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Abstract

Background: The epidermis contains many structurally diverse ceramides, which form the skin
permeability barrier (skin barrier). Mutations in genes involved in the synthesis of ®-O-
acylceramides (acylceramides) and protein-bound ceramides cause ichthyosis.

Objective: We aimed to elucidate the relationship between the degree of skin barrier
impairment and changes in epidermal ceramide profiles caused by mutations in acylceramide
synthesis genes.

Methods: Knockout (KO) mice of three genes—fatty acid (FA) w-hydroxylase Cyp4f39
(human CYP4F22 ortholog), FA elongase Elovli, and acyl-CoA synthetase Fatp4—were
subjected to transepidermal water loss measurement, toluidine blue staining, and epidermal
ceramide profiling via liquid chromatography coupled with tandem mass spectrometry.
Results: Transepidermal water loss was highest in Cyp4/39 KO mice, followed by Elovi] KO
and Fatp4 KO mice, and Cyp4f39 KO mice also showed the strongest degree of toluidine blue
staining. In Cyp4/39 KO, Elovll KO, and Fatp4 KO mice, acylceramide levels were 0.6%,
1.6%, and 12%, respectively, of those in wild-type mice. Protein-bound ceramide levels were
0.2%, 30%, and 33%, respectively, of those in wild-type mice. We also observed a near-
complete absence of ®w-hydroxy ceramides in Cyp4/39 KO mice, reduced total ceramide levels
and shortened FA moieties in Elovl] KO mice, and increased hydroxylated ceramide levels and
slightly shortened FA moieties in Fatp4 KO mice.

Conclusions: The degree of reduction in protein-bound ceramide levels is probably related to
the severity of skin barrier defects in these three strains. However, reduced acylceramide levels

and other changes in ceramide composition unique to each KO strain are also involved.
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1. Introduction

The skin epidermis acts as a permeability barrier (hereafter referred to as the skin barrier) that
prevents infection, invasion of allergens and chemicals, and loss of body fluid [1]. Reduction
in skin barrier function causes or increases the risk of infectious disease, atopic dermatitis, dry
skin, and ichthyosis. The stratum corneum (SC), the outermost layer of the epidermis, contains
lipid lamellae and corneocyte lipid envelopes (CLEs), which are important for the formation
and maintenance of the skin barrier [2,3]. The lipid lamellae are extracellular multilayered lipid
structures composed of ceramides, cholesterol, and free fatty acids (FAs) [2,3], while CLEs are
plasma membrane-like structures that cover corneocytes and are composed of protein-bound
ceramides [4,5].

Ceramides consist of a long-chain base (LCB) and an FA linked by an amide bond [6]. In
mammalian ceramides, there are five types of LCB (dihydrosphingosine [DS], sphingosine [S],
phytosphingosine [P], 6-hydroxysphingosine [H], and 4,14-sphingadiene [SD]) and six types
of FA (nonhydroxy FA [N], a-hydroxy FA [A], B-hydroxy FA [B], -hydroxy FA [O], esterified
o-hydroxy FA [EO], and protein-bound w-hydroxy FA [P-O]) [6,7] (Fig. SIA). According to
the types of the constituent LCB and FA moieties, ceramides are classified into 30 classes,
which are named using abbreviations for the LCB and FA types (Fig. SIB). For example, NS
ceramide consists of an N-type FA and an S-type LCB (Fig. S1C). The five classes of ceramides
(EODS, EOS, EOP, EOH, and EOSD) that contain EO-type FAs, in which C18:2 linoleic acid
(predominantly) is esterified to ®-hydroxy groups of O-type FAs, are called o-O-
acylceramides (acylceramides).

Of the 30 classes of ceramides, 25 are categorized as free ceramides (non-protein-bound

ceramides); the remaining five classes, which are protein-bound ceramides that contain P-O-



type FAs, are excluded from this category. The FAs constituting ceramides are generally
saturated or monounsaturated, but their chain lengths vary. The chain lengths are C16—C30 for
N-, A-, and B-types, but C30—C36 for O-, EO-, and P-O-types [6,7]. We have previously
reported the presence of 18 classes of free ceramides and five classes of protein-bound
ceramides in human SC and the presence of 16 classes of free ceramides and four classes of
protein-bound ceramides in mouse SC [7,8]. H- and B-type ceramides are found almost
exclusively in humans and mice, respectively [7,8].

