensation in genetically modified animals, as well as exploring
the therapeutic utility of targeting Cers2 in models of cardiometabolic
disorders. Notably, from hereon we chose to investigate the therapeu-
tic potential of GalNAc-ASO-1 in further detail due to its more potent
lowering of Cers2 expression (Figure 4B) as well as its marginally bet-
ter reduction in CerS2 activity compared to GalNAc-ASO-2
(Figure 4D).

Single low-dose treatment prompts prolonged silencing of liver

Cers2 expression

Having established that the GalNAc-conjugated ASOs are effective in
specifically lowering CerS2 activity in the liver, we next carried out a
duration-of-effect study to determine how long the silencing of Cers2
would have an effect. To this end, mice were treated with a single low-
dose of GalNAc-ASO-1 (276 nmol/kg; one dose) (Figure 5A), and the
lecular Therapy Vol. 30 No 4 April 2022 1665
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Figure 5. Duration of GalNAc-ASO-1 action after a single low-dose injection

in mice

(A) Design of duration of effect study. Ten-week-old mice were treated with a single

intravenous injection of GalNAc-ASO-1 (2.1 mg/kg, 0.94 mmol/kg). Mice were

euthanized at the indicated time points and tissue samples were collected. Data in

the subsequent panels represent mean values ±SD relative to day 0, and dots show

values of individual measurements (n = 5 biological replicates). (B) Relative Cers2

transcript level in liver and kidney. (C) Relative level ALT in serum, a proxy for hep-

atotoxicity.
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liver as well as kidney were analyzed for Cers2 expression after 0, 7,
14, 21, and 28 days. This analysis recapitulated our previous finding
that GalNAc-ASO-1 specifically targets Cers2 expression in the liver
and not in the kidney (Figure 5B). Specifically, 7 days after onset of
treatment the level of Cers2 mRNA in liver was reduced to 34% of
its initial level. After 14 days, the Cers2 transcript level had reverted
back to 53% of its initial level, and after 21 and 28 days the expression
continued to gradually approach the initial 100% expression level.
Importantly, parallel monitoring of the alanine aminotransferase
level in serum again showed no sign of hepatotoxicity across the treat-
ment period (Figure 5C). Based on these data, together with the re-
sults of the previously outlined in vivo study (Figure 4), we conclude
that our GalNAc-ASO-1 compound is well tolerated in mice and has
an acceptable safety margin for weekly administration at a low dose.

Long-term silencing of Cers2 promptsminor changes in the liver

proteome

Next, we sought to explore the efficacy of our compound for long-
term treatment, as this is amajor prerequisite for its therapeutic utility
1666 Molecular Therapy Vol. 30 No 4 April 2022
in clinical settings. To this end, we carried out a multiple-treatment
study with weekly low-dose administration of GalNAc-ASO-1 as
well as unconjugated ASO-1 and saline as controls (276 nmol/kg;
five doses across 35 days) (Figure 6A). Transcript analysis after
35 days demonstrated that also long-term GalNAc-ASO-1 treatment
specifically reduces the Cers2 transcript in liver to 13% of the level in
control mice treated with saline (Figure 6B). Moreover, GalNAc-
ASO-1 treatment prompts a marginal 14% reduction in the kidney
Cers2 transcript level, which is similar to the minor effects of the un-
conjugated ASO-1 in liver and kidney following long-term treatment.

To verify that the long-term treatment mediates a concomitant reduc-
tion in CerS2 protein expression, and to explore more broadly how
this impinges on liver physiology, we carried out a quantitative pro-
teomics analysis of liver tissue from the mice treated with GalNAc-
ASO-1 and saline. This analysis quantified 5,534 proteins (Table
S3) having an average biological variation of only 6.5% (Figure S2).
This latter metric demonstrates that our protein quantification is
highly precise at the proteome-wide level and that subtle differences
are more likely to be statistically significant. Surprisingly, we found
that the GalNAc-ASO-1 treatment produces only aminor remodeling
of the liver proteome with 96 proteins showing significant differences
in abundance (q < 0.05 and fold change greater than 1.5) (Figure 6C).
Of these proteins, 72 and 24 were upregulated and downregulated,
respectively. Among the most downregulated proteins, we found
CerS2, having an expression level that is 14% of its level in saline-
treated control mice (Figures 6C and 6D).

To examine whether the altered protein expression is primarily due to
the reduction of CerS2 activity or potential off-target effects of the
GalNAc-ASO-1 compound, we compared our protein data with tran-
scriptomics data from livers of Cers2 null mice.20 This analysis re-
vealed that most of the 96 differentially expressed proteins have a
matching differentially regulated mRNA in Cers2�/� mice. Specif-
ically, 46 (64%) of the 72 upregulated proteins have a matching upre-
gulated transcript, whereas 8 (33%) of the 24 downregulated proteins
have a matching downregulated transcript. This high similarity be-
tween transcript and protein levels strongly suggests that the minor
alteration in liver protein expression following the long-term Gal-
NAc-ASO-1 treatment is largely a bona fide phenotypic consequence
of reduced CerS2 activity rather than off-target effects of the ASO
compound.

