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Sebaceous glands are skin appendages that secrete sebum onto hair follicles to lubricate the hair and maintain skin homeostasis.
In this study, we demonstrated that Cidea is expressed at high levels in lipid-laden mature sebocytes and that Cidea deficiency
led to dry hair and hair loss in aged mice. In addition, Cidea-deficient mice had markedly reduced levels of skin surface lipids,
including triacylglycerides (TAGs) and wax diesters (WDEs), and these mice were defective in water repulsion and thermoregu-
lation. Furthermore, we observed that Cidea-deficient sebocytes accumulated a large number of smaller-sized lipid droplets
(LDs), whereas overexpression of Cidea in human SZ95 sebocytes resulted in increased lipid storage and the accumulation of
large LDs. Importantly, Cidea was highly expressed in human sebaceous glands, and its expression levels were positively corre-
lated with human sebum secretion. Our data revealed that Cidea is a crucial regulator of sebaceous gland lipid storage and

sebum lipid secretion in mammals and humans.

he skin of most mammals is characterized by the presence of

sebaceous glands, whose predominant constituent cell popu-
lation is sebocytes, which produce lipid-containing sebum.
Sebum is considered to be secreted from sebaceous glands by a
holocrine process and contributes to the large majority of skin
surface lipids, which are crucial for hair growth, moisturization of
skin and hair, and the prevention of water evaporation from the
skin surface (1, 2). Recent research has suggested that sebum may
also contain antioxidants, antimicrobial lipids, and pheromones
(2-4). The main components of sebum are triacylglycerides
(TAGs), wax esters (WEs), and cholesterol esters (CEs) (2, 5, 6).
Wax esters, including wax monoesters (WMEs) and wax diesters
(WDEs), are skin-specific lipids secreted by sebocytes (5). In
mammals, WDEs are the most abundant wax esters important for
skin water repulsion (5). In humans, sebum excreted by the seba-
ceous glands is primarily composed of TAGs, wax esters, and
squalene (Sq) (6).

In mammals, sebaceous gland volume, growth, and differentia-
tion follow the hair cycles of the growth (anagen), regression (cata-
gen), and resting (telogen) phases (7, 8), whereas several sebaceous-
gland-specific genes, including those for stearoyl coenzyme A
desaturase 1 and 3 (Scdl and Scd3), show a hair cycle-dependent
expression pattern (9). Sebaceous gland differentiation and matura-
tion have been shown to be regulated by peroxisome proliferator-
activated receptor gamma (PPARYy) (2, 10). Proteins regulating
lipid synthesis, including Scdl, elongation of very-long-chain
fatty acid protein 3 (ELOVL3), diacylglycerol acyltransferase 1
(Dgat 1), and fatty acid binding protein 5 (FABP5), are important
regulators of sebaceous gland function and sebum secretion (11—
13). Deficiencies in these genes result in sebocyte hypoplasia, de-
creased skin surface lipids, dry hair, and/or hair loss (14-17).

In humans, sebaceous glands from different anatomical loca-
tions have various levels of activity in sebum secretion (18). Seba-
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ceous glands from facial skin, especially those on the nose and
forehead areas, secrete a large amount of sebum, whereas seba-
ceous glands from the trunk and limbs secrete a smaller amount of
sebum (18). Abnormal high sebum secretion in humans has been
associated with several skin diseases (2, 19). In contrast, insuffi-
cient sebum secretion causes skin xerosis and xerophthalmia
(20, 21).

Cell death-inducing DNA fragmentation factor (DFFA)-like
effector (CIDE) family proteins, including Cidea, Cideb, and
Fsp27 (Cidec), are lipid droplet (LD)-associated proteins playing
important roles in LD fusion, lipid secretion, and very-low-den-
sity-lipoprotein (VLDL) maturation (22-24). Cidea is highly en-
riched in adult brown adipose tissue (BAT), and its deficiency
results in the accumulation of smaller LDs in brown adipocytes,
improved insulin sensitivity, and resistance to diet-induced obe-
sity (25, 26). Recently, we found that Cidea is highly expressed in
mammary glands during pregnancy and lactation and that it is an
important regulator of LD size and milk lipid secretion (22). Here,
we observed that Cidea was expressed at high levels in the seba-
ceous glands and that its deficiency resulted in dry hair, reduced
skin surface lipid secretion, and poor water repulsion. In addition,
we showed that sebocytes with Cidea deficiency accumulated
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TABLE 1 Primer sequences used for real-time PCR