Acylceramides and protein-bound ceramides are present in a limited number of tissues,
including the epidermis, oral mucosa, and esophagus [9-11]. In the epidermis, acylceramides
play an important role in the formation of the lipid lamellae [3,12,13]. Protein-bound ceramides
may protect corneocytes from external substances, including detergents, by binding tightly to
the cells through covalent bonds, and they may ensure that the lipid lamellae remain stably on
the corneocytes. All genes currently known to be involved in the synthesis of acylceramides or
protein-bound ceramides are causative genes for congenital ichthyosis [14,15]. The
acylceramide synthesis pathway includes the following reactions (Fig. S1D): (1) production of
C30-C36 acyl-CoAs [16-18], (2) CoA removal, (3) o-hydroxylation of C30—C36 FAs [19], (4)
production of O-type C30—C36 acyl-CoAs [20], (5) synthesis of O-type ceramides [21], and
(6) production of acylceramides via transacylation of linoleic acid from triacylglycerols to the
O-type ceramides [22]. Protein-bound ceramides are synthesized from acylceramides via
partially understood mechanisms that involve a series of modifications of the linoleic acid
moiety [5,23,24].

Knockout (KO) mice lacking the genes mentioned above exhibit reduced levels of

acylceramides and protein-bound ceramides, congenital ichthyosis-like skin phenotypes



including skin barrier impairment, and neonatal lethality [18,20,21,25-27]. However, the
degree of reduction in the levels of acylceramides and protein-bound ceramides differs among
the KO mouse strains, and it is unclear whether such differences are correlated with the degree
of impairment of the skin barrier. Furthermore, only specific subsets of ceramide classes were
analyzed in those KO mouse strains, so it is unclear whether the reductions in the levels of
acylceramides and protein-bound ceramides induce any common or gene-specific
compensatory changes in the ceramide profiles. It is also unclear whether such changes, if
present, are associated with the skin barrier impairment.

We have recently established an analytical method involving the separation and
quantification of ceramides by liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) [7]. In the present study, we applied this method to three mouse strains we had
generated previously, each with one of the genes involved in the synthesis of acylceramides
knocked out: Cyp4f39 KO, Elovll KO, and Fatp4 KO [18,20,26]. We performed a
comprehensive analysis of their epidermal ceramides and measured their skin barrier function
under the same conditions and examined the relationship between the alterations in their

ceramide profiles and the degree of skin barrier impairment.



2. Materials and methods

2.1 Mice

The Cyp4/39 KO, Elovll KO, and Fatp4 KO mice used in this study were generated previously
[18,20,26]. All animal experiments were approved by the institutional animal care and use
committee of Hokkaido University. The KO mouse strains were maintained as heterozygous
KO mice by repeated backcrossing with C57BL/6J mice. Newborn pups were obtained by
Caesarean delivery at embryonic day 18.5 (E18.5). The homozygous KO and littermate wild-

type (WT) mice were used for the experiments.

2.2 Skin permeability barrier assays

The transepidermal water loss (TEWL) was measured on the dorsal skin of E18.5 mice using
an evaporimeter Vapo Scan AS-VTI100RS (Asch Japan, Tokyo, Japan). After the TEWL
measurement, mice were subjected to toluidine blue staining or the sampling of dorsal skin for
lipid or RNA extraction. For the toluidine blue staining, mice were euthanized and immersed
in methanol for 5 min, washed with PBS, and then incubated in 0.1% (w/v) toluidine blue in
PBS at room temperature. The mice were retrieved from the staining solution after 30 min, 1

h, 2 h, and 24 h, washed with PBS, and photographed.

2.3 Lipid extraction from the epidermis

Dorsal skin dissected from E18.5 mice was incubated with 5 mg/mL dispase (Thermo Fisher
Scientific, Waltham, MA, USA) in PBS for 16 h at 4 °C, after which the epidermis was
separated from the dermis. The lipids were extracted from the epidermis, as described in detail

in the Supplementary Materials and Methods.



2.4 LC-MS/MS analysis of ceramides
Free ceramides and protein-bound ceramides were subjected to LC-MS/MS analysis using an
LC-coupled triple quadrupole mass spectrometer (Xevo TQ-S; Waters, Milford, MA, USA) as

described previously [7].