Finally, we explored the metabolic consequences of the hepatocyte-
specific reduction of CerS2 activity by interrogating the proteomics
data for differential expression of sphingolipid enzymes (e.g., Sptlc1)
and related proteins (e.g., Ormdl3). This showed identification of 13
proteins involved in sphingolipid homeostasis, whereof 7 are differen-
tially expressed (Figure 6D). Among three downregulated proteins we
found CerS2 (q = 5e�8), glucosylceramidase Glcm (q = 0.02), and
galactocerebrosidase Galc (q = 0.06), with the latter two being
involved in turnover of glycosphingolipids. Among five upregulated
proteins we found sphingosine-1-phosphate phosphatase 1 (Sgpp1,
q = 0.006) involved in dephosphorylation of long-chain base



Figure 6. Minimal proteome remodeling upon long-

term, hepatocyte-specific Cers2 silencing

(A) Design of long-term study with multiple treatments.

Ten-week-old mice were treated weekly with GalNAc-

ASO-1 or ASO-1 across a 35-day period. The mice were

injected intravenously on days 0, 7, 14, 21, and 28 with

278 nmol/kg (2.1 mg/kg and 1.5 mg/kg for GalNAc-ASO-

1 and ASO-1, respectively). Control mice were treated

with saline. Blood plasma was collected prior to each

dosing at days 0, 7, 14, 21, and 28 (indicated in gray), and

the mice were euthanized on day 35 followed by collec-

tion of blood plasma, liver, and kidney. (B) Relative Cers2

transcript levels in liver and kidney at day 35 after onset of

treatment. Data represent mean ± SD and dots show

individual treatments (n = 5 biological replicates). (C)

Volcano plot depicting differences in liver protein

expression between GalNAc-ASO-1- and saline-treated

mice. Protein expression data are correlated to tran-

scriptomics data from Pewzner-Jung et al.20 (D) Expres-

sion levels of sphingolipid metabolic machinery in liver.

Data represent average reporter intensity (arbitrary unit) ±

SD (n = 5 biological replicates) and dots show values of

individual replicates. Significant differences (q < 0.05) are

highlighted by computed q values. See also Figure S2.
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phosphates and production of long-chain bases (including sphingo-
sine and sphinganine), and all three members of the serine palmitoyl-
transferase family, Sptlc1 (q = 0.03), Sptlc2 (q = 0.01), and Sptlc3 (q =
0.04), responsible for biosynthesis of long-chain bases. These findings
indicate that lowering CerS2 activity triggers a broader repertoire of
compensatory responses that serve to maintain sphingolipid homeo-
stasis by increasing the biosynthesis of long-chain bases (mediated by
Sptlc1/2/3 and Sgpp1) and minimizes activities that lead to futile
degradation of glycosphingolipids (mediated by Glcm and Galc).

Hepatocyte-specific silencing of Cers2 prompts remodeling of

circulating ceramides

To verify that the long-term treatment also translates into a lowering of
CerS2-specific ceramides, we carried outMSALL lipidomics of liver tis-
sue from the mice treated with GalNAc-ASO-1 and saline (Table S4).
This analysis verified that the hepatocyte-specific silencing of Cers2
lowers the absolute levels of VLCFA-containing ceramides, including
Cer d18:1/24:1 andCer d18:1/24:0 (Figure 7A). Notably, this reduction
was accompanied by a significant increase in Cer d18:1/16:0 and its
biosynthetic precursor Cer d18:0/16:0. This compensatory effect, how-
Mo
ever, does not addup tomaintain a constant total
ceramide level, as observed for treated HEK293
cells (Figure 2D), in livers of mice subjected to
short-term GalNAc-ASO-1 treatment (Fig-
ure 4E) and livers of Cers2 null mice.19 More-
over, the characteristic shift in the ceramide
molecular profile is again propagated into meta-
bolically connected SM and HexCer molecules
(Figures 7A and S3A). Notably, the specific
silencing of Cers2 evokes no evident lipid meta-
bolic off-target effects, evidenced by nomajor changes of the overall FA
profile in the liver (Figure S4A) or that of key enzymatic machinery
involved in FA metabolism (Figure S4B). Based on these findings we
conclude that the long-term treatment translates into effective
lowering of VLCFA-containing ceramides in the liver by specifically
impairing CerS2 function in hepatocytes.

