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ABSTRACT Sjögren-Larsson syndrome (SLS) is an inherited neurocutaneous disorder
whose causative gene encodes the fatty aldehyde dehydrogenase ALDH3A2. To
date, the detailed molecular mechanism of the skin pathology of SLS has remained
largely unclear. We generated double-knockout (DKO) mice for Aldh3a2 and its hom-
olog Aldh3b2 (a pseudogene in humans). These mice showed hyperkeratosis and
reduced fatty aldehyde dehydrogenase activity and skin barrier function. The levels of
v -O-acylceramides (acylceramides), which are specialized ceramides essential for skin
barrier function, in the epidermis of DKO mice were about 60% of those in wild-type
mice. In the DKO mice, levels of acylceramide precursors (v -hydroxy ceramides and tri-
glycerides) were increased, suggesting that the final step of acylceramide production
was inhibited. A decrease in acylceramide levels was also observed in human immortal-
ized keratinocytes lacking ALDH3A2. Differentiated keratinocytes prepared from the DKO
mice exhibited impaired long-chain base metabolism. Based on these results, we pro-
pose that the long-chain-base-derived fatty aldehydes that accumulate in DKO mice and
SLS patients attack and inhibit the enzyme involved in the final step of acylceramide
production. Our findings provide insight into the pathogenesis of the skin symptoms of
SLS, i.e., decreased acylceramide production, and its molecular mechanism.

KEYWORDS aldehyde dehydrogenase, ceramide, ichthyosis, lipid, long-chain base,
Sjögren-Larsson syndrome, skin, sphingolipid

Since aldehydes are highly electrophilic, they are reactive and thus toxic to cells and
tissues in general. Therefore, aldehydes generated in living organisms must be

promptly converted to other molecules with low reactivity, such as carboxylic acids.
Aldehyde dehydrogenases (ALDHs) are enzymes that convert aldehydes to carboxylic
acids. Humans and mice contain 19 and 21 ALDH isozymes, respectively (1, 2). There
are several known inherited diseases caused by mutations in the ALDH genes (1, 3).
One of these, Sjögren-Larsson syndrome (SLS; Mendelian Inheritance in Man [MIM] no.
270200), is caused by mutations in the gene encoding the fatty aldehyde dehydrogen-
ase (FALDH) ALDH3A2, which is highly active toward fatty aldehydes (4, 5).

SLS is an autosomal recessive inherited neurocutaneous disorder whose major symp-
toms are ichthyosis in the skin and spastic paraplegia and mental retardation in the nerv-
ous system (6, 7). Ichthyosis is a type of keratosis, characterized by thickening, dryness,
and desquamation of the skin. So far, over 100 different mutations in ALDH3A2 have been
reported in SLS patients, and the prevalence of SLS is estimated to be 0.4 in 100,000 (7, 8).
Accumulated fatty aldehydes in SLS patients are thought to cause the SLS pathology (5).
However, the detailed molecular mechanism of SLS pathogenesis, including which fatty
aldehydes are involved and which enzymes are inhibited by the accumulated fatty alde-
hydes, is largely unknown.
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We previously analyzed Aldh3a2 knockout (KO) mice and found that they exhibited
some behavioral abnormalities, including impaired motor function (9). This phenotype
appeared to be related to the neurological symptoms of SLS. In the Aldh3a2 KO brain,
levels of the 2-hydroxy galactosylceramides important for myelin function and mainte-
nance were reduced. However, these Aldh3a2 KO mice did not show an SLS-like skin
phenotype (10). FALDH activity was reduced to;30% of the wild-type (WT) levels in the
brains of Aldh3a2 KO mice, but was similar to WT levels in the epidermis. ALDH3A2
belongs to the ALDH3 subfamily. Humans have three ALDH3 subfamily members
(ALDH3A1, ALDH3A2, and ALDH3B1), whereas mice have five. In addition to the three
orthologs (Aldh3a1, Aldh3a2, and Aldh3b1), mice also express Aldh3b2 (ALDH3B2 is a
pseudogene in humans) and the rodent-specific Aldh3b3 (1, 2, 11). Of these ALDH3 sub-
family members, only ALDH3A1/Aldh3a1 shows high activity toward medium-chain (C5

to C10) aldehydes; the others are highly active toward long-chain (C11 to C20) aldehydes
(11–13). Since Aldh3b2 is the most abundantly expressed of the Aldh3 subfamily mem-
bers in the mouse epidermis (10), it may compensate for the loss of Aldh3a2 in the
Aldh3a2 KO mouse epidermis, resulting in the absence of an SLS-like skin phenotype.

Skin has a permeability barrier function (skin barrier) that prevents the invasion of
foreign substances such as pathogens and allergens into the body and the excessive
evaporation of water from the body. Abnormalities in the skin barrier cause several
skin disorders, such as increased vulnerability to infectious diseases, ichthyosis, and
atopic dermatitis (14, 15). Skin is composed of the epidermis, dermis, and subcutane-
ous tissue, and the epidermis is further divided into the following four layers (in order
from outermost to innermost): stratum corneum (SC), stratum granulosum (SG), stra-
tum spinosum (SS), and stratum basale (SB) (16, 17). In the intercellular spaces of the
SC, there is a multilayered lipid structure called the lipid lamellae, which plays a pivotal
role in the formation of the skin barrier (16, 17). The major lipid components of the
lipid lamellae are ceramides, cholesterol, and fatty acids (FAs) (17–19). Ceramides are
the hydrophobic backbone of sphingolipids and are composed of a long-chain base
(LCB) and an FA linked by an amide bond (19). The epidermis contains a variety of cer-
amide classes, among which the epidermis-specific v -O-acylceramides (acylceramides)
are essential for skin barrier function (17, 19). Acylceramides have a characteristic struc-
ture, namely, three hydrophobic chains consisting of linoleic acid attached to the
v -position of the FA portion of normal ceramides. All of the human genes involved in
acylceramide synthesis cause ichthyosis when mutated (17, 19, 20). Furthermore, mice
in which any of those genes have been knocked out exhibit neonatal lethality due to
markedly impaired skin barrier function (17, 19, 21).

Aldh3a2 KO mice do not show a skin barrier defect under normal conditions (10),
probably due to the functional overlap with Aldh3b2, and are therefore unsuitable as
an SLS model for skin pathology. In the present study, we generated Aldh3a2 Aldh3b2
double-knockout (DKO) mice as a faithful SLS model and analyzed the resulting skin
phenotype. The DKO mice exhibited abnormalities in the skin barrier and decreased
acylceramide levels. Furthermore, our results suggest that the transacylation reaction, the
final step in the acylceramide synthesis pathway, was inhibited in these mice. These find-
ings provide a novel insight into the molecular mechanism of SLS pathogenesis.

RESULTS
Reduced FALDH activity in the epidermis of Aldh3a2 Aldh3b2 DKOmice. To gen-

erate Aldh3a2 Aldh3b2 DKO mice to use as an SLS skin model, we first created Aldh3b2
KO mice using the CRISPR/Cas9 system. We obtained Aldh3b2 KO mice with an 8-bp
deletion in exon 2 of Aldh3b2 (Fig. 1A); these mice developed normally to adulthood.
Next, Aldh3b2 KO mice were crossed with previously generated Aldh3a21/2 mice (10)
to obtain Aldh3a21/2 Aldh3b22/2 mice. Finally, DKO (Aldh3a22/2 Aldh3b22/2) mice
were generated by crossing male and female Aldh3a21/2 Aldh3b22/2 mice. Since we
observed no phenotypic differences between WT and Aldh3b2 KO mice in any of the
experiments we conducted, we used littermate Aldh3b2 KO (Aldh3a21/1 Aldh3b22/2)
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mice as a control for the DKO mice in the following experiments. However, in some
experiments, as an additional control, we present data from WT (C57BL/6J) mice born
on the same day as the DKO mice.