2.5 Quantitative RT-PCR

Dorsal skin dissected from E18.5 mice was incubated in PBS for 3 min at 55 °C, and the
epidermis was separated from the dermis. Total RNA was isolated from the epidermis using
TRIzol Reagent (Thermo Fisher Scientific) and converted to first-strand cDNA using oligo dT
primers and the PrimeScript II 1% Strand ¢cDNA Synthesis Kit (Takara Bio, Shiga, Japan),
according to the manufacturer’s instructions. Real-time quantitative PCR was performed using
the first-strand cDNA, primer pairs specific to each gene (Degs1-F/-R, Degs2-F/-R, and Hprt-
F/-R; Table 1), and KOD SYBR qPCR Mix (Toyobo, Osaka, Japan) on the CFX96 Touch real-
time PCR detection system (Bio-Rad, Hercules, CA, USA). The mRNA level of each gene was

normalized with respect to Hprt.



3. Results

3.1 Different degrees of skin barrier impairment in Cyp4f39 KO, Elovll KO, and Fatp4 KO
mice

We have previously reported that the FA o-hydroxylase Cyp4f39 (human CYP4F22 ortholog),
the FA elongase Elovll, and the acyl-CoA synthetase Fatp4 are involved in the synthesis of
acylceramides, and KO mice for each gene exhibit impairments in skin barrier formation and
neonatal lethality [18-20,26]. In this study, we compared the degree of impairment in skin
barrier formation among these three KO mouse strains. We examined the permeability barrier
function from outside the body via toluidine blue staining. After 30 min of staining, the
Cyp4f39 KO mice were strongly stained throughout the body, whereas the staining of the Elovl]
KO and Fatp4 KO mice was weaker and partial (Fig. 1A). In Cyp4/39 KO mice, the staining
was already saturated at 30 min and did not differ noticeably from staining for longer durations
(1, 2, and 24 h). In contrast, the staining of Elovll KO and Fatp4 KO mice became more
extensive and stronger as the staining period was prolonged, such that the entire body was
stained at 24 h. The degree of staining at 24 h was strongest in Cyp4f39 KO mice, followed by
that in Elovl] KO and Fatp4 KO mice, which displayed similar degrees of staining.

We measured TEWL to evaluate the permeability barrier from inside the body. All KO
mouse strains exhibited significantly higher TEWL values than WT mice (Fig. 1B). The TEWL
values were the highest in Cyp4f39 KO mice, followed by those in Elovi] KO and Fatp4 KO
mice. These results indicated that the Cyp4f39 KO mice exhibited by far the most severe skin
barrier impairment among the three strains, and the Elov/] KO mice exhibited slightly more

severe impairment than the Fatp4 KO mice.
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3.2 Different degrees of reduction in acylceramide and protein-bound ceramide levels in
Cyp4f39 KO, Elovll KO, and Fatp4 KO mice
To compare the ceramide composition of the epidermis of Cyp4f39 KO, Elovl] KO, and Fatp4
KO mice, we subjected their epidermal lipids to LC-MS/MS. In WT mice, the acylceramides
EOS, EODS, EOP, and EOSD were present, with EOS accounting for approximately 90% of
total acylceramides (Fig. 2A—C). The total acylceramide levels in Cyp4f39 KO, Elovi] KO,
and Fatp4 KO mice were 0.6%, 1.6%, and 12%, respectively, of those in WT mice. All four
acylceramide classes were reduced, except for EOP in Fatp4 KO mice (Fig. 2C). Each
acylceramide class includes several molecular species with different chain lengths (C30-C36)
and degrees of unsaturation (saturated or monounsaturated) in the w-hydroxy FA portion. All
EOS species were reduced in Cyp4f39 KO, Elovll KO, and Fatp4 KO mice relative to WT
mice (Fig. 2D—F).

In WT mice, P-OS accounted for > 95% of total protein-bound ceramide levels (Fig. 3A—
C). The total protein-bound ceramide levels in Cyp4f39 KO, Elovil KO, and Fatp4 KO mice
were 0.2%, 30%, and 33%, respectively, of those in WT mice. Although the quantities of most
protein-bound ceramide classes were reduced in these KO mice relative to WT mice, P-OP
levels in Fatp4 KO mice were substantially increased (Fig. 3C). In Cyp4/39 KO mice, all P-
OS species were almost entirely absent (Fig. 3D). In Elovll KO and Fatp4 KO mice, P-OS
species with a saturated w-hydroxy FA moiety were greatly reduced, but those with a
monounsaturated m-hydroxy FA moiety were only slightly reduced (Fig. 3D-F). In summary,
the degrees of reduction in acylceramide and protein-bound ceramide levels varied among the
three KO mouse strains, with the order of severity as follows: Cyp4f39 KO, Elovll KO, Fatp4