Finally, we examined the therapeutic utility of Cers2 targeting in refer-
ence to modulating levels of plasma ceramide biomarkers associated
CVD death. To this end, we carried out MSALL lipidomics of blood
plasma collected across six time points during the 35-day treatment
period (Table S5). Intriguingly, this demonstrated a progressive
lowering of CerS2-related ceramides, including Cer d18:1/24:1 and
Cer d18:1/24:0, until day 21, after which the levels of VLCFA-contain-
ing ceramides became slightly elevated again (Figure 7B). In compar-
ison, the plasma level of Cer d18:1/16:0was onlymarginallymodulated
(p = 0.053) across the 35-day treatment period, with a minor elevation
until day 14, after which the level declined again. Furthermore, the sys-
tematic shifts in ceramide molecular profile are directly propagated
into the pools of plasma SMandHexCermolecules, with themolecular
lecular Therapy Vol. 30 No 4 April 2022 1667
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Figure 7. Hepatocyte-specific silencing of Cers2

modulates levels of circulating ceramides

Ten-week-old mice were treated with GalNAc-ASO-1 or

saline as outlined in Figure 6A. Data in (A) and (B) represent

mean ± SD and dots show individual treatments (n = 5

biological replicates). Significant differences (p < 0.05) are

highlighted by p value computed using ANOVA. CE, cho-

lesteryl ester; LPC, lysophosphatidylcholine; PC, phos-

phatidylcholine; PC O-, ether-linked phosphatidylcholine;

PE, phosphatidylethanolamine. (A) Level of ceramide and

sphingomyelinmolecules in liver after the 35-day treatment

period. (B) Concentration of ceramide and sphingomyelin

molecules in blood plasma of mice treated with GalNAc-

ASO-1 across the indicated time period. (C) Venn diagram

of lipid molecules monitored in plasma in the current study

and lipids associated with fatal outcome of coronary artery

disease.4 (D) Relationship between risk stratification and

lipid biomarkers that are significantly changed by GalNAc-

ASO-1 treatment (p < 0.1). See also Figures S3 and S4.
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hallmark that 16:0-containing SM and HexCer species become signif-
icantly elevated until day 21 and are then reduced again (Figures 7B
and S3B). Taken together, these findings demonstrate a direct meta-
bolic coupling between ceramide biosynthesis in hepatocytes and the
levels of circulating ceramide molecules, especially the CerS2-specific
VLCFA-containing ceramides. Moreover, the data also indicate that
adolescent mice subjected to long-term the GalNAc-ASO-1 treatment
undergo an adaptation between day 21 and 28 that serves to attenuate
the reduced level of VLCFA-containing ceramides and metabolically
coupled sphingolipids. Notably, future studies should be carried out
to explore the molecular and functional underpinnings of this finding
in further detail.

Lastly, we explored the broader pharmacological potential of the Gal-
NAc-ASO-1 treatment by assessing its impact across the panel of all
1668 Molecular Therapy Vol. 30 No 4 April 2022
CVD death-related lipids. Notably, the original
study leading to the discovery of the ceramide
biomarkers reported a total of 31 lipids to be
risk markers of a fatal outcome in patients with
coronary artery disease.4 Querying our compre-
hensive lipidomics data revealed specific detec-
tion of 25 of these plasma lipids (Figure 7C), of
which 21 are significantly modulated by the Gal-
NAc-ASO-1 treatment. Compared to clinical
risk stratification,we found that the plasma levels
of 7 of these lipids are favorably modulated by
treatment whereas 14 are unfavorably modu-
lated (Figure 7D). Among the favorably modu-
lated lipids is the specific lowering of the
CerS2-related high-risk marker Cer d18:1/24:1
as well as elevation of the protective markers
LPC 16:0, LPC 16:1, PC 18:1-20:4, PE O-18:1/
20:4, and CE 20:4, where the latter three have
an u-6-arachidonyl chain feature (i.e., 20:4).
Among the unfavorably modulated lipids is the lowering of the
CerS2-related protective markers Cer d18:1/24:0, SM d18:1/24:0, and
SMd18:1/23:0, and several protectivemarkers withu-3 chain features,
including PC 18:0-22:6, PC 18:0-20:3, CE 18:3, andCE 20:5, as well as a
minor elevation of the high-risk marker Cer d18:1/16:0. In the context
of therapeutically modulating the risk of CVD death, these data
demonstrate that the Cers2 targeting is highly effective in lowering
the high-risk CVD death marker Cer d18:1/24:1, but that this also
prompts, at least in healthy adolescent mice, the inadvertent lowering
of several protective sphingolipid markers with saturated VLCFA
chains as well as several protective lipids with u-3 FA chain features.