Primer sequence

Gene

product Forward Reverse

Cidea TGACATTCATGGGATTGCAGAC GGCCAGTTGTGATGACTAAGAC
Scd3 CAGCCCCAAACGCCACAACTT GATCTCGGGCCCATTCATACACG
CK17 ACCATCCGCCAGTTTACCTC CTACCCAGGCCACTAGCTGA
GAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGAT
Mc5R AGGCGCTCGGGGGTGAT CTGCGGAGGGCGTAGATGAGAG
PPARYy AAGCCCATCGAGGACATCCA CGGGTGGGACTTTCCTGCTA
Scd1l CCGGAGACCCCTTAGATCGA CCGGAGACCCCTTAGATCGA

smaller LDs and also showed that Cidea overexpression in SZ95
sebocytes increased TAG storage and LD size. More importantly,
we observed that Cidea was highly expressed in human sebaceous
glands and that its expression was positively correlated with
sebum secretion in human skin.

MATERIALS AND METHODS

Animal breeding and maintenance. Procedures for generation of
Cidea™'~ and Fsp27~'~ mice and routine maintenance of mouse strain
were essentially the same as previously described (25, 27). Mouse experi-
ments were carried out in the animal facility in the School of Life Sciences,
Tsinghua University. Mouse-handling procedures were in accordance
with the Responsible Care and Use of Laboratory Animals (RCULA)
guidelines set by Tsinghua University. All research and experimental pro-
tocols involving mice were reviewed and approved by the animal research
committee of Tsinghua University.

Western blot analysis. Tissues or cultured cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer (20 mM HEPES-KOH [pH
7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% sodium deoxy-
cholate, 1% NP-40, 1% SDS, and protease inhibitor), and Western blot
analysis was performed as described previously (26). Cidea and Fsp27
proteins were detected using polyclonal antibodies as previously de-
scribed (27). Primary antibodies against cytokeratin 14 (CK14), CK17,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were ob-
tained from ZSGB-Bio, China. Antibodies against B-tubulin (Sigma),
Ucpl (Research Diagnostics Inc.), PLIN1 (Research Diagnostics Inc.),
and green fluorescent protein (GFP) (Abmart, China) were also used.

Histological analysis, IHC, and IF. Skin biopsy specimens of age- and
sex-matched animals were taken from similar body locations. Human
skin samples were obtained as described below. Skin samples were fixed
overnight at 4°C in a phosphate-buffered (pH 7.4) 4% formaldehyde so-
lution. Sections (5 pwm thick) were stained with hematoxylin and eosin
(H&E). Immunohistochemistry (IHC) was performed as previously de-
scribed (22). Cidea antibody was diluted at 1:100. Images were taken by a
Nikon Eclipse 90i light microscope. IHC staining intensity was analyzed
by Image Pro-Plus software. For immunofluorescence (IF), skin samples
were frozen directly in OCT Tissue-Tek and 8-um-thick sections were cut
in a cryostat and postfixed in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS). Immunofluorescent staining was performed as pre-
viously described (28). Briefly, tissue sections were first blocked in 10%
goat serum for 1 h at room temperature and then incubated with Cidea
antibody (diluted 1:100) overnight at 4°C. Anti-rabbit IgG antibodies
conjugated with Alexa Fluor 488 (Molecular Probes) were used as second-
ary antibodies. Bodipy 630/650-X (Molecular Probes) (20 pg/ml) was
used to visualize sebaceous gland lipids, and the nucleus was stained with
1 uM Hoechst 33342 (Molecular Probes). Fluorescent images were ob-
tained with a Zeiss Axiovert 200M microscope.