KO.
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In these KO mouse strains, we also observed compositional changes in free ceramides
other than acylceramides (Fig. 4A). In Cyp4/39 KO mice, the levels of O-type ceramides (OS,
ODS, OP, and OSD) and ASD were substantially reduced (O-type ceramides, ~5%; ASD, 65%
of those in WT mice), whereas those of NDS, NS, and BS were increased (although the
increases in NS and BS were not statistically significant). Total free ceramide levels were
similar in Cyp4/39 KO and WT mice. In Elovl] KO mice, O-type ceramide levels were severely
reduced, as they were in Cyp4f39 KO mice. Levels of NS, NDS, NSD, AS, ASD, and BS were
also substantially reduced. Total free ceramide levels were ~25% of WT mice. In Fatp4 KO
mice, levels of NDS, OS, and ODS were reduced, whereas those of NP, NSD, AS, BS, and OP
were increased. Of these, levels of NP and OP were increased 8.4-fold and 9.0-fold,
respectively, relative to WT mice. Total free ceramide levels were comparable between Fatp4
KO and WT mice.

With respect to FA composition, in Cyp4f39 KO mice the reductions in the ceramides with
O-type FAs (O-type ceramides) and EO-type FAs (acylceramides, EO-type) were compensated
by the increases in N-type and B-type ceramides (Fig. 4B). In Elov/] KO mice, the proportions
of O- and EO-type ceramides were greatly reduced, while those of A- and B-type ceramides
were increased. In Fatp4 KO mice, only the proportion of EO-type ceramides was substantially
reduced, concomitant with the increased proportions of A- and B-type ceramides.

The LCB composition did not change noticeably in Cyp4f39 KO or Elovil KO mice
relative to WT mice (Fig. 4C). In contrast, the proportions of P-type and DS-type ceramides
were increased and decreased, respectively, in Fatp4 KO mice (Fig. 4C), which reflected the

increase in NP and decrease in NDS levels in these mice (Fig. 4A).
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The FA chain lengths of N-, A-, and B-type ceramides are C16—C30 [7]. In WT mice, N-
type ceramides (NS, NDS, and NP) predominantly comprised C26:0 FA, followed by C24:0
FA (Figs. S2-S4). In contrast, the most abundant FA species in AS was C16:0 (Fig. S5) and in
BS were C26:0 and C28:0 (Fig. S6). The weighted average chain lengths (WACL) of the FA
moieties of NS, NDS, NP, AS, and BS increased in Cyp4/39 KO mice relative to WT mice (Fig.
4D). In contrast, the WACLs of all five classes decreased in Elovl] KO and Fatp4 KO mice.
In particular, Elovl] KO mice exhibited substantially reduced WACLs (difference from WT

mice: 0.78-3.03).

3.3 Increased expression levels of the dihydroceramide hydroxylase Degs?2 in Fatp4 KO mice

Fatp4 KO mice appeared to exhibit complementary changes in their ceramide class
composition: increases in NP and OP and decreases in NDS and ODS (Fig. 4A). NP and OP
are respectively synthesized from the DS-type ceramides (dihydroceramides) NDS and ODS
via the 4-hydroxylation of the DS-portion, suggesting that the conversion of ceramides from
DS-type to P-type is enhanced in the epidermis of Fatp4 KO mice. Therefore, we next
examined the expression levels of the dihydroceramide 4-hydroxylase Degs? in the epidermis
of Cyp4f39 KO, Elovll KO, and Fatp4 KO mice using quantitative RT-PCR. The Degs2 mRNA
levels in Fatp4 KO mice were 12-fold those in WT mice, but no such increase was observed
in Cyp4£39 KO or Elovil KO mice (Fig. 5A). We also examined the expression levels of the
dihydroceramide 4-desaturase Degs/, which converts DS-type ceramides to S-type ceramides.
The Degsl mRNA levels were 1.7-fold and 1.8-fold those in WT mice in Elovl] KO and Fatp4

KO mice, respectively (Fig. 5B). Thus, the increase in Degs2 expression levels was mainly

13



responsible for the increases in P-type ceramides and decreases in DS-type ceramides in Fatp4