Based on genotyping at 3 weeks of age, crosses between male and female Aldh3a21/2

Aldh3b22/2 mice generated 26 Aldh3b2 KO mice (Aldh3a21/1 Aldh3b22/2) and 48
Aldh3a21/2 Aldh3b22/2 mice. No living Aldh3a2 Aldh3b2 DKO (Aldh3a22/2 Aldh3b22/2)
mice were observed. Genotyping during the brief postnatal period revealed that DKO
mice were viable at birth and 1 day after birth but not beyond 2 days after birth. The num-
bers of Aldh3b2 KO, Aldh3a21/2 Aldh3b22/2, and DKO mice on postnatal day 0 (P0) were
13, 35, and 16, respectively. All of the DKO mice had no milk in their stomachs and were
left outside the nest, implying that they had been abandoned by their mothers.

To examine whether the expression of other Aldh3 family members increased in a
complementary manner in the Aldh3b2 KO and DKO mice, we conducted real-time
quantitative reverse transcription-PCR (RT-PCR) on the epidermis of P0 mice. In agree-
ment with the results of our previous study (10), Aldh3b2 was the most abundantly
expressed Aldh3 gene in WT mice, followed by Aldh3a2 (Fig. 1B). In the Aldh3b2 KO and
DKO mice, expression levels of Aldh3 family members other than the disrupted gene(s)
were similar to those in WT mice, indicating no complementary increase in their
expression. Expression levels of the disrupted genes were lower than those in WT mice
(Aldh3a2, ;20% in DKO mice; Aldh3b2, ;30% in Aldh3b2 KO and DKO mice), probably
due to nonsense-mediated mRNA decay.

Next, we measured the FALDH activity toward C16:0 (hexadecanal) and C16:1 (trans-2-
hexadecenal) aldehydes in the epidermis of WT, Aldh3b2 KO, and DKO mice. In the
Aldh3b2 KO mice, activity toward C16:0 and C16:1 aldehydes was reduced to ;50% and
;20% of that in WT mice, respectively (Fig. 1C). In the DKO mice, activity toward C16:0

aldehyde was reduced to ;15% of that in WT mice, and activity toward C16:1 aldehyde
disappeared completely. Considering our previous finding that FALDH activity in the
epidermis of Aldh3a2 KO mice was almost identical to that in WT mice (10), we con-
clude that Aldh3b2 and Aldh3a2 have overlapping FALDH activity, with Aldh3b2 being
the predominant form in the mouse epidermis.

Decreased skin barrier function in DKO mice. At P0, the skin of the DKO mice
looked rougher in texture than that of the Aldh3b2 KO mice (Fig. 2A), and scanning
electron microscopy revealed that their sulcus cutis was shallower than that of the
Aldh3b2 KO mice (Fig. 2B). We then investigated the neonatal lethality of DKO mice in

FIG 1 Creation of Aldh3a2 Aldh3b2 double-knockout (DKO) mice and analysis of fatty aldehyde dehydrogenase (FALDH) activity.
(A) Aldh3b2 knockout (KO) mice were generated using the CRISPR/Cas9 system. The exon structure (red, coding sequence; blue,
untranslated regions) of Aldh3b2 and the nucleotide sequences of wild-type (WT) and Aldh3b2 KO mice around the guide RNA
target sequence (light blue) and the protospacer flanking motif (PAM) sequence (magenta) in exon 2 are shown. (B) Total RNA
prepared from the epidermis of WT, Aldh3b2 KO, and DKO mice was subjected to SYBR green-based quantitative real-time reverse
transcription-PCR (RT-PCR) using specific primers for Aldh3a1, Aldh3a2, Aldh3b1, Aldh3b2, and Aldh3b3. Values are expressed
relative to Gapdh and are the means 6 standard deviation (SD) of three independent experiments. Statistically significant
differences are indicated (**, P , 0.01; Tukey’s test). (C) Total lysates (15 mg) prepared from the epidermis of WT, Aldh3b2 KO, and
DKO mice were incubated with 1.5 mM NAD1 and 100 mM hexadecanal (C16:0) or trans-2-hexadecenal (C16:1) at 37°C for 30 min.
The quantity of NADH product was determined by measuring the fluorescence of NADH (461.5 nm). Values presented are the
means 6 SD of three independent experiments. Statistically significant differences are indicated (*, P , 0.05; **, P , 0.01; Tukey’s
test). b2 KO, Aldh3b2 KO; nd, not detected.
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detail. DKO and Aldh3b2 KO mice were prepared by Caesarean section at embryonic
day 18.5 (E18.5), and their survival rate over time was measured. The control Aldh3b2
KO mice died after 20 to 26 h (mean, 23.8 h) when they were kept away from their
mother and unable to drink milk (Fig. 2C). This result was similar to our previous find-
ings for WT mice (22, 23). The DKO mice died on average 1.5 h earlier than Aldh3b2 KO
mice, but this difference was not large enough to explain the neonatal lethality
observed following natural birth. We also measured the time course of body weight.
The DKO mice showed a slightly but significantly greater weight loss than that of
Aldh3b2 KO mice (Fig. 2D).

To determine whether this weight loss was due to greater water loss from the
body, we measured transepidermal water loss (TEWL). We observed no difference
between the WT and Aldh3b2 KO mice, but the DKO mice exhibited approximately
double the TEWL of these lines, suggesting reduced inside-to-outside skin barrier func-
tion (Fig. 2E). Next, we investigated the outside-to-inside skin barrier function using to-
luidine blue staining. Under long-term (40-h) staining, darker staining was observed in
the DKO mice than that in the Aldh3b2 KO mice (Fig. 2F). These results indicate that
the DKO mice exhibited weak skin barrier abnormalities.

Hyperkeratosis in DKOmice. To investigate the cause of the skin barrier abnormal-
ities in DKO mice, we performed a histological analysis of the epidermis via hematoxy-
lin and eosin staining. In the epidermis of the control Aldh3b2 KO mice, we observed
gaps in the SC (Fig. 3A). These gaps represent the areas where lipid lamellae were orig-
inally present and are generated by the lipid elution that occurs during the alcohol
dehydration step of the staining procedure. It has been reported that such gaps are

FIG 2 Impaired skin permeability barrier formation in Aldh3a2 Aldh3b2 DKO mice. (A and B) Aldh3b2 KO
and DKO mice were photographed on postnatal day 0 (P0) (A) and subjected to scanning electron
microscopy (B). Bars, 100 mm. (C and D) Time courses of survival rates (C) and body weights (D) of
Aldh3b2 KO (n = 4) and DKO (n = 8) mice after Caesarean section, examined at embryonic day 18.5
(E18.5). Values presented in panel D are means 6 SD, and statistically significant differences from Aldh3b2
KO mice are indicated (*, P , 0.05; **, P , 0.01; Student’s t test). (E) Transepidermal water loss (TEWL)
from WT (n = 8), Aldh3b2 KO (n = 13), and DKO mice (n = 16) were measured at P0. Values presented are
means 6 SD, and statistically significant differences are indicated (**, P , 0.01; Tukey’s test). (F) Aldh3b2
KO and DKO mice at P0 were stained with 0.1% toluidine blue for 40 h and photographed. b2 KO,
Aldh3b2 KO.
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absent in mice with defective lipid lamella formation (22–24). In the epidermis of the
DKO mice, we did observe gaps in the SC, although they appeared to be slightly nar-
rower than those in the Aldh3b2 KO mice (Fig. 3A).