Transmission and scanning EM. For transmission electron micros-
copy (EM), skin samples (1 mm?) in the same hair cycle phase of age- and
sex-matched animals were taken from similar body locations and fixed in
2.5% glutaraldehyde—0.1 M phosphate buffer (pH 7.2) for 3 h at 4°C,
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washed in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide in
0.1 M phosphate buffer, dehydrated through an ascending ethanol series,
and embedded in an Epon epoxy mixture (15). Ultrathin sections were
further stained with lead citrate and observed under a transmission elec-
tron microscope (Hitachi H-7650B) operating at 80 kV. LD diameters
were measured with Image Pro-Plus software, and data are presented as
previously described (29). For scanning electron microscope analyses,
hairs taken from age- and sex-matched animals were attached to adhesive
stubs and coated with gold. Images were taken by a scanning electron
microscope (FEI Quanta 200) operating at 15 kV.

Induction of synchronized hair follicle cycling. Synchronous anagen
was induced by depilation of hair shafts on the back of 7-week-old mice
with all follicles in telegen as previously described (7, 30). Skin samples
were taken from the depilated skin at different time points for further
analysis.

Separation of epidermis and subcutaneous fat. Tail skin was cut into
pieces (0.5 cm?), washed in PBS, and incubated in 1.2 U/ml dispase IT
(Roche, Germany) in 1.5 mg/ml bovine serum albumin (BSA)-PBS for 1
h at 37°C or at 4°C overnight. The epidermal portions could be easily
separated from the dermis with a fine forceps. The subcutaneous fat was
separated by cutting from the full-thickness skin with scissors.

Genotyping, RNA extraction, and quantitative real-time PCR anal-
yses. Genomic DNA was extracted and genotyping was performed as pre-
ciously described (25). Total RNA was extracted using TRIzol reagent
(Invitrogen). The first-strand cDNAs were synthesized using a Trans-
Script II reverse transcription (RT) kit (TransGen, China). Gene expres-
sion was assessed using real-time PCR with ABI SYBR green PCR master
mix and an ABI 7500 real-time PCR system. The list of primers for real-
time PCR is available in Table 1.

Skin surface lipid extraction and analysis. As previously described
(14), mouse skin surface lipids were extracted by dipping each sacrificed
mouse fully into 100 ml of chloroform-methanol (2:1 [vol/vol]) followed
by 100 ml acetone. Human skin surface lipids were extracted from 4 peo-
ple (3 males and 1 female) by using sebum-absorbing tissues of the same
size 3 h after washing with soap (18, 31). Lipids on the sebum-absorbing
tissues were then extracted by the use of 3 ml chloroform-methanol (2:1
[vol/vol]) followed by 3 ml of acetone. Lipid extracts were dried under
nitrogen and resuspended in equal volumes of toluene. Lipid samples
were dotted on the silica G plate, and the plate was run in hexane-ether-
acetic acid (85:15:1 [vol/vol/vol]). The thin-layer chromatography (TLC)
plates were stained with cupric sulfate (10%, wt/vol)-phosphoric acid (8%
[vol/vol]) and charred at 120°C for 8 min. The density of each lipid species
on TLC plates was analyzed by Quantity One software.