KO mice.
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4. Discussion

Analyses of the skin barrier in three KO mouse strains of acylceramide synthesis genes
revealed that Cyp4f39 KO mice exhibited much more severe skin barrier impairment than
Elovll KO or Fatp4 KO mice (Fig. 1). This severe phenotype of Cyp4f39 KO can be explained
by the near-complete absence of both acylceramides (0.6% of WT mice) and protein-bound
ceramides (0.2% of WT mice) (Figs. 2 and 3). In Elov/I KO mice, acylceramides were greatly
reduced (1.6 % of WT mice), whereas protein-bound ceramides were only reduced to 30%.
Thus, the milder impairment of the skin barrier in Elovl] KO mice than in Cyp4f39 KO mice
is mainly accounted for by the residual protein-bound ceramides. In Fatp4 KO mice, the degree
of reduction in protein-bound ceramide levels was similar to that in Elovl/ KO mice, but the
acylceramide levels were higher in Fatp4 KO than Elovil KO mice. This difference in
acylceramide levels may thus at least partially account for the milder skin barrier impairment
in Fatp4 KO mice than in Elov/] KO mice (Fig. 1B).

The three KO mouse strains did not show common composition changes in any free
ceramides other than acylceramides, but instead characteristic changes were observed in each
strain. In Cyp4/39 KO mice, levels of ceramide species with a C32—C36 FA moiety were
increased in some classes, such as NS, NDS, and BS (Figs. S2, S3, and S6), and their WACLs
were increased relative to WT mice (Fig. 4D). These changes resulted from the deficiency in
Cyp4f39 KO mice in o-hydroxylation of C32—C36 FAs, which are substrates of Cyp4f39 and
are converted to O-type C32—-C36 FAs by it. Instead, these FAs were incorporated into other
types of ceramides.

In Elovll KO mice, total ceramide levels were reduced to about 25% of those in WT mice

for unknown reasons (Fig. 4A). In congenital ichthyosis patients with a recessive homozygous
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mutation in the ELOVLI gene, their acylceramide levels were reduced, similarly to the Elovi]
KO mice in this study, but their total ceramide levels were almost unchanged [28]. Thus, a
reduction in total ceramide levels caused by a mutation in Elovl] appears to be unique to mice.
Considering that total ceramide levels did not change in Cyp4f39 KO and Fatp4 KO mice,
which exhibited more severe and milder skin barrier impairment, respectively (Fig. 1), than
Elovll KO mice (Fig. 4A), the marked reduction in total ceramide levels in Elovi] KO mice
may have little, if any, effect on skin barrier function. Elovl] KO mice exhibited shortening of
the FA moiety in most ceramide classes, since the FA elongase ELOVLI is involved in the
elongation of C20—C24 acyl-CoAs to C24—C26 acyl-CoAs [17,18].

In Fatp4 KO mice, NP, AS, BS, and OP were increased and NDS and ODS were reduced
relative to WT mice (Fig. 4A). The increased ceramide classes have one more hydroxyl group
than NS, which is the most abundant ceramide class in mouse epidermis, and they can stabilize
the lipid lamellae by enhancing lipid—lipid interactions via hydrogen bonds and improve skin
barrier function. These increases may have arisen from compensatory responses to restore the
reduced skin barrier function resulting from the Fatp4 deficiency. One noticeable response was
the increased expression of Degs2 (Fig. 5), which may have contributed to the increases in NP
and OP and decreases in NDS and ODS. Fatp4 KO mice also exhibited slight shortening of the
FA moiety (Fig. 4D, Figs. S2—6). Based on the previous expression analyses of genes involved
in the synthesis of ceramides in the three KO mouse strains [18,20,26], the shortening of the
FA moiety in Fatp4 KO mice is probably due to reduced expression of EloviI [20], although
the causal mechanism for this reduction is unknown. The expression levels of Pnplal are also
reduced in Fatp4 KO mice [20], which may partly contribute to the decrease in acylceramide

levels. All these differences in the ceramide composition and FA chain lengths, together with
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changes in acylceramide levels, may account for the differences in the degree of skin barrier
defects between Elovll KO and Fatp4 KO mice.

Acyl-CoAs are elongated by the FA elongation cycle, which consists of four sequential
steps: condensation, reduction, dehydration, and reduction [29,30]. In the rate-limiting
condensation reaction, an acyl-CoA (n), where n indicates the number of carbons, is condensed
with malonyl-CoA, resulting in the production of B-ketoacyl-CoA (n + 2). The B-ketoacyl-CoA
(n + 2) is reduced to B-hydroxyacyl-CoA (n + 2), then dehydrated to trans-2-enoyl-CoA (n +
2), and finally reduced to acyl-CoA (n + 2). The acyl-CoA is thus elongated by two carbons
per cycle.