We used transmission electron microscopy analysis to obtain more detailed views
of the epidermis. Similar to the results described above (Fig. 3A), the lipid lamellae
were slightly but significantly narrower in the DKO epidermis than in the Aldh3b2 KO
epidermis (Fig. 3B and C). Furthermore, the number of cell layers in the SC of the DKO
mice was approximately twice that in the Aldh3b2 KO mice (Fig. 3D). Such hyperkerato-
sis in the SC and abnormalities in the formation of the lipid lamellae have also been
observed in SLS patients (25). The DKO mice therefore exhibited an SLS-like skin phe-
notype and are thus useful as a model for SLS skin pathology.

Decrease in acylceramide levels in the epidermis of DKO mice. Since the forma-
tion of the lipid lamellae was impaired in the DKO mice, we analyzed the lipid compo-
sition of the epidermis. Lipids were prepared from WT, Aldh3b2 KO, and DKO mice at
P0 and were separated via thin-layer chromatography (TLC), followed by detection
using copper phosphate reagent. There were no obvious differences in lipid composi-
tion between the WT and Aldh3b2 KO mice (Fig. 4A). However, in the epidermis of the
DKO mice, we observed lower quantities of acylceramides and (O-acyl)-v -hydroxy FAs
(OAHFAs), which may be degradation products of acylceramides, and higher quantities
of v -hydroxy (v -OH) ceramides, which are precursors of acylceramides. The quantities
of other lipids were similar to those in the WT and Aldh3b2 KO mice.

We next performed detailed quantitative analyses of the lipids, especially those that dif-
fered between mouse lines in the above TLC analyses, using liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS). Although total acylceramide levels were almost

FIG 3 Hyperkeratosis and narrowed lipid lamellae in the Aldh3a2 Aldh3b2 DKO mouse epidermis. (A)
Paraffin sections (4 mm) of skin prepared from Aldh3b2 KO and DKO mice at P0 were subjected to
hematoxylin and eosin staining, and bright-field images were obtained. Bars, 50 mm. (B to D)
Ultrathin sections (80 nm) of skin prepared from Aldh3b2 KO and DKO mice at P0 were subjected to
transmission electron microscopy. The lower images are enlarged views of the red rectangles in the
upper images. Bars, 10 mm (upper panels) or 5 mm (lower panels). Lipid lamella thickness (C) and
number of stratum corneum (SC) layers (D) were quantified from five different images. Values
presented are means 6 SD, and statistically significant differences are indicated (**, P , 0.01;
Student’s t test). SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale; b2 KO, Aldh3b2
KO.
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identical in the WT and Aldh3b2 KO mice, those in the DKO mice were lower (;60% those
of WT mice) (Fig. 4B), consistent with the TLC results (Fig. 4A). Acylceramides include multi-
ple species that differ in the chain length and degree of saturation of the v -OH FA moiety.
The quantities of C32:1 and C34:1 acylceramides in particular were greatly reduced, to
approximately half of WT levels (Fig. 4B).

The quantities of many molecular species of linoleic acid-containing OAHFAs—the
putative degradation products of acylceramides—were also lower in the epidermis of
the DKO mice than in the WT and Aldh3b2 KO mice, with the total being approximately
;25% of that in the WT mice (Fig. 4C). In contrast, the quantities of almost all molecu-
lar species of v -OH ceramides—the precursors of acylceramides—were greater in the
epidermis of the DKO mice than in those of the WT and Aldh3b2 KO mice, and the total
quantity of v -OH ceramides was approximately five times that in the WT mice (Fig.
4D). In the final step of acylceramide production, acylceramides are produced from
v -OH ceramides by a transacylation reaction (26). Our results—increased precursors
(v -OH ceramides) and decreased products (acylceramides)—suggest that this transa-
cylation reaction is inhibited in DKO mice. Acylceramides are essential for skin barrier
function, and all of the genes involved in their synthesis can cause ichthyosis when
mutated (17, 19, 21). Therefore, it is highly likely that the abnormalities we observed in

FIG 4 Reduced acylceramide levels in the Aldh3a2 Aldh3b2 DKO mouse epidermis. (A) Lipids extracted from the epidermis
of WT, Aldh3b2 KO, and DKO mice at P0 were separated via thin-layer chromatography (TLC) using two different solvent
systems suitable for the separation of ceramides (left) and less polar lipids (right). Lipids were stained with copper
phosphate reagent. Acyl-Cer, acylceramide; Acyl-GlcCer, acyl-glucosylceramide; Cer, ceramide; Chol, cholesterol; GlcCer,
glucosylceramide; GPL, glycerophospholipid. (B to D) Lipids were extracted from the epidermis of WT (n = 3), Aldh3b2 KO
(n = 3), and DKO (n = 3) mice at P0, and acylceramides (B), OAHFAs (C), and v -OH ceramides (D) were analyzed via liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The quantities of each lipid species (according to chain length
and saturation) and of total lipids are shown in the left and right panels, respectively. Values presented are means 6 SD
(*, P , 0.05, **, P , 0.01; Tukey’s test). The structure of each type of lipid is shown above the graph. b2 KO, Aldh3b2 KO.
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skin barrier formation in the DKO mice were caused by these reduced acylceramide
levels.

Normal levels of protein-bound ceramides in DKO mouse epidermis. Some of
the acylceramides are converted to protein-bound ceramides, which bind covalently to
the surface proteins of corneocytes (fully differentiated keratinocytes) (27, 28). Protein-
bound ceramides are a component of a cell surface structure, the corneocyte lipid en-
velope (CLE), and are important for the formation of the skin barrier (29). We next
quantified protein-bound ceramides using LC-MS/MS. Although acylceramide levels
were reduced in the epidermis of the DKO mice (Fig. 4B), there were no significant dif-
ferences in the quantities of protein-bound ceramides among the WT, Aldh3b2 KO, and
DKO mice (Fig. 5A). This result is consistent with the ultrastructure of the epidermis of
SLS patients, in which the CLE structure is normal (25). Therefore, the reduced skin bar-
rier function in DKO mice can be attributed only to the reduced acylceramide levels.

Next, we quantified normal (nonacylated) ceramides using LC-MS/MS. Again, we
found no difference in quantities or composition between the WT and Aldh3b2 KO
mice, but in the DKO mice, the quantities of almost all molecular species were higher
than those in the other two lines, and the total ceramide quantity was approximately
doubled (Fig. 5B). This is likely to be a compensatory response to the reduced acylcera-
mide levels.