Analysis of skin surface lipid using mass spectrometry. Lipid ex-
tracts were diluted to appropriate volume and spiked with appropriate
internal standards. Individual lipid species were quantified by referencing
to spiked internal standards. High-resolution mass spectrometry (MS)
was used for characterization and confirmation of lipid identities. Phos-
pholipids and sphingolipids were analyzed using an Agilent 1260 HPLC
system coupled with an Applied Biosystem 4500Qtrap triple-quadrupole/
ion trap mass spectrometer as described previously (32). Briefly, separa-
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tion of individual lipid classes of polar lipids was carried out using a
Phenomenex Luna 3-pwm-pore-size silica column (150 by 2.0 mm inner
diameter [i.d.]) with the following mobile phases: phase A (chloroform-
methanol-ammonium hydroxide, 89.5:10:0.5) and phase B (chloroform-
methanol-ammonium hydroxide-water, 55:39:0.5:5.5). Multiple-reac-
tion-monitoring (MRM) transitions were set up for quantitative analysis
of various polar lipids. Individual lipid species were quantified by refer-
encing to spiked internal standards. 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (PC-14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phosphoetha-
nolamine (PE-14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(PS-14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phosphate (PA-17:0/17:0),
1, 2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (PG-14:0/14:0),
C8 glucosyl(88) ceramide (d18:1/8:0) (C8-GluCer), C17 ceramide (d18:1/
17:0) (C17-Cer), and N-lauroyl-p-erythro-sphingosylphosphorylcholine
(C12-SM) were obtained from Avanti Polar Lipids (Alabaster, AL). Di-
octanoyl phosphatidylinositol (PI; 16:0-PI) was obtained from Echelon
Biosciences, Inc. (Salt Lake City, UT). Wax monoesters (WME) were
quantified as previously described (33). Glycerol lipids TAG and diacylg-
lyceride (DAG) were analyzed using neutral-loss-based MS/MS tech-
niques as described previously (34, 35). Briefly, separation of lipids was
carried out on a Phenomenex Kinetex 2.6-pm-pore-size C, ¢ column (i.d.
4.6 by 100 mm) using an isocratic mobile phase consisting of chloroform-
methanol-0.1 M ammonium acetate (100:100:4) at a flow rate of 150
pl/min for 22 min. Levels of TAG and wax diester (WDE) were calculated
relative to the spiked d5-TAG 48:0 internal standard (CDN Isotopes),
while DAG species were quantified using 1, 2-di-O-phytanyl-sn-glycerol
(4ME 16:0 diether DG) as an internal standard (Avanti Polar Lipids, Ala-
baster, AL). Free cholesterol and cholesterol esters were analyzed as de-
scribed previously with corresponding d6-cholesterol and d6-C, ¢ choles-
terol ester (CDN Isotopes) as internal standards (36). High-resolution
mass spectrometry profile analyses of lipid extracts were also carried out
using an Accela high-performance liquid chromatography (HPLC) sys-
tem coupled with an LTQ Orbitrap XL hybrid Fourier transform mass
spectrometer (Thermo Fisher Scientific, Waltham, MA) and both reverse-
phase HPLC/MS and normal-phase HPLC/MS approaches as aforemen-
tioned. Mass spectrometry profiles were recorded with a resolution of
60,000, and mass accuracy of less than 2 ppm was obtained throughout the
analytical runs.

Water retention assay. A water retention assay was performed as de-
scribed previously (15, 16). Briefly, mice were immersed in water at 30°C
for 2 min, and excessive water was eliminated by paper towels. Body
weight and rectal temperature were recorded before and every 5 min after
water immersion at room temperature. The hair water content was calcu-
lated by subtracting the body weight before water immersion from the
body weight after water immersion.

Plasmid construction. Plasmid DNAs containing the Flag-tagged
mouse full-length Cidea (amino acids [aa] 1 to 217) and GFP-tagged
mouse full-length Cidea or its truncations (aa 118 to 217, 164 to 217, and
1 to 117) were constructed as previously described (22).

S§Z95 cell culture and immunofluorescence. SZ95 sebocytes (37)
were maintained in Sebomed culture medium (Biochrom, Germany)
supplemented with 1 mM CaCl, or in Dulbecco’s modified Eagle’s medi-
um—F-12 medium (Gibco) (1:1), both further supplemented with 10%
fetal calf serum (Gibco) and 5 ng/ml human epidermal growth factor
(Invitrogen), in a humidified atmosphere containing 5% CO, at 37°C.
Subconfluent cell cultures were harvested and seeded in 6-well culture
plates. GFP-tagged mouse Cidea plasmids and truncations were trans-
fected into SZ95 cells with Lipofectamine 2000 (Invitrogen). SZ95 cells
were treated with 100 puM linoleic acid (Sigma) and 1 pg/ml Bodipy 558/
568 C12 (Bodipy-labeled FA) (Invitrogen) 6 h after transfection. At 24 h
after transfection, cells were fixed in 4% (wt/vol) paraformaldehyde. Flu-
orescence images were obtained with a Zeiss Axiovert 200 microscope. LD
diameters were measured with AxioVision software and are presented as
previously described (29).
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FIG 1 Old Cidea™'~ mice exhibit dry hair and hair loss phenotype. (A to D)
Phenotype of 10-month-old wild-type mice (+/4) and Cidea '~ (—/—)
mice. Cidea™'~ mice had lighter color and drier hair than wild-type mice. Hair
loss (red arrow), dry eyes (blue arrow), and scratch marks (green arrow) were
observed in Cidea™'~ mice. (E) Mouse skin appearance at day 0 (pink, telo-
gen), day 6 (gray, early anagen), and day 10 (black, late anagen) after induced
anagen. Hairs of 7-week-old telogen mice were unplugged to induce the next
anagen. Note that there is no obvious skin color difference at days 6 and 10.