In mammals, the first condensation reaction is catalyzed by seven fatty acid elongases
(ELOVLI-7) and the third dehydration reaction is catalyzed by two B-OH acyl-CoA
dehydratases (HACDI1 and 2) [31,32]. We have previously proposed that -hydroxyacyl-CoAs
produced via the FA elongation cycle are used for B-type ceramide synthesis, based on an
analysis using HACD1 HACD?2 double KO cells, which accumulate B-hydroxyacyl-CoAs [7].
In this study, the most abundant FA moieties in the BS in WT mice were C26:0 and C28:0 (Fig.
S6), which are two carbons longer than the major FA moieties C24:0 and C26:0 in NS (Fig.
S2). In Elovll KO mice, the major FA moieties in BS were C26:0 and C24:0, and the WACL
of this BS was shortened by almost two carbons (Figs. 4 and S6). These results are consistent
with our previous proposal that the FA moieties of B-type ceramides are generated via the FA
elongation cycle.

In terms of skin morphology, all three KO mouse lines exhibited impaired lipid lamella
formation in the hematoxylin-eosin stained sections [18,20,26]. In addition, Cyp4f39 KO and

Fatp4 KO mice, but not Elovil KO mice, showed hyperkeratosis. This difference may be
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related to the reduction in total ceramide levels observed only in Elov// KO mice among the
three KO mouse strains. A limitation of this study is that it remains unknown how the changes
in ceramide profiles cause the differences in the number of SC layers and in the expression of
certain genes, such as Degs2 and Elovi].

In this study, we performed a comprehensive analysis of epidermal ceramides in three KO
mouse strains with defective acylceramide production and found different changes in their
ceramide profiles. These alterations may have contributed to the varying degrees of skin barrier
abnormalities we observed in these mice. Our findings may be helpful for improving our
understanding of pathological conditions associated with impaired skin barrier formation, such

as atopic dermatitis and ichthyosis.
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Figure legends

Fig. 1. Skin barrier impairment in Cyp4/39 KO, Elovl] KO, and Fatp4 KO mice. E18.5 pups
of Cyp4f39 KO (n=4), Elovl]l KO (n = 6), and Fatp4 KO (n = 3) mice and their corresponding
control WT mice (Cyp4f39, n = 13; Elovll, n = 14; Fatp4, n = 7) were obtained via Caesarean
delivery. (A) Mice were not stained or incubated with 0.1% toluidine blue for 30 min, 1 h, 2 h,
and 24 h, washed with PBS, and photographed. (B) Measurement of TEWL. Values presented
are means + SD, and statistically significant differences are indicated (** P < 0.01; Tukey—

Kramer test).

Fig. 2. Acylceramide levels in Cyp4f39 KO, Elovll KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n =3 each), and acylceramides were
analyzed via LC-MS/MS. (A-C) The quantity of each acylceramide class (left and middle
panels) and the total of all classes (right panel). (D-F) The quantity of each EOS species
containing the indicated O-type FA moiety (left panel) and the total quantities of saturated (S)
species, monounsaturated (MU) species, and both (right panel). Values presented are means +
SD, and statistically significant differences from WT mice are indicated (* P < 0.05, ** P <

0.01; Student’s t-test).

Fig. 3. Protein-bound ceramide levels in Cyp4f39 KO, Elovil KO, and Fatp4 KO mice.
Epidermis was collected from E18.5 Cyp4f39 KO (n = 3), Elovl]l KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n =3 each). After free lipids had been

removed from the epidermis, protein-bound ceramides were released as O-type ceramides via
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alkaline treatment. The resulting O-type ceramides were extracted and subjected to LC-MS/MS
analysis. (A—C) The quantity of each protein-bound ceramide class (left and middle panels)
and the total of all classes (right panel). (D—F) The quantity of each P-OS species containing
the indicated O-type FA moiety (left panel) and the total quantities of saturated (S) species,
monounsaturated (MU) species, and both (right panel). Values presented are means + SD, and
statistically significant differences from WT mice are indicated (* P < 0.05, ** P < 0.01;

Student’s #-test).

Fig. 4. Free-ceramide profiles for Cyp4f39 KO, Elovl] KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n =3 each), and free ceramides were
analyzed via LC-MS/MS. (A) The quantity of each ceramide class (left panels) and the total of
all classes (right panels). (B) The composition of FA-types. (C) The composition of LCB-types.
(D) Differences in the weighted average chain lengths (ACL) of NS, NDS, NP, AS, and BS
classes in Cyp4f39 KO, Elovll KO, and Fatp4 KO mice from those in WT mice. Values
presented are means + SD, and statistically significant differences from WT mice are indicated

(* P<0.05, ** P<0.01; Student’s z-test).