DISCUSSION
The recent discovery of bona fide ceramide biomarkers prognostic of
CVD death has prompted a profound interest in understanding the
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molecular basis of its causality and devising pharmaceutical strategies
for targeting ceramide biosynthesis that ideally mitigate the risk of
death for individuals with CVD. In this study, we set out to explore
the therapeutic potential of targeting CERS2 as an avenue to lower
the high-risk biomarker Cer d18:1/24:1 in the circulation. To this
end, we developed a potent and specific LNA-based ASO capable of
silencing both human CERS2 and mouse Cers2 expression, specif-
ically in hepatocytes in vivo when tethered to a GalNAc-based drug
delivery system. We show that our ASO compound not only silences
the mRNA level but also reduces CerS2 protein expression and
enzyme activity, both in vitro and in vivo. We go on to show that
our compound reduces the biosynthesis of VLCFA-containing ce-
ramides in the liver of mice and that this evokes a direct lowering
of VLCFA-containing ceramides in the circulation, including the
high-risk biomarker Cer d18:1/24:1 as well as other sphingolipids.
Furthermore, we show that our ASO compound is well tolerated in
mice and only elicits a minor remodeling of the liver proteome that
primarily reflects the reduced CerS2 expression and levels of
VLCFA-containing sphingolipids. Overall, our study showcases a
therapeutic framework that can be engineered to target any subset
of the sphingolipid enzymatic machinery, specifically in hepatocytes
in vivo. This framework can support fundamental studies of sphingo-
lipids in disease causality and serve as a stepping stone to explore the
therapeutic utility of targeting ceramide enzymes in rodent models of
metabolic and cardiovascular disease.

Although our ASO compound is potent, specific, and has no apparent
side effects when administrated at a low dose, we find that its utility for
modulating the high-risk biomarker Cer d18:1/24:1 is seemingly jeop-
ardized by the inadvertent reduction of several protective sphingolipid
markers with saturated VLCFAs, especially Cer d18:1/24:0. This effect
is readily explainedby the substrate specificity ofCerS2,whichuses fatty
acyl-CoAswith saturated andmonounsaturated chains having between
20 and24 carbon atoms.13,14Hence, in light of theCerS2 substrate spec-
ificity, it appears that pharmacological targeting of CERS2 to mitigate
the risk of death in patients with CVD will be challenging since it is
likely to reduce both the high-risk biomarker Cer d18:1/24:1 as well
as the protective biomarker Cer d18:1/24:0. Notably, also the ceramide
ratios Cer d18:1/24:1-to-Cer d18:1/24:0 and Cer d18:1/16:0-to-Cer
d18:1/24:0 have been reported to be high-risk biomarkers of CVD
death, with even better predictive powers than the levels of the individ-
ual plasma ceramides.4,5 In this context, we find that the treatment with
GalNAc-ASO-1 does not affect thehigh-riskmarkerCer d18:1/24:1-to-
Cer d18:1/24:0 considerably, but it does inadvertently elevate the high-
risk marker Cer d18:1/16:0-to-Cer d18:1/24:0 by up to 4.7-fold
(Figure S3C). Nevertheless, despite these seemingly unfavorable effects
of CERS2 targeting, we deem that further investigation using rodent
models of metabolic and cardiovascular disease, such as atheroscle-
rosis-prone apolipoprotein E-deficient mice, are warranted to fully
explore the potential of the ASO compound. Such studies could lead
to the development of specialized therapeutic modalities, including
combination therapies, that eventually translate into lowered CVD
death risk for individual patients aswell as combating the enormous so-
cioeconomic burden of CVD and its comorbidities at the society level.
Our study not only provides a better understanding of the challenges
associated with pharmacological targeting CERS2 but also gives
fundamental understanding into the metabolic origin of the ceramide
biomarkers and their metabolic coupling to other risk-associated
(sphingo)lipids. Importantly, our data uncover that hepatocytes are
major determinants of the high-risk ceramide biomarkers Cer
d18:1/24:1 and Cer d18:1/16:0 as well as the protective biomarker
Cer d18:1/24:0. By the use of our hepatocyte-specific GalNAc-ASO-
1 compound and comprehensive MSALL lipidomics analysis, we eluci-
date that this regulation is governed at the level of ceramide biosyn-
thesis and that this goes beyond the three ceramide biomarkers to also
include downstream metabolically connected SM and HexCer mole-
cules, which were originally also stratified as risk-associated lipids.4

Importantly, this insight strongly suggests that the molecular etiology
of CVD death does not only involve the three ceramide biomarkers,
but rather a more intricate metabolic network of enzymatic transi-
tions and crosstalk between hepatocytes and the circulation. To
harness this deeper level of molecular complexity will certainly benefit
from the use of more extensive lipidomics technology46,51 that goes
beyond targeted analysis of only the three ceramide biomarkers.
Moreover, it will be exciting in future studies to extend this analysis
to cover different lipoprotein particles, thereby giving us a more
detailed understanding of the molecular relationship between CerS2
activity in hepatocytes and its link to CVD.