Higher triglyceride levels in the epidermis of DKO mice. In the final step of acyl-
ceramide production, linoleic acid is transferred from triglycerides (TGs) to v -OH cer-
amides via transacylation (26). In the DKO mouse epidermis, levels of v -OH ceramides
(one of the substrates of the transacylation reaction) were higher than those in the
other two mouse lines (Fig. 4D). We next examined the quantities of linoleic acid-con-
taining TGs (another substrate of the transacylation reaction) using LC-MS/MS. The WT
and the Aldh3b2 KO mice exhibited similar quantities and compositions of TGs (Fig.
6A). However, in the epidermis of the DKO mice, the quantities of many TG species

FIG 5 Levels of protein-bound and nonacylated ceramides in the Aldh3a2 Aldh3b2 DKO mouse epidermis. (A and B)
Lipids were extracted from the epidermis of WT (n = 3), Aldh3b2 KO (n = 3), and DKO (n = 3) mice at P0, and protein-
bound ceramides (A) and ceramides (B) were analyzed via LC-MS/MS. The quantities of each lipid species (according
to chain length and saturation) and of total lipids are shown in the left and right panels, respectively. Values
presented are means 6 SD (*, P , 0.05; **, P , 0.01; Tukey’s test). The structure of each type of lipid is shown to the
right of the graph. The structure of a conventional protein-bound ceramide and that of a newly proposed one (28)
are shown (upper and lower structures in panel A, respectively). b2 KO, Aldh3b2 KO; n.d., not detected.
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were greater than those in the WT and Aldh3b2 KO mice. The total quantity of linoleic
acid-containing TGs in the DKO mice was about double that in the WT mice, although
this difference was not statistically significant. We also quantified free FAs in the epi-
dermis, but there were no differences in their quantities, including that of linoleic acid,
among the WT, Aldh3b2 KO, and DKO mice (Fig. 6B). These results indicate that the
reduced acylceramide levels in the epidermis of the DKO mice were not caused by a
decrease in the levels of the substrates (v -OH ceramides or TGs).

Decreased acylceramide levels in the SC of DKO mice. In the above-described
analyses, we measured lipids prepared from the whole epidermis. Next, we focused on
the lipids in the SC, which plays the most important role in skin barrier formation in
the epidermis. The SC was isolated from the backs of Aldh3b2 KO and DKO mice at P0
by tape stripping, and the lipids were extracted and subjected to LC-MS/MS to mea-
sure the acylceramides, v -OH ceramides, ceramides, and protein-bound ceramides. As
in the epidermis, acylceramide levels in the SC of the DKO mice were;60% of those of
the Aldh3b2 KO mice (Fig. 7A). The quantities of both v -OH ceramides and ceramides
were again higher in the DKO mice (Fig. 7B and C), but at 2.6- and 1.6-fold, respectively,
these differences were less pronounced in the SC than in the epidermis. The quantities
of protein-bound ceramides were similar in the Aldh3b2 KO and DKO mice (Fig. 7D).
The results obtained for the epidermis and the SC were thus similar with respect to cer-
amide composition.

Normal expression levels of acylceramide synthesis-related genes in the DKO
mouse epidermis. The final reaction in the acylceramide synthesis pathway is transa-
cylation, which transfers the linoleic acid in TGs to v -OH ceramides. The decrease in
acylceramides and the increase in the substrates (v -OH ceramides and TGs) in the epi-
dermis/SC of DKO mice suggest that the activity of the enzyme(s) catalyzing this trans-
acylation reaction was reduced. This reaction is catalyzed by the transacylase PNPLA1

FIG 6 Levels of triglycerides (TGs) and fatty acids (FAs) in the Aldh3a2 Aldh3b2 DKO mouse
epidermis. (A and B) Lipids were extracted from the epidermis of WT (n = 3), Aldh3b2 KO (n = 3), and
DKO (n = 3) mice at P0, and linoleic acid (C18:2)-containing TGs (A) and FAs (B) were analyzed via LC-
MS/MS. The quantities of each lipid species (according to chain length and saturation) and total lipids
are shown in the left and right panels, respectively. The chain lengths in panel A represent the sum
of the two FAs other than linoleic acid. Values presented are means 6 SD (*, P , 0.05; **, P , 0.01;
Tukey’s test). b2 KO, Aldh3b2 KO.
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(26), and the a/b hydrolase family protein ABHD5 enhances the PNPLA1-catalyzed
reaction, probably by stimulating the utilization of TG by PNPLA1 (30). There are two
possible causes for this postulated decrease in enzyme activity, namely, a reduced
quantity of enzyme(s) or inhibition of the enzyme(s). We investigated the former possi-
bility—that the lower production of acylceramides in the DKO mouse epidermis was
due to the lower expression levels of Pnpla1 or Abhd5 mRNA. Real-time quantitative
RT-PCR revealed that both Pnpla1 and Abhd5 mRNA levels were comparable in the WT,
Aldh3b2 KO, and DKO mice (Fig. 8A). Similarly, the expression levels of other genes
involved in acylceramide synthesis (those encoding FA v -hydroxylase [Cyp4f39], acyl-
CoA synthetase [Fatp4], and ceramide synthase [Cers3]), as well as those of keratinocyte
differentiation markers (the basal layer marker keratin 5 [Krt5] and the spinous layer/
granular layer markers keratin 1 [Krt1], loricrin [Lor], and involucrin [Ivl]), were similar in
the three mouse lines (Fig. 8A and B). These results indicate that the reduced acylcera-
mide levels in the DKO mouse epidermis were not the result of lower expression levels
of genes involved in acylceramide synthesis.

Altered LCB metabolism in differentiated keratinocytes from DKO mice. One of
the major species of fatty aldehydes in keratinocytes is long-chain aldehydes derived
from LCBs, such as trans-2-hexadecenal, derived from sphingosine, and hexadecanal,
derived from dihydrosphingosine (DHS) (10). LCBs produced during the de novo sphin-
golipid synthesis pathway or the degradation pathway of sphingolipids/ceramides are
metabolized to complex sphingolipids (such as sphingomyelin or glycosphingolipids)
or glycerolipids (ester-linked types) (Fig. 9A) (19, 31). In the LCB-to-glycerolipid meta-
bolic pathway, LCBs are converted to LCB 1-phosphates, then to long-chain aldehydes
by sphingosine 1-phosphate lyase, and further to long-chain FAs by FALDH. We have
previously shown that the conversion of long-chain aldehydes to long-chain FAs in
Aldh3a2-deficient CHO-K1 cells, neurons, and undifferentiated keratinocytes is
impaired (9, 10, 31). In these cells, long-chain aldehydes are instead metabolized to
long-chain alcohols, followed by conversion to ether-linked glycerolipids (such as plas-
manyl/plasmenyl ethanolamine).

We performed a [3H]DHS labeling assay to investigate LCB metabolism in keratinocytes

FIG 7 Reduced acylceramide levels in the SC of Aldh3a2 Aldh3b2 DKO mice. (A to D) The SC was prepared via tape
stripping from Aldh3b2 KO (n = 3) and DKO (n = 3) mice at P0. Lipids were extracted, and acylceramides (A), v -OH
ceramides (B), ceramides (C), and protein-bound ceramides (D) were analyzed via LC-MS/MS. The quantities of each lipid
species (according to chain length and saturation) and of total lipids are shown in the left and right panels, respectively.
Values presented are means 6 SD (*, P , 0.05; **, P , 0.01; Student’s t test). b2 KO, Aldh3b2 KO; nd, not detected.
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prepared from the DKO mice. In undifferentiated keratinocytes from WT mice, DHS was
metabolized to sphingolipids (ceramide, glucosylceramide, and sphingomyelin) and ester-
linked glycerolipids (phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol,
phosphatidylcholine, and TG) (Fig. 9B). As previously reported (10), in undifferentiated ke-
ratinocytes from Aldh3a2 KO mice, the metabolism of DHS to ester-linked glycerolipids
was reduced, and instead ether-linked glycerolipids (plasmanyl/plasmenyl ethanolamine
and 1-alkyl/alkenyl-2-acyl-glycerol) were produced. Through alkaline treatment, which
hydrolyzes ester bonds, FAs were released from the ester-linked glycerolipids, whereas 1-
alkyl/alkenyl-glycerol and its phosphoethanolamine adduct were released from the ether-
linked glycerolipids. The metabolism of DHS was normal in undifferentiated keratinocytes
from the Aldh3b2 KO mice. However, undifferentiated keratinocytes prepared from the
DKO mice also exhibited the abnormal metabolism of DHS to ether-linked glycerolipids
that was observed in Aldh3a2 KO keratinocytes, but at greater levels than those in the KO
keratinocytes.