TAG storage and lipolysis analyses. Subconfluent SZ95 sebocytes
were harvested and seeded in a 6-cm-diameter cell culture dish. Flag-
tagged mouse Cidea plasmid was transfected into SZ95 sebocytes with
Lipofectamine 2000 (Invitrogen). SZ95 sebocytes were treated with 100
uM linoleic acid (Sigma) and 4 p.Ci/dish *H-labeled oleic acids 6 h after
transfection. At 24 h after transfection, cells were washed three times with
1% BSA-PBS and fresh medium was added. Cells and medium were col-
lected at 0 h, 2 h, and 4 h. Lipids were extracted from these samples and
analyzed using TLC. TAG, WE, CE, FFA, and cholesterol dots were
scraped off the plate, and the radioactive signals were detected with a
MicroBeta Jet scintillometer (PerkinElmer).

Human skin specimens. Human skin specimens were collected from
23 patients at Xijing Hospital, Fourth Military Medical University (Xi’an,
China). Experiments were performed in accord with the ethical require-
ments of the Fourth Military Medical University, and subjects gave writ-
ten informed consent. Skin specimens from different body locations (4
from face skin, 4 from trunk skin, and 4 from limb skin) of 12 patients
were used for Western blot analysis after cutting all the subcutaneous fat
in a cryostat. Skin specimens from different body locations (4 from face
skin, 4 from trunk skin, and 3 from limb skin) of 11 patients were fixed
overnight at 4°C in a phosphate-buffered (pH 7.4) 4% formaldehyde so-
lution, and immunohistochemistry (IHC) was performed with Cidea an-
tibody.

Statistical analysis. Data are presented as means * standard errors of
the means (SEM). Statistical significance was determined using two-tailed
unpaired ¢ test with a significance level of 0.05.
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TABLE 2 Statistical analyses of the hair phenotypes of Cidea™’~ mice
compared to wild-type mice®

No. of mice with

hair loss/total no. of % of mice with hair

mice loss
Mouse group +/+ —/= +/+ —/—=
Male 0/69 35/66 0 53
Female 0/52 11/41 0 27

“ Mice 10 months of age were evaluated and statistically analyzed by their hair
phenotype. —/—, Cidea™ '~ mice; +/+, wild-type mice.

RESULTS
Old Cidea™'~ mice exhibit dry hair and hair loss phenotype.
During the course of breeding Cidea™’~ mice, the hair of 10-

month-old or older Cidea™’~ mice was unexpectedly lighter,
drier, and less dense than that of wild-type mice (Fig. 1A to D).
Patches of hair loss on the neck area and scratch marks on the chin
were observed for both Cidea™~ male and female mice (Fig. 1B to
D, red and green arrows, respectively). In addition, dry eyes were
also observed in Cidea™’~ mice (Fig. 1D, blue arrow). Quantita-
tive analysis indicated that 53% and 27% of 10-month-old male
and female Cidea™'~ mice, respectively, showed dry hair, dry eye,
and hair loss (Table 2). No obvious abnormalities in the hair and
eye were observed in Cidea '~ mice younger than 10 months
(data notshown). To eliminate the possibility that the dry hair and
hair loss in Cidea '~ mice were due to the reduced whole-body
lipid storage and lean phenotype in Cidea-deficient mice (25), we
examined the hair phenotype in 10-month-old Fsp27 '~ mice,
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FIG 2 Sebaceous-gland-specific and hair cycle-dependent expression of Cidea. (A) Western blot analysis showing the expression of Cidea protein in full-
thickness mouse skin. 3-Tubulin was used as a loading control; CK14 is a marker for skin; UCP1 is a marker for BAT. (B) Western blot analysis showing
expression of Cidea in mouse skin epidermis (Epi) and of Fsp27 in subcutaneous fat (sFat). Epidermis was separated by incubating tail skin in 1.2 U/ml dispase.
PLINI is a marker for subcutaneous white fat; CK14 is a marker for epidermis. (C) Immunohistochemical (IHC) staining of paraffin sections of skin from
wild-type (+/4) and Cidea™'~ (—/—) mice with Cidea antibody. Scale bar, 50 wm. (D) Immunofluorecence (IF) staining of frozen skin sections from wild-type
and Cidea™'~ mice using Cidea antibody. Neutral lipids were stained with Bodipy, and the nucleus was stained with Hoechst (HOE). Hair follicles are indicated
by arrows and sebaceous glands by arrowheads. Scale bar, 50 wm. (E and F) Levels of Cidea protein (E) and mRNA (F) during induced anagen by hair depilation.
GAPDH was used as a loading control; Scd3 and CK17 are markers for hair cycles. n = 5 for each indicated time point in panel F. Bars show means = SEM.
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FIG 3 Accumulation of smaller LDs in the sebaceous gland of Cidea ™’
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" mice. (A) H&E staining of telogen and anagen skin sections from wild-type (+/+) and
(—/—) mice. Hair follicles are indicated by arrows and sebaceous glands by arrowheads. Scale bar, 100 pm. (B) Relative mRNA levels of sebaceous-