In summary, our study highlights the therapeutic utility and chal-
lenges of targeting CERS2 for modulating high-risk ceramide bio-
markers of CVD death, showcases a generic therapeutic framework
for targeted disruption of sphingolipid metabolic machinery specif-
ically in hepatocytes in vivo, uncovers that ceramide biosynthesis in
hepatocytes plays a central role in controlling the levels of numerous
risk-associated sphingolipids in the circulation, and lays the ground-
work for exploring the therapeutic efficacy of ASOs toward ceramide
biosynthesis in rodent models of metabolic and cardiovascular dis-
ease. Furthermore, the large amount of lipidomics and proteomics
data collected in this work should be a useful resource for the scientific
community to further investigate molecular aspects of ceramide
biology that are not covered in this study.

MATERIALS AND METHODS
Chemicals

All chemicals were of high-performance liquid chromatography
(HPLC) grade and were purchased from Sigma-Aldrich or VWR, un-
less stated otherwise. Methanol and chloroform were from BioSolve
and Rathburn Chemicals, respectively. Synthetic lipid standards
were purchased from Avanti Polar Lipids and Larodan Fine
Chemicals.

Oligonucleotide design and synthesis

Single-stranded LNA-based ASOs complementary to human CERS2
mRNA and mouse Cers2 mRNA (ENSG00000143418 and EN-
SMUSG00000015714) were synthesized using standard phosphora-
midite chemistry.39 DNA phosphoramidites were purchased from
Sigma-Aldrich, and LNA phosphoramidites were produced in-house
Molecular Therapy Vol. 30 No 4 April 2022 1669
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(albeit LNA oligonucleotides are also commercially available). Ami-
nolinker C6 was purchased from Link Technologies. Unconjugated
ASO and 50-aminolinker C6 precursors (for GalNAc-conjugated
ASOs) were synthesized on NittoPhase HL UnyLinker 350 support
(Kinovate Life Sciences) on an ÄKTA Oligopilot (GE Healthcare)
at a 130 mmol scale. After synthesis, the oligonucleotides were cleaved
from the support using aqueous ammonia at 65�C overnight. The ol-
igonucleotides were purified by ion exchange on SuperQ-5PW gel
(Tosoh Bioscience) and desalted using a MF-Millipore membrane.
After lyophilization, the ASOs were characterized by liquid chroma-
tography (LC)-MS. GalNAc-conjugated ASOs were prepared using
GalNAc cluster (GN2) as described in patent application WO 2017/
021385 A1 (examples 1–10). The free GalNAc acid was activated us-
ing N-hydroxysuccinimide and N-(3-dimethylaminopropyl)-N0-eth-
ylcarbodiimide hydrochloride in a mixture of dimethylformamide
and dimethyl sulfoxide, and then added to the 50-aminolinker C6 pre-
cursor (with 3-to-4 molar excess of GN2) in 20 mM sodium hydrogen
carbonate together with triethylamine. After �12 h, the reaction
mixture was applied directly to ion-exchange purification and desalt-
ing as described above for the unconjugated ASOs.

Cell culture, ASO treatment, and RNA isolation

Human HEK293 and mouse J744A.1 cells were plated 24 h prior to
addition of ASOs, which were dissolved in PBS at the indicated con-
centrations. After an ASO incubation time of 72 h, cells were lysed
and total RNA was extracted using the PureLink Pro 96 RNA purifi-
cation kit (Thermo Fisher Scientific), and quantitative reverse
transcriptase PCR (qRT-PCR) for gene expression analysis was per-
formed as described below. Primary mouse hepatocytes were isolated
from C57BL/6 mice by a two-step collagenase liver perfusion
method.52 Freshly isolated hepatocytes were plated in collagen-l-
coated 96-well plates at 25,000 cells/well inWilliam’s medium E, sup-
plemented with 1� penicillin (Pen)/streptomycin (Strep)/glutamine
(Invitrogen) and 10% fetal bovine serum (ATCC). 3 h after plating,
the hepatocytes were treated with ASOs at the indicated concentra-
tions for 72 h, followed by RNA extraction and qRT-PCR as described
below.

In vivo studies in mice

In vivo studies were conducted in accordance with European stan-
dards, the guideline of Policies Governing the Use of Live Vertebrate
Animals by the University of Tokyo, based on The Public Health Ser-
vice Policy on Humane Care and Use of Laboratory Animals by the
Awardee Institution (revised May 1985), and by the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
(revised 1985). Furthermore, protocols were approved by the Danish
National Committee for Ethics in Animal Experiments. Inbred
C57BL/6JBom female mice weighing 20 ± 2 g (mean ± standard de-
viation) were obtained from Taconic. The animals were housed in
groups of five, and water and a standard diet were supplied ad libitum.
The vivariumwas maintained at a constant temperature (23�C ± 1�C)
and humidity (40% ± 5%) under a 12-h light/12-h dark cycle
throughout the studies. The treatment groups (n = 5) received either
0.9% saline or saline-formulated ASO administered by intravenous
1670 Molecular Therapy Vol. 30 No 4 April 2022
injection. Interim blood samples were drawn from the sublingual
vein in K2EDTA tubes, and plasma was prepared by centrifugation
(1,500 � g, 10 min, 4�C). Mice were anesthetized (using 70% CO2/
30% O2) before euthanasia by cervical dislocation. Collected samples
of plasma, liver, and kidney were snap-frozen in liquid nitrogen and
stored at �80�C until further processing. Total RNA from liver and
kidney tissues was isolated using the MagNA Pure 96 cellular RNA
large volume kit (Roche).