We then performed the [3H]DHS labeling assay on differentiated keratinocytes. The
DHS metabolism in these cells prepared from the Aldh3a2 KO and Aldh3b2 KO mice
was similar to that in WT mice (Fig. 9C), but in cells from the DKO mice, we observed
metabolism of DHS to ether-linked glycerolipids. Thus, the keratinocytes from the DKO
mice exhibited impaired LCB metabolism regardless of whether they were differenti-
ated or not, implying that abnormalities in LCB metabolism are responsible for the
pathogenesis of skin symptoms in SLS.

Acylceramide levels in human keratinocytes reduced by ALDH3A2 KO. To inves-
tigate whether FALDH deficiency also causes a decrease in acylceramide levels in humans,
we disrupted ALDH3A2 in human immortalized keratinocytes using CRISPR/Cas9. We
obtained two ALDH3A2 KO clones (KO 1 and KO 2) (Fig. 10A). These KO keratinocytes and
two controls (controls 1 and 2) were differentiated, and the levels of acylceramides and
ceramides were measured via LC-MS/MS. The quantities of acylceramides of all chain
lengths were greatly reduced in both types of KO keratinocyte compared to those in the
control keratinocytes (Fig. 10B). The total quantities in the KO keratinocytes were approxi-
mately 10% of those in the controls. With regard to the ceramides, the quantities of some
species (as identified by chain length) were higher in the KO keratinocytes than in the con-
trols, and those of others were lower, but the total quantities were similar (Fig. 10C). These

FIG 8 Expression levels of acylceramide synthesis-related genes and keratinocyte differentiation
markers. (A and B) Total RNA prepared from the epidermis of WT (n = 3), Aldh3b2 KO (n = 3), and
Aldh3a2 Aldh3b2 DKO (n = 3) mice at P0 was subjected to SYBR green-based quantitative real-time
RT-PCR using specific primers for acylceramide synthesis-related genes (Cyp4f39, Fatp4, Cers3, Pnpla1,
and Abhd5) (A) and keratinocyte differentiation markers (Krt1, Krt5, Lor, and Ivl) (B). Values are
expressed relative to Hprt1 and are means 6 SD. b2 KO, Aldh3b2 KO.
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results indicate that FALDH deficiency causes a decrease in acylceramide levels in both
mice and humans.

DISCUSSION

ALDH3A2 is the causative gene of SLS, and Aldh3a2 KO mice have been analyzed
previously as a model of SLS (9, 10). In the brain, FALDH activity toward C16:0 aldehyde
in Aldh3a2 KO mice is reduced to ;30% of that in WT mice, and Aldh3a2 KO mice ex-
hibit neuronal phenotypes, such as motor dysfunction (9). However, in the epidermis,
FALDH activity is not reduced in Aldh3a2 KO mice, due to functional overlap with

FIG 9 Impaired long-chain base (LCB) metabolism in Aldh3a2 Aldh3b2 DKO mouse keratinocytes. (A) Metabolism
of dihydrosphingosine (DHS) is illustrated. Under normal conditions, DHS is metabolized to complex sphingolipids
in the sphingolipid synthesis pathway (left) or to ester-linked glycerolipids in the degradation pathway (middle).
However, under FALDH-deficient conditions, such as ALDH3A2 mutation in humans and Aldh3a2 Aldh3b2 DKO in
mice (right), the conversion of DHS to ester-linked glycerolipids is impaired, and DHS is instead metabolized to
ether-linked glycerolipids. The simplified structure of each lipid is also shown. AAG, 1-alkyl/alkenyl-2-acyl-glycerol;
DHAP, dihydroxyacetone phosphate; PlsE, plasmanyl/plasmenyl phosphatidylethanolamine; R, polar head group.
(B and C) Primary keratinocytes were prepared from WT, Aldh3a2 KO, Aldh3b2 KO, and DKO mice, and
undifferentiated (B) and differentiated (C) keratinocytes were labeled with [3H]DHS at 37°C for 4 h. Lipids were
extracted, given alkaline treatment or left untreated, separated via TLC, and detected using autoradiography.
Asterisks indicate unidentified products of PlsE resulting from alkaline treatment. The colors represent lipids
generated via the sphingolipid synthesis pathway (magenta) or the LCB degradation pathway under normal
conditions (blue) or FALDH-deficient conditions (green). Alk-G, 1-alkyl/alkenyl-glycerol; Alk-GPE, 1-alkyl/alkenyl-
glycerophosphoethanolamine; GlcCer, glucosylceramide; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PI, phosphatidylinositol; PS, phosphatidylserine; a2 KO, Aldh3a2 KO; b2 KO, Aldh3b2 KO.
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Aldh3b2, and the skin barrier function under nonstressed conditions is normal (10). In
the present study, we generated Aldh3a2 Aldh3b2 DKO mice and found that they exhib-
ited phenotypes similar to the skin symptoms observed in SLS patients (decreased skin
barrier function and hyperkeratosis) (Fig. 2 and 3), confirming that these mice are useful as
a faithful SLS pathological model.

The abundance of acylceramides in the epidermis and SC of these DKO mice was
;60% of that in WT mice (Fig. 4 and 7). Reduced acylceramide levels have also been
reported in SLS patients (32) and observed in ALDH3A2 KO human keratinocytes (Fig.
10). Analyses of KO mice for the genes involved in acylceramide synthesis or other ich-
thyosis-causing genes have shown that there is a good correlation between the degree
of reduction in acylceramide levels and the degree of skin barrier abnormality (22, 24,
33). In the epidermis of our DKO mice, in line with the partial reduction of acylceramide
levels (;60% of those of WT mice) (Fig. 4 and 7), the degree of abnormality in the skin
barrier function was mild (Fig. 2). In the epidermis of the DKO mice, the only lipids that

FIG 10 Reduced acylceramide levels in ALDH3A2 KO human immortalized keratinocytes. (A) ALDH3A2 KO keratinocytes were
generated using the CRISPR/Cas9 system. The exon structure (red, coding sequence; blue, untranslated regions) of human ALDH3A2
and the nucleotide sequences of WT and ALDH3A2 KO cells (KO clones 1 and 2) around the guide RNA target sequences (light blue)
and the PAM sequences (magenta) in exon 4 are shown. The green nucleotide indicates a missense mutation. (B and C) Lipids were
extracted from two control cells and two ALDH3A2 KO cells on day 14 of differentiation, and acylceramides (B) and ceramides (C)
were analyzed via LC-MS/MS. The quantities of each lipid species (according to chain length and saturation) and of total lipids are
shown in the left and right panels, respectively. Values presented are means 6 SD (*, P , 0.05; **, P , 0.01; Tukey’s test) from three
independent experiments.
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were reduced were acylceramides and their putative degradation products, OAHFAs
(Fig. 4 to 7). We therefore speculate that this reduced abundance of acylceramides is
the primary cause of the impaired skin barrier function seen in these DKO mice.