gland-specific proteins (Mc5R, PPARY, Scdl, and Scd3); n = 4 for each genotype. Bars represent means = SEM. (C) Scanning electron microscopic images of
hairs from wild-type mice (+/+) and Cidea '~ mice (—/—). No obvious differences can be seen in hair roots and hair shafts. Scale bar, 10 um. (D) Electron
microscopic (EM) images of skin sections from wild-type (+/+) and Cidea '~ (—/—) mice. Nuclei are indicated by arrows, and LDs are indicated by
arrowheads. Scale bar, 2 pwm. (E) Lipid droplet (LD) size distribution. n = 4 for each genotype. Diameters of over 570 LDs for each genotype were measured.

which also have a strong lean phenotype (27), and found that
10-month-old or older Fsp27 '~ mice did not show dry hair, dry
eyes, or hair loss (see Fig. S1 in the supplemental material). There-
fore, dry hair and hair loss were not the result of the lean pheno-
type and were specific to Cidea '~ mice. As a disturbed hair
growth cycle may cause hair loss (28), we unplugged the hair of
7-week-old mice in the telogen phase of the hair cycle to induce
anagen. We did not observe a difference in skin color and hair
growth between wild-type mice and Cidea '~ mice (Fig. 1E).
Opverall, these data suggest that Cidea is an important regulator of
hair and skin quality.

Sebaceous-gland-specific and hair cycle-dependent expres-
sion of Cidea. The dry hair and hair loss observed in Cidea™'~
mice led us to speculate that Cidea may be specifically expressed in
the skin. Indeed, Cidea proteins were detected in the skin of wild-
type mice and were coexpressed with the skin-specific cytokeratin
14 (CK14) protein (Fig. 2A). We then separated the skin epidermis
from the subcutaneous fat with dispase and observed that Cidea
proteins were specifically detected in the epidermis and that Fsp27
was detected in subcutaneous white fat (Fig. 2B).

Immunohistochemistry analysis using a Cidea antibody
showed a strong Cidea-positive signal in the center of the seba-
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ceous glands, located on the LDs of mature sebocytes in the seba-
ceous gland which are highly differentiated and contain many
large LDs (Fig. 2C). Immunofluorescent staining also confirmed
the presence of Cidea proteins in the sebaceous glands, and the
Cidea proteins colocalized with the Bodipy-stained LDs in the
sebaceous glands (Fig. 2D). We further examined Cidea expres-
sion during hair cycle induction and found that the sebaceous
glands showed a substantial hair cycle-dependent functional fluc-
tuation (1). We observed that Cidea mRNA and protein levels
increased during the course of an induced hair cycle, reaching the
highest level at the anagen phase (days 6 to 8 after anagen induc-
tion) followed by a decrease in the catagen and telogen phases (Fig.
2E and F). This temporal expression of Cidea was highly corre-
lated with that of cytokeratin 17 (CK17) and Scd3, which have
been previously shown to have hair cycle-dependent expression
(9, 38). Overall, these data indicate that Cidea is expressed specif-
ically and at high levels in the sebaceous gland with a hair cycle-
dependent expression pattern.