qRT-PCR

For gene expression analysis, one-step qRT-PCR was performed us-
ing qScript XLT one-step qRT-PCR ToughMix, low ROX (Quanta-
bio) in a duplex setup using the following Thermo Fisher TaqMan
assays: CERS1 (Hs04195319_s1), CERS2 (Hs00604577_m1), CERS3
(Hs00698859_m1), CERS4 (Hs00226114_m1), CERS5 (Hs00332
291_m1), and CERS6 (Hs00826756_m1), each normalized to expres-
sion of GAPDH (Hs99999905_m1) for the human transcript, and
Cers2 (Mm00504086_m1; FAM-MGB), normalized to Gapdh
(Mm99999915_g1; VIC-MGB_PL) for the mouse transcript, respec-
tively. All data points were performed in duplicates and IC50 values
were determined using GraphPad Prism software.

Western blot analysis of CerS2 expression

Western blot analysis of HEK293 cells was performed as previously
described.53 Total protein levels in cell homogenates were measured
using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific), followed by SDS-PAGE protein separation, blot-
ting, and visualization by enhanced chemiluminescence. The
following antibodies were used: anti-CerS2 (HPA027262, Sigma),
anti-GAPDH (sc-25778; Santa Cruz), and horseradish peroxidase-
conjugated anti-rabbit (111-035-003, Jackson ImmunoResearch)
and anti-mouse antibodies (115-035-003, Jackson ImmunoResearch).

Analysis of CerS2 activity

CerS2 activity was assayed in homogenates of HEK293 cells, mouse
liver, and kidney as previously described.54 Briefly, cell and tissue ho-
mogenates (40 mg of total protein) were incubated at 37�C for 25 min
with 15 mM NBD sphinganine, 50 mM 24:1-CoA (Avanti Polar
Lipids), and 20 mM defatted bovine serum albumin (Sigma-Aldrich).
Reactions were terminated by addition of chloroform/methanol (1:2,
v/v), and lipids were extracted using the Bligh-Dyer procedure. Lipid
extracts were dried under N2, dissolved in chloroform/methanol (9:1,
v/v), and separated by thin-layer chromatography using chloroform/
methanol/2 M NH4OH (40:10:1, v/v/v) as the developing solvent.
NBD-labeled lipids were visualized using an Amersham Typhoon 5
biomolecular imager (GE Healthcare) and quantified by ImageQuant
TL (GE Healthcare).

MS-based lipidomics

HEK293 cells, liver, and plasmawere analyzed byMSALL-based lipido-
mics, as described previously.45,46 In brief, cell and tissue homogenates
in 155mMammonium formate (Sigma-Aldrich), corresponding to 20
and 10 mg of total protein, respectively, were spiked with internal lipid
standards, including Cer d18:1/17:0, SM d18:1/17:0, and GluCer
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d18:1/12:0 (Avanti Polar Lipids), and subjected to two-step lipid
extraction55,56 (we note that it is preferable to use stable isotope-
labeled standards for every lipid class andmolecule, and not odd-chain
analogs, as these can be of low abundance in biological matrices).
Plasma samples (8 mL) were diluted in 155 mM ammonium formate,
spiked with internal lipid standards, Cer d18:1/17:0, SM d18:1/17:0,
and GluCer d18:1/12:0, and subjected to two-step lipid extraction.
Lipid extracts were subsequently analyzed by high-resolution MSALL

analysis in the positive and negative ion mode using an Orbitrap
Fusion Tribrid (Thermo Fisher Scientific) equipped with a robotic
nanoflow ion source, TriVersa NanoMate (Advion Biosciences).
High-resolution Fourier transformMS (FTMS) spectra were recorded
using a maximum injection time of 100 ms, automated gain control at
1e5, three microscans, and a target resolution of 500,000. FTMS2

spectra were recorded using a maximum injection time of 100 ms,
automated gain control at 5e4, three microscans, a target resolution
of 30,000, HCD fragmentation, a quadrupole ion isolation width of
1.0 atomic mass units (amu), and collision energies optimized for in-
dividual lipid classes.45