None of the DKO mice survived beyond 2 days after birth under natural delivery
conditions. They had no milk in their stomachs, and many of them were abandoned
outside the nest. Among the mice born by Caesarean section, the DKO mice died 1.5 h
earlier, on average, than the control mice (Fig. 2C). However, this slight difference was
not sufficient to explain the neonatal lethality of the naturally born DKO mice. Therefore, it
is likely that this neonatal lethality is not caused by water loss from the body due to the
abnormal skin barrier formation but is mainly due to abandonment by the mother. The
appearance (different skin morphology) or odor of the DKO mice may lead to this behavior
by the mother. Such abandonment of their babies by mother mice has also been reported
in ceramide synthase CerS3 KO mice (34), and it appears to be common in mice with de-
fective acylceramide production.

The pathology of SLS is thought to be caused by the toxicity of accumulated fatty
aldehydes, especially long-chain aldehydes, which are the substrates of ALDH3A2 (11,
12). Aldehydes generally form Schiff bases with primary amines, such as those in Lys
and Arg residues. Furthermore, a,b-unsaturated aldehydes are more toxic than normal
aldehydes, since the double bond that is conjugated with the carbonyl group can react
with amino acid residues that have general nucleophiles, such as His, Cys, or Trp resi-
dues, via a Michael addition reaction (35, 36). In the brain and epidermis of SLS patients,
certain proteins with important functions in these tissues are thought to be attacked by
the accumulated long-chain aldehydes, resulting in the inhibition of their activities. What
proteins are actually inhibited in SLS patients? Since ALDH3A2 is an endoplasmic reticulum
(ER) protein (37), ALDH3A2mutations may cause the accumulation of long-chain aldehydes
in the ER membrane. Therefore, it is highly likely that the target proteins of the aldehydes
are ER membrane proteins. Among these, candidates are proteins that allow long-chain
aldehydes to enter the active site, i.e., enzymes whose substrates are long-chain lipids, and
those that have nucleophilic active-site residues that can be attacked by aldehydes. We
previously found fatty acid 2-hydroxylase (FA2H) to be such a candidate target in the nerv-
ous system, via analyses of Aldh3a2 KO mice (9). FA2H is an ER membrane protein and has
His residues in its active site (38, 39). It catalyzes the production of 2-OH FAs using long-
chain FAs as the substrates (40). 2-OH FAs are precursors of 2-OH galactosylceramides,
which play an important role in myelin (41, 42).

In the epidermis of the DKO mice, acylceramide levels were reduced, but levels of
the substrates v -OH ceramides and TGs were enhanced (Fig. 4 and 6). These results
suggest that the transacylation reaction that produces acylceramides from v -OH cer-
amides and TGs was inhibited in these mice (Fig. 11). This reaction is catalyzed by the
transacylase PNPLA1, and the a/b hydrolase family protein ABHD5 seems to enhance
TG utilization of PNPLA1 (26, 30). It is likely that ABHD5 also promotes TG utilization of
the TG lipases ATGL/PNPLA2 and PNPLA3 (43, 44). PNPLA1 and ABHD5 are the causative
genes of autosomal recessive congenital ichthyosis and the syndromic form of ichthyo-
sis Dorfman-Chanarin syndrome, respectively (17, 20, 45, 46). Since the expression lev-
els of PNPLA1 and ABHD5 were unchanged in the epidermis of the DKO mice (Fig. 8A),
it is likely that the activity of one of the proteins they encode, not the quantity, was
reduced. Analyses of KO mice for these genes revealed that TG levels are normal in the
Pnpla1 KO mouse epidermis, whereas they are increased in the Abhd5 KO mouse epi-
dermis (47). Considering that the levels of many TG species were increased in our DKO
mice (Fig. 6A), we speculate that ABHD5 is inhibited by the accumulated long-chain
aldehydes due to impaired FALDH activity. ABHD5 belongs to the a/b hydrolase fam-
ily, and members of this family generally have three catalytic residues: a nucleophile
(Ser, Cys, or Asp), an acidic amino acid (Asp or Glu), and His (45). However, in ABHD5,
the nucleophilic residue is replaced by Asn, resulting in no hydrolytic activity. Instead,
ABHD5 may retain the ability to bind TGs and present them to the PNPLA proteins.
ABHD5 is localized at the interface between lipid droplets and the ER (30) and has a
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His residue conserved in the a/b hydrolase family. Therefore, ABHD5 meets the above-
mentioned criteria for the target protein of the long-chain aldehydes that accumulate
in DKO mice and SLS patients.

Fatty aldehydes, substrates of ALDH3A2, are produced via various metabolic path-
ways and reactions, including the LCB degradation pathway, oxidation of fatty alco-
hols, degradation of ether phospholipids, lipid peroxidation, and the metabolism of
leukotriene B4 (5, 19). Of these, to date, only the LCB degradation pathway has been
shown to be impaired by reduced FALDH activity levels in keratinocytes (Fig. 9) (10).
Some of the long-chain aldehydes derived from the LCBs that accumulate in FALDH-
deficient cells may cause SLS by attacking nearby proteins before they are metabolized
to nontoxic ether-linked glycerolipids. In the LCB degradation pathway, long-chain
aldehydes are produced in the ER, since sphingosine 1-phosphate lyase, which pro-
duces long-chain aldehydes, is localized there (48). Ceramides are abundant in the epi-
dermis (dozens of times more so than in other tissues) (49), suggesting that the quanti-
ties of long-chain aldehydes produced by ceramide and LCB degradation are also
much higher than in other tissues. Sphingosine is the major LCB that constitutes cer-
amides, and in its degradation pathway it is converted to a,b-unsaturated aldehyde
trans-2-hexadecenal (Fig. 11), which can undergo a Michael addition reaction. In vitro
experiments have shown that of all the nucleophilic amino acids, His forms the most
stable adduct with trans-2-hexadecenal (36). Based on these considerations, we specu-
late that of the fatty aldehydes, the long-chain aldehydes produced in the LCB degrada-
tion pathway, especially trans-2-hexadecenal, play an important role in SLS pathogenesis.

In the present study, we established a faithful mouse model of SLS and found that a
reduction in acylceramide levels is involved in SLS skin pathology. We also proposed
the following model for the molecular mechanism of acylceramide reduction: long-
chain aldehydes produced via the LCB degradation pathway inhibit the final step of
acylceramide production, perhaps by inhibiting the activity of ABHD5 (Fig. 11). We
were unfortunately not able to detect the formation of adducts between ABHD5 and
trans-2-hexadecenal due to technical issues. Future technological developments, espe-
cially those providing increased detection sensitivity for these adducts, are needed to
prove this. Finally, our findings suggest the possibility of inhibiting the LCB degrada-
tion pathway in SLS patients as a potential therapeutic application.