Fig. 5. The mRNA levels of dihydroceramide 4-hydroxylase Degs/ and dihydroceramide 4-
desaturase Degs2. Total RNAs were extracted from the epidermis of E18.5 Cyp4f39 KO (n=3),
Elovll KO (n = 3), and Fatp4 KO (n = 3) mice and their corresponding control WT mice (n =
3 each), and the mRNA levels of Degs2 (A) and Degs! (B) were analyzed via quantitative RT-

PCR. Values presented are means + SD of each mRNA relative to that of the housekeeping
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gene Hprt. Statistically significant differences from WT mice are indicated (* P < 0.05, ** P

< 0.01; Student’s z-test).
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Table 1. List of oligonucleotide primers used for quantitative RT-PCR analysis

Oligonucleotide name Sequence

Degsl-F 5'-GCCGAACATTACATGTTCTTGAAGG-3'
Degs1-R 5-GTTCCCTTTCGGAGGCCTCTTCATC-3'
Degs2-F 5-GTTCCTGAAGGGCCACGAGACTTAC-3'
Degs2-R 5-GTGGTCCTTCGCCAGCTTACACTTG-3’
Hprt-F 5'-GCTGACCTGCTGGATTACATTAAAG-3’
Hprt-R 5-CTTAACCATTTTGGGGCTGTACTGC-3’
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Supplementary Materials and Methods

Lipid extraction from the epidermis

Each epidermis sample (0.95-1.70 mg) was suspended in a tube containing zirconia beads
(SARSTEDT, Niimbrecht, Germany), 450 pL of chloroform/methanol (1:2, v/v), and the
following ceramide standards labeled with nine deuterium atoms (do): N-palmitoyl(ds)-D-
erythro-sphingosine (do-C16:0 NS, 50 pmol), N-palmitoyl(do)-dihydrosphingosine (do-C16:0
NDS, 100 pmol), N-palmitoyl(do)-D-ribo-phytosphingosine (do-C16:0 NP, 12.5 pmol), N-
palmitoyl(dy)-6-(R)-hydroxysphingosine  (do-C16:0 NH, 12.5 pmol), N-(2'-(R)-
hydroxypalmitoyl(do))-D-erythro-sphingosine  (do-C16:0 AS, 50 pmol), N-(2'-(R)-
hydroxypalmitoyl(dy))-D-erythro-sphinganine (do-C16:0 ADS, 12.5 pmol), N-(2'-(R)-
hydroxypalmitoyl(dv))-D-ribo-phytosphingosine (do-C16:0 AP, 12.5 pmol), and N-(2'-(R)-
hydroxypalmitoyl(dy))-6-(R)-hydroxysphingosine (do-C16:0 AH, 12.5 pmol) (all purchased
from Avanti Polar Lipids, Alabaster, AL, USA). The epidermis mixture was homogenized by
vigorous mixing using a Micro Smash MS-100 (TOMY Seiko, Tokyo, Japan), and the lysate
was recovered. The tube was washed with 450 pL of chloroform/methanol (1:2, v/v) and the
resulting wash solution was collected and combined with the lysate. The sample was
centrifuged (2,600 x g for 5 min at room temperature) to separate it into supernatant and pellet.
The pellet was saved for the extraction of protein-bound ceramides and the supernatant
containing free ceramides was divided into two 450 uL subsamples for alkaline or non-alkaline
treatment. A volume of 36 pL of 4 M potassium hydroxide in methanol was added to the
alkaline treatment, or 36 pL of methanol to the non-alkaline treatment; then the sample was
incubated for 1 h at 37 °C. The sample was neutralized by adding 12 pL of 12 M formic acid

and 36 pL of methanol for the alkaline treatment, or a premixed solution of 12 uL of 12 M



formic acid and 36 pL of 4 M potassium hydroxide for the non-alkaline treatment. After the
addition of 300 pL of chloroform and 540 uL of water and vigorous mixing, samples were
separated into phases by centrifugation (2,600 x g for 3 min at room temperature). The lower,
organic phase was recovered and dried. The alkaline-treated samples were used for the
measurement of N-type and A-type ceramides, while non-alkaline-treated samples were used
for O-type and EO-type ceramides.