Lipid nomenclature

Lipid classes are denoted by their class abbreviations.57–59 For lipids
reported at the “species level,” the combined numbers of carbons,
double bonds, and hydroxyl groups in the hydrocarbon chains are
indicated after the lipid class abbreviation. For example, “PE 38:4” de-
notes a PE lipid with 38 carbons and 4 double bonds spread across
both individual FA chains. For lipids reported at the “molecular spe-
cies level” (i.e., identification of individual FA chain compositions),
individual hydrocarbon chains are indicated in the format of “total
number of carbons/number of double bonds,” with individual FAs
separated by a dash for glycerolipids and glycerolipids. For example,
“SM 18:1;2/16:0” indicates a SM lipid containing a C18-sphingosine
chain having one double bond and two hydroxyl groups (i.e.,
18:1;2) and an amide-linked 16:0 FA chain. For ether lipids, ether-
bound hydrocarbon chains are preceded with an “O-,” indicating
either 1-O-alkyl ether or 1-O-alkenyl ether (plasmalogen) linkage.
For example, PE O-18:1/20:4 is a PE O- lipid with a 20:4 FA chain
and an 18-carbon ether-linked chain with one double bond. The dou-
ble bond could be either that of a 1-O-alkenyl ether or positioned
along the remainder of the FA chain as a 1-O-alkyl ether. We note
that exact sn- positions and locations of double bonds of individual
FAs are not resolved by the applied lipidomics technology.

Lipid abundances from mass spectrometric data

Identification and quantification of lipid molecules was done using
the ALEX123 and auxiliary data processing pipelines in SAS 9.4
(SAS Institute).45,59–61 Briefly, lipid molecules detected by full-scan
FTMS were identified using a maximum m/z tolerance of ±0.0040
amu, corrected for potential 13C isotope interference, required to
have a relative detection frequency greater than 0.66 (equivalent to
being detected in 66% of all biological replicates for a given sample
group) and reported at the species level. Lipid fragment ions de-
tected by FTMS2 were identified using a maximum m/z tolerance
of ±0.0065 amu, required to have a relative detection frequency
greater than 0.66 (equivalent to being detected in 66% of all biolog-
ical replicates in a given sample group), and reported as molecular
lipid species-specific fragments (MLFs) or lipid class-specific frag-
ments (LCFs).59,61 For high-confidence identification of lipids re-
ported at the species level (e.g., SM 34:1;2), at least one confirmatory
LCF detected by FTMS2 was required. For high-confidence identifi-
cation of molecular lipid species identified by detection of MLFs, the
following criteria were set: (1) asymmetric molecular lipid species
must be detected by at least a complementary pairs of MLFs (except
for protonated PE O species that do not release abundant comple-
mentary MLFs); (2) the molecular lipid species must have an
ALEX score >0.5 (calculated as the number of detected MLFs rela-
tive to the total number of MLFs available in the ALEX123 database)
or an ALEX score %0.5 but with detection of >2 MLFs (with the
exception that protonated PE O species could be detected by at least
2 MLFs); and (3) confirmation by detection of the corresponding
lipid molecule at the species level by full-scan FTMS1 analysis. Iden-
tified lipid molecules were quantified by normalizing their intensities
to those of respective internal lipid standards, subsequent multipli-
cation by the amount of the respective lipid standard, and normal-
ization to the extracted sample amount (i.e., mg of protein or mL of
plasma). Visual inspection of data quality and lipidome features was
done using Tableau desktop (Tableau Software).

Sample preparation for proteomics analysis

Samples of liver tissue (�15 mg of tissue per 1 mL of buffer) were
mixed with 90�C buffer containing 100 mM triethylammonium bi-
carbonate as well as 1 mMMgCl2 (Sigma-Aldrich) and homogenized
using an Ultra-Turrax (IKA). This was followed by incubation at
80�C for 5 min, cooling to 4�C on ice, 5 min of treatment with 5 U
of Benzonase nuclease (Sigma-Aldrich), and taking an aliquot for to-
tal protein determination using the Pierce BCA protein assay kit. Ho-
mogenates corresponding to �200 mg of total protein were aliquoted
and mixed with protein lysis-reduction-alkylation buffer yielding a
final concentration of 1% sodium deoxycholate, 10 mM tris(2-car-
boxyethyl)phosphine, and 40 mM 2-chloroacetamide (Sigma-Al-
drich). Samples were then sonicated using a Bioruptor UCD-200
system (Diagenode) at 4�C for 10 min with 30-s on/off cycles.
Next, cysteine reduction and alkylation were carried out by incu-
bating the homogenates for 10 min at 80�C, followed by addition of
4 mg of LysC endoproteinase (Fujifilm Wako Chemicals) and incuba-
tion at 37�C for 3 h. Then, 2 mg of trypsin was added and the incuba-
tion at 37�C was continued overnight. On the next day the sodium
deoxycholate was removed by acidification using trifluoroacetic
acid (Sigma-Aldrich) followed by ethyl acetate (Sigma-Aldrich)
extraction. Samples were then cleaned by solid phase extraction using
HLB cartridges (Waters), according to the manufacturer’s protocol.
The eluates were dried in a SpeedVac, and the peptides were dissolved
in 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (pH 8.5) (Sigma-Aldrich), and an aliquot was taken
for total peptide determination using the Pierce BCA protein assay
kit. A total amount of 100 mg of peptides from individual samples
was isotopically labeled by incubation with 500 mg of TMT (Tandem
Mass Tag) (Thermo Fisher Scientific) for 1 h at room temperature,
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followed by quenching using hydroxylamine (Sigma-Aldrich) at a
final concentration of 0.5%. The individual samples were mixed
equally to yield a single 10-plexed TMT-labeled sample.