FIG 11 A model for reduced acylceramide production in SLS. Acylceramides are produced from v -OH
ceramide and TG via a transacylation reaction (left). The LCB sphingosine is converted to trans-2-hexadecenal in
the degradation pathway and further metabolized to ester-linked glycerolipids under normal conditions (right).
Under FALDH-deficient conditions, such as ALDH3A2 mutation in humans (SLS) and Aldh3a2 Aldh3b2 DKO in
mice, the accumulated trans-2-hexadecenal attacks and inhibits ABHD5, resulting in reduced acylceramide
production.
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MATERIALS ANDMETHODS
Mice. The Aldh3a2 KO mice used were described previously (10). Aldh3b2 KO mice were created

using the CRISPR/Cas9 system as follows. The guide RNA targeted the 24 bases adjacent to the proto-
spacer flanking motif (PAM) sequence present in exon 2 of Aldh3b2. The oligonucleotide pair (primers
Aldh3b2 KO-1 and Aldh3b2 KO-2) (Table 1) containing the guide RNA sequence were annealed and then
cloned into the BbsI site of the CRISPR/Cas9 vector pX330 (Addgene, Watertown, MA). The resulting plas-
mid was injected into fertilized eggs of C57BL/6J mice. Genomic DNA was prepared from the tails of the
pups born and then subjected to PCR using the primers Aldh3b2-1 and Aldh3b2-2 (Table 1) to amplify
exon 2 of Aldh3b2. Subsequent sequencing analysis revealed that one of the mice contained an 8-bp de-
letion in exon 2. This mouse was crossed with a C57BL/6J mouse to generate Aldh3b21/2 mice. The
Aldh3b21/2 mice were twice back-crossed with C57BL/6J mice. Aldh3b22/2 mice were created by cross-
ing male and female Aldh3b21/2 mice. The Aldh3b22/2 mice obtained were crossed with Aldh3a21/2 mice,
producing Aldh3a21/2 Aldh3b21/2 mice. Aldh3a21/2 Aldh3b22/2 mice were then obtained by crossing
male and female Aldh3a21/2 Aldh3b21/2 mice. These Aldh3a21/2 Aldh3b21/2 mice were maintained by
back-crossing with Aldh3b22/2 mice. Aldh3a22/2 Aldh3b22/2 (Aldh3a2 Aldh3b2 DKO) mice were generated
by mating Aldh3a21/2 Aldh3b22/2 mice with each other. Littermate Aldh3a21/1 Aldh3b22/2 (Aldh3b2 KO)
and DKO mice were used in the experiments. C57BL/6J mice born on the same day were used as WT con-
trols for some experiments. Genotyping of the Aldh3a2 gene was conducted as described previously (10).

TABLE 1 DNA oligonucleotides and primers used in this study

Oligonucleotide DNA or primer Sequence
Aldh3b2 KO-1 59-CACCGAGCCTGGGTCGCTTCTTGC-39
Aldh3b2 KO-2 59-TTTGGCAAGAAGCGACCCAGGCTC-39
Aldh3b2-1 59-CGGACTCGGCCTACTGAGTTTCGGA-39
Aldh3b2-2 59-CAGTCTGTGCATAGAGCAAGGG-39
Aldh3a1-F 59-CGGTGATGCCCATTGTGTGTGTTCG-39
Aldh3a1-R 59-TTCTTCATTCCGCAGAGACCTCACC-39
Aldh3a2-F 59-TTCTCGTAACAATAAGCTCATCAAACG-39
Aldh3a2-R 59-CAGCATCCCCAGCCTTCCTTTGTTG-39
Aldh3b1-F 59-GCTGTATGCCTTCTCCAAGAGAAGC-39
Aldh3b1-R 59-GCAGCTGCAGCACCTCTCCTCCATGG-39
Aldh3b2-F 59-TGAGTTCATCAACCGGCGGGAGAAGC-39
Aldh3b2-R 59-GTTGTTGGTTCCAGGGACCATAAGG-39
Aldh3b3-F 59-CTTTATGCCTATTCCAACAACGCAG-39
Aldh3b3-R 59-GGGTGCAGCTCTCAGAGCCGATAGC-39
Gapdh-F 59-GAACGGGAAGCTCACTGGCATGGCC-39
Gapdh-R 59-TGTCATACCAGGAAATGAGCTTGAC-39
Cyp4f39-F 59-AGCATCTACGGGACCCACCACAACC-39
Cyp4f39-R 59-TGAGGGTAGAGGCTCTACATTGAGC-39
Fatp4-F 59-AATGGCCTCAGCCATCTGTGAG-39
Fatp4-R 59-AGAGGGTCCAGGTGTTCTGTGC-39
Cers3-F 59-CTGGCTTCCTCCAACAATAAAGTGG-39
Cers3-R 59-TCAAGTTACACTTCTTTGCCAGTCC-39
Pnpla1-F 59-CCCCACAAGCCTCTGCTGGTGGAGG-39
Pnpla1-R 59-TGGCCACTCACTCCCTCGGGGTAGC-39
Abhd5-F 59-ATCACACCTTAAAGAAGCTGAAGAG-39
Abhd5-R 59-AATGGATTCCACAAACTGATTCTCC-39
Krt1-F 59-TGAGCTGAAGAACATGCAAGA-39
Krt1-R 59-CATGTAAGCTGAATCCACATCC-39
Krt5-F 59-CAGAGCTGAGGAACATGCAG-39
Krt5-F 59-CATTCTCAGCCGTGGTACG-39
Lor-F 59-GGTTGCAACGGAGACAACA-39
Lor-R 59-CATGAGAAAGTTAAGCCCATCG-39
Ivl-F 59-ACACACTGCCAGTGACTGTTCCAGC-39
Ivl-R 59-CTTCTCCAGATGCAGTTCCTGTTCC-39
Hprt-F 59-GCTGACCTGCTGGATTACATTAAAG-39
Hprt-R 59-CTTAACCATTTTGGGGCTGTACTGC-39
hALDH3A2 KO-1 59-TGTGGTCAAATCGCTGCTTCGTTTT-39
hALDH3A2 KO-2 59-GAAGCAGCGATTTGACCACACGGTG-39
hALDH3A2 KO-3 59-TGCGGTTGGCAAAATTGTCAGTTTT-39
hALDH3A2 KO-4 59-TGACAATTTTGCCAACCGCACGGTG-39
hALDH3A2-1 59-GGCAGTGCAAGAGTTTGTGTTTCTC-39
hALDH3A2-2 59-AGGTATGGGGTTCAAGTACAAAGAG-39
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Genotyping of the Aldh3b2 gene was performed by PCR using genomic DNA prepared from mouse tails
and the primers Aldh3b2-1 and Aldh3b2-2 (Table 1). The amplified DNA fragments of Aldh3b2 were
digested using the restriction enzyme MwoI, whose restriction enzyme recognition site is lost in Aldh3b2
KO mice, and separated and identified using agarose gel electrophoresis.

Mice were housed under specific-pathogen-free conditions at a room temperature of 23°C 6 1°C,
humidity of 50% 6 5%, and a light-dark cycle of 12 h:12 h, with food and water available ad libitum. All
animal experiments were approved by the institutional animal care and use committee of Hokkaido
University (permit 17-0017).

Cells and transfection. Human immortalized keratinocytes (NHEK/SVTERT3-5) were purchased from
Evercyte (Vienna, Austria). Cells were cultured in CnT-Prime epithelial culture medium (CELLnTEC, Bern,
Switzerland) in dishes coated with 0.3% collagen (Nitta Gelatin, Osaka, Japan) at 37°C in the presence of
5% CO2. Transfection was performed using ViaFect transfection reagent (Promega, Madison, WI), accord-
ing to the manufacturer’s manual. For differentiation, cells were grown in 12-well dishes to almost 100%
confluence, and then the medium was replaced with CnT-Prime epithelial 3D barrier medium (CnT-3D;
CELLnTEC) supplemented with linoleic acid (10 mM). The cells were cultured for 14 days, with the me-
dium refreshed every 3 days.