Protein-bound ceramides were extracted from each pellet as follows. To remove free lipids,
the pellet was washed three times with 1 mL of methanol and then incubated twice at 60 °C
with 1 mL of 95% methanol for 2 h. Protein-bound ceramides were extracted from the pellet
by incubation for 2 h at 60 °C with 1 mL of 1 M potassium hydroxide in 95 % methanol
containing the do-labeled ceramide standards (do-C16:0 AS, 100 pmol; do-C16:0 ADS, 25
pmol; do-C16:0 AP, 50 pmol; do-C16:0 AH, 50 pmol). The sample was neutralized by adding
I mL of 1 M acetic acid. After the addition of 1 mL of chloroform and vigorous mixing, the
phases were separated by centrifugation (2,600 x g for 3 min at room temperature). The
resulting lower, organic phase was recovered and dried. Identical extraction procedures were

performed on tubes without epidermis as blanks.



Supplementary Figure Legends

Fig. S1. Structures and nomenclature of ceramide classes in mammals. (A) Structures of LCBs
and FAs. In mammalian ceramides, there are five types of LCB (dihydrosphingosine [DS],
sphingosine [S], phytosphingosine [P], 6-hydroxysphingosine [H], and 4,14-sphingadiene
[SD]) and six types of FA (nonhydroxy FA [N], a-hydroxy FA [A], B-hydroxy FA [B], ®-
hydroxy FA [O], esterified w-hydroxy FA [EO], and protein-bound w-hydroxy FA [P-O]).
Chain lengths of N-, A-, or B-type FA moieties are mostly C16—C30 (n = 1-15), and those of
O-, EO-, or P-O-type moieties are C30—C36 (n = 15-21). The structures of the two P-O type
FAs follow the models proposed by Nemes et al. (upper structure) [24] and Takeichi et al.
(lower structure) [5]. The exact structures of the P-O type FAs are still incompletely understood
and both models are plausible. (B) Nomenclature of 30 ceramide classes. Each class is
represented by a combination of abbreviations corresponding to its FA and LCB moieties. (C)
Structures of NS, EOS, and P-OS. Arrows in the P-OS structures denote the ester bonds
sensitive to alkaline hydrolysis, whereby OS ceramides are released. (D) Enzymes involved in
the synthesis of acylceramides. The acylceramide synthesis pathway includes the following
reactions: production of C30—C36 acyl-CoAs by the FA elongases ELOVLI (elongation from
C20-22 to C26 acyl-CoAs) and ELOVLA4 (elongation from C26 to C30-C36 acyl-CoAs), o-
hydroxylation of C30-C36 FAs by the FA w-hydroxylase CYP4F22 (Cyp4f39 in mice),
production of O-type C30—-C36 acyl-CoAs by the acyl-CoA synthetase FATP4, synthesis of O-
type ceramides by the ceramide synthase CERS3, and production of acylceramides via
transacylation of linoleic acid from triacylglycerols to the O-type ceramides by the transacylase

PNPLAI.



Fig. S2. FA composition of NS in Cyp4/39 KO, Elovll KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n = 3 each), and NS ceramides were
analyzed via LC-MS/MS. Values presented are means + SD, and statistically significant

differences from WT mice are indicated (* P <0.05, ** P <0.01; Student’s z-test).

Fig. S3. FA composition of NDS in Cyp4f39 KO, Elov/l KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n = 3 each), and NDS ceramides were
analyzed via LC-MS/MS. Values presented are means + SD, and statistically significant

differences from WT mice are indicated (* P <0.05, ** P <0.01; Student’s z-test).

Fig. S4. FA compositions of NP in Cyp4f39 KO, Elovil KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n = 3 each), and NP ceramides were
analyzed via LC-MS/MS. Values presented are means + SD, and statistically significant

differences from WT mice are indicated (* P <0.05, ** P <0.01; Student’s z-test).

Fig. S5. FA composition of AS in Cyp4f39 KO, Elovll KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n = 3 each), and AS ceramides were
analyzed via LC-MS/MS. Values presented are means + SD, and statistically significant

differences from WT mice are indicated (* P <0.05, ** P <0.01; Student’s z-test).



Fig. S6. FA composition of BS in Cyp4/39 KO, Elovil KO, and Fatp4 KO mice. Lipids were
extracted from the epidermis of E18.5 Cyp4f39 KO (n = 3), Elovil KO (n = 3), and Fatp4 KO
(n = 3) mice and their corresponding control WT mice (n = 3 each), and BS ceramides were
analyzed via LC-MS/MS. Values presented are means + SD, and statistically significant

differences from WT mice are indicated (* P <0.05, ** P <0.01; Student’s z-test).
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