Fifty mg of the 10-plexed TMT-labeled sample was offline fractionated
by high-pH reversed-phase LC using an UltiMate 3000 HPLC system
(Thermo Fisher Scientific) fitted with an Acquity CSH C18 column
(300 mm � 100 mm; 1.7-mm particle size; Waters), a flow rate of
5 mL/min, and a gradient from 2% to 60% of buffer B in 1 h (where
buffer A was 20 mM aqueous ammonium formate [pH 9] and buffer
B was 80% [v/v] acetonitrile and 20% [v/v] buffer A). Twenty subfrac-
tions were collected (3 min per fraction) and combined into 10 frac-
tions. The fractions were dried in a SpeedVac, and peptides were
dissolved in an aqueous solution containing 2% (v/v) acetonitrile
and 0.1% (v/v) trifluoroacetic acid.

MS-based proteomics

The 10 fractions were analyzed by LC-MS/MS using an UltiMate 3000
RSLCnano system coupled to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific). The TMT-labeled peptides were loaded
on a PepMap 100 C18 precolumn (300 mm � 5 mm; 5-mm particle
size; Thermo Fisher Scientific) at 10 mL/min and then transferred
to an analytical pulled-emitter column (50 cm � 75 mm), home
packed with Inertsil ODS-3 2-mm sorbent (GL Sciences).62 Peptides
were separated with a flow rate of 450 nL/min at 45�C in a home-
made column thermostat using a gradient from 4% to 32% buffer B
in 2 h (where buffer A was 0.1% [v/v] formic acid in water and buffer
B was acetonitrile with 0.1% [v/v] formic acid). MS analysis was car-
ried out in data-dependent acquisition (DDA) mode with survey
FTMS1 spectra recorded using a target resolution of 120,000, AGC
target of 3e6, maximum injection time of 100 ms, scan range from
m/z 300 to 2,000, followed by 20 FTMS2 spectra recorded with a
target resolution of 60,000, AGC target of 2e5, maximum injection
time of 108 ms, quadrupole isolation window of 1.2, fixed first mass
at m/z 110, collision energy at 30%, and dynamic exclusion for 40 s.

Protein identification and quantification

LC-MS/MS data were analyzed using MaxQuant (version 1.6.0.16).63

Data files for all fractions were searched together against the mouse
UniProt SwissProt database (from March 26, 2018 and containing
16,975 proteins). Parameters in MaxQuant were set to default values,
unless stated otherwise. MS and MS/MS search mass tolerances were
set at ±20 ppm. Experiment type was set to “Reporter ion MS2” with
PIF (precursor intensity fraction) filtering at 0.75. Carbamidomethy-
lation of cysteine was selected as a fixed modification, and methionine
oxidation and protein N-terminal acetylation were selected as vari-
able modifications. Digestion was set to “Trypsin/P specificity” with
a maximum of two missed cleavages. Decoy mode was set to revert.
Contaminants were included in the search space. Peptide-spectrum
match (PSM) and protein false discovery rate (FDR) were both set
at 1%. Identified protein groups were quantified based on their MS/
MS reporter ion signal intensity/noise (S/N) values for protein
group-specific and unique razor peptides with a label minimum ratio
count of 2 required for valid protein group quantification. Assessment
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of protein expression levels was done using “Reporter intensity cor-
rected” values provided by MaxQuant in the proteinGroups.txt result
file. Sample-to-sample normalization was done based on the sum of
reporter intensity corrected values for all protein groups for each sam-
ple. The LC-MS/MS data and MaxQuant analysis results are depos-
ited in the PRIDE database and can be accessed using the accession
number PXD025957.

Statistical analysis and bioinformatics

All data are shown asmean ± standard error. Statistical analysis of lip-
idomics data was done by analysis of variance (ANOVA) using SAS
9.4 (SAS Institute). Lipid molecules with p values less than 0.05 are
considered statistically significant. Statistical analysis of proteomics
data was performed with a moderated unpaired t test using the eBayes
module in the limma R package.64 The resulting p values are corrected
for multiple hypothesis testing by calculating q values to estimate the
FDR. A q value less than 0.05 is considered statistically significant.
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