Generation of ALDH3A2 KO cells. To generate ALDH3A2 KO human immortalized keratinocytes, we
used an all-in-one CRISPR/Cas9 vector, pYU417 (50), which consisted of a Cas9 D10A mutant nuclease
(Cas9 nickase) gene, a guide RNA cloning cassette, EGFP, and a puromycin N-acetyltransferase gene.
Two targets, each of which consisted of 20 bases adjacent to the PAM sequence in exon 4 of ALDH3A2
(Fig. 10A), were selected for the guide RNAs. Each of a pair of oligonucleotides (hALDH3A2 KO-1/2 or
hALDH3A2 KO-3/4) (Table 1) corresponding to the respective guide RNA sequence was annealed and
cloned into the BaeI site of pYU417. Human immortalized keratinocytes were transfected simultaneously
with both of the resulting plasmids. At 24 h after transfection, the cells were cultured for 48 h in KGM-2
keratinocyte growth medium (Lonza, Basel, Switzerland) containing 2 mg/ml puromycin to select the
cells containing the plasmids. The medium was then replaced with puromycin-free CnT-Prime epithelial
culture medium, and the cells were cultured for another 2 days. Cells were detached from the dishes by
treatment with 0.05% trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA), diluted, seeded into 10-cm
dishes, and cultured for 7 days. Several clones were selected and cultured in 12-well plates. Genomic
DNA was prepared from the cells, and DNA fragments containing the target sequence of ALDH3A2 were
amplified via PCR using the primers hALDH3A2-1 and hALDH3A2-2 (Table 1), followed by DNA sequenc-
ing. Two clones with mutations in ALDH3A2 (KO clones 1 and 2) were used for the subsequent experi-
ments. As control cells, two clones (control clones 1 and 2) were generated using the same method but
with an empty pYU417 vector.

Skin permeability barrier assays. TEWL was measured from the backs of P0 mice using an AS-
VT100RS evaporimeter (Asch Japan, Tokyo, Japan). Toluidine blue staining was performed as previously
described (22), except for the staining time. Briefly, mice were soaked in methanol for 5 min, washed
with phosphate-buffered saline (PBS), incubated with 0.1% toluidine blue solution at 4°C for 40 h,
washed with PBS, and photographed.

FALDH assay. FALDH activity was measured as described previously (10).
Histological analyses. The skin of the P0 mice was prepared from their backs and analyzed via he-

matoxylin and eosin staining (10) or transmission electron microscopy (33), as described previously.
Scanning electron microscopy was performed as follows. Skin from the heads of the P0 mice was fixed
with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight
and further fixed with 0.1% tannic acid in 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight. After wash-
ing with 0.1 M cacodylate buffer (pH 7.4) four times for 30 min each, samples were postfixed with 2% os-
mium tetroxide in 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight. The samples were dehydrated in
graded ethanol solutions as follows: 50% and 70% ethanol, at 4°C for 1 h each; 90% ethanol at room
temperature for 1 h; 100% ethanol four times at room temperature for 1 h each; and 100% ethanol at
room temperature overnight. To freeze-dry the samples, we treated them with a 1:1 mixture of ethanol
and tert-butyl alcohol at room temperature for 2 h and then with 100% tert-butyl alcohol three times at
room temperature for 1 h each, froze them at 4°C, and vacuum dried. The samples were coated with a
thin layer (50 nm) of osmium using an osmium plasma coater (NL-OPC80A; Nippon Laser and Electronics
Laboratory, Nagoya, Japan) and observed using a scanning electron microscope (JSM-6340F; JEOL,
Tokyo, Japan) at an acceleration voltage of 5.0 kV.

Lipid analyses. Lipids were extracted from the epidermis as described previously (23) and subjected
to LC-MS/MS analyses and TLC separation. For TLC separation suitable for ceramides, silica gel 60 TLC
plates (Merck Millipore, Darmstadt, Germany) and a previously described solvent system (24) were used.
For TLC separation suitable for the less polar lipids, silica gel 60 high-performance TLC plates (Merck
Millipore) and the resolving buffer (hexane-diethyl ether-acetic acid, 65:35:1 [vol/vol/vol]) were used,
and lipids were developed to the top of the TLC plates, dried, and developed to the top again. They
were stained with copper phosphate reagent as described previously (23).

Lipid analyses via LC-MS/MS were performed using a triple-quadrupole mass spectrometer (Xevo
TQ-S; Waters, Milford, MA) in multiple-reaction-monitoring mode. Ionization was performed using elec-
trospray ionization. The conditions of LC separation and electrospray ionization were as described previ-
ously (51). Prior to LC-MS/MS, FAs and OAHFAs were derivatized to N-(4-aminomethylphenyl)pyridinium
(AMPP) amides using the AMP1 mass spectrometry kit (Cayman Chemical, Ann Arbor, MI) according to
the manufacturer’s manual. The m/z values of the precursor ion (Q1) and product ion (Q3) and the colli-
sion energies used were as previously reported for the ceramides, acylceramides, v -OH ceramides, pro-
tein-bound ceramides, TGs, and FAs (23) and as reported elsewhere for the OAHFAs (52). For
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quantitation of the ceramides, v -OH ceramides, protein-bound ceramides, acylceramides, and TGs, N-
palmitoyl(d9)-D-erythro-sphingosine (C16:0 ceramide; Avanti Polar Lipids, Alabaster, AL), N-v -hydroxytria-
contanoyl-D-erythro-sphingosine (C30:0 v -OH ceramide; Cayman Chemical), N-(30-linoleoyloxy-triaconta-
noyl)-sphingosine (C30:0 acylceramide; Cayman Chemical), and 1,3-dipentadecanoyl-2-oleoyl(d7)-glycerol
(Avanti Polar Lipids) were used as external standards. To quantitate the FAs, palmitic acid-d31 (Cayman
Chemical) was used as an internal standard. Absolute quantification was not performed for OAHFAs,
since no standard is commercially available.

Lipid analyses for the mouse SC samples were performed essentially as described previously (51),
except that the quantities of tape, internal standards, and solvent used were double those in that report.
The lipid analyses for the differentiated human keratinocytes were as follows. Cells grown in 12-well
dishes were washed twice with 500 ml of PBS, suspended in 300 ml of PBS, detached from the dishes
using a scraper, and transferred to microcentrifuge tubes. After centrifugation (400 � g, room tempera-
ture, 3 min), the cells were suspended in 150 ml of water and lysed by sonication. Samples were divided
into 50 ml and 100 ml; the former was used for protein quantification and the latter for lipid extraction.
Lipids were extracted via the successive addition and mixing of 375 ml of chloroform-methanol (1:2 [vol/
vol]), 125 ml of chloroform, and 125 ml of water. Phases were separated by centrifugation (20,000 � g,
room temperature, 3 min), and the lower phase (organic phase) was collected and dried. The dried lipids
were dissolved in chloroform-methanol (1:2 [vol/vol]) to a concentration of 0.3 mg protein/ml. LC-MS/MS
analyses and the internal standards used were as described previously (51).

Quantitative real-time RT-PCR. P0 mouse skin was suspended in 600 ml PBS and incubated at 55°C
for 5 min to separate the epidermis and dermis. Total epidermal RNA was prepared using a NucleoSpin
RNA II kit (Macherey-Nagel, Dueren, Germany) according to the manufacturer’s protocol. Quantitative
real-time RT-PCR was performed using a One-Step SYBR PrimeScript RT-PCR kit II (TaKaRa Bio, Shiga,
Japan) and forward (F) and reverse (R) primer pairs (Table 1) as described previously (24).

[3H]DHS labeling assay. Primary keratinocytes were prepared from the mice, cultured, and differen-
tiated as described previously (10). The [3H]DHS labeling assay was conducted as described previously
(31).
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