Accumulation of smaller LDs in the sebaceous gland of
Cidea™'~ mice. Next, we examined the morphology of the skin
epidermis and sebaceous glands of 3-month-old wild-type and
Cidea™’~ mice by H&E staining. The morphology characteristics
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A Anti-Cidea

FIG 4 Meibomian-gland-specific expression of Cidea and reduced LD size in the meibomian gland of Cidea ™
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'~ mice. (A) Immunohistochemical (IHC) staining

of paraffin sections of eyelid from wild-type (+/+) and Cidea '~ (—/—) mice with Cidea antibody. Scale bar, 100 p.m. Meibomian glands are indicated by
arrowheads, and sebaceous glands are indicated by arrows. (B) H&E staining of eyelid sections from wild-type (+/+) and Cidea '~ (—/—) mice. Meibomian
glands are indicated by arrowheads, and sebaceous glands are indicated by arrows. Scale bar, 100 pm. (C) Electron microscopic (EM) images of eyelid sections
from wild-type (+/+) and Cidea '~ (—/—) mice. Nuclei are indicated by arrows, and LDs are indicated by arrowheads. Scale bar, 2 pm. (D) Lipid droplet (LD)
size distribution. n = 3 for each genotype. Diameters of over 800 LDs for each genotype were measured.

of the epidermis, hair follicle, and sebaceous glands appeared to be
similar between Cidea '~ and wild-type mice (Fig. 3A). Expres-
sion levels of PPARY, a crucial regulator of sebaceous gland dif-
ferentiation, and expression levels of highly expressed sebaceous
gland genes for Scd1, Scd3, and melanocortin-5 receptor (Mc5R)
(39) were similar between Cidea '~ and wild-type mice (Fig. 3B).
The morphology characteristics of hair revealed by scanning elec-
tron microscopy were also similar in wild-type and Cidea™’~ mice
(Fig. 3C). These data suggest that Cidea deficiency did not affect
sebaceous gland differentiation and hair morphology. However,
the higher-resolution analysis in sebaceous glands by electron mi-
croscopy (EM) analysis revealed that Cidea '~ sebocytes accumu-
lated a larger number of smaller-size LDs than those of wild-type
mice (Fig. 3D). Quantitative analysis of the LD size distribution
(29) in sebocyte LDs demonstrated that the diameter of the largest
LD in Cidea '~ sebocytes was 0.86 wm and that the diameter of
the largest LD in wild-type sebocytes was 2.1 pm (Fig. 3E), thereby
suggesting that Cidea controls LD growth and lipid storage in
sebocytes.

Meibomian-gland-specific expression of Cidea and reduced
LD size in the meibomian gland of Cidea™'~ mice. Meibomian
glands are greatly enlarged sebaceous glands in the eyelid, produc-
ing lipids that constitute the outer layer of the preocular tear film
(40). And dysfunction of meibomian glands often leads to dry eyes
(41). As we observed the dry eye phenotype in old Cidea '~ mice,
we checked the Cidea expression in meibomian glands by immu-
nohistochemistry analysis using a Cidea antibody. Consistent
with its expression in sebaceous gland, Cidea-positive signals were
indeed detected in the meibomian glands (Fig. 4A). The positive
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Cidea signal was not detected in the meibomian glands of
Cidea™'~ mice (Fig. 4A). The gross morphology characteristics of
meibomian glands as shown by H&E staining in wild-type and
Cidea™’~ mice were similar (Fig. 4B). However, higher-resolution
EM analysis in meibomian glands showed that Cidea '~ meibo-
cytes accumulated a larger number of smaller-size LDs than those
of wild-type mice (Fig. 4C and D), in similarity to the results
observed in Cidea '~ sebocytes.

Reduced skin surface lipids in Cidea™'~ mice. Next, we ex-
amined sebum secretion by measuring the amount and composi-
tion of skin surface lipids of wild-type and Cidea™’~ mice by thin-
layer chromatography (TLC). The TAG levels in the skin surface
lipids were significantly reduced in Cidea™'~ mice compared with
wild-type mice (83% reduction) (Fig. 5A and B). The level of
WDE, a major wax ester in mouse sebum, was also significantly
reduced in the skin surface lipids of Cidea '~ mice (30% reduc-
tion compared with that in wild-type mice) (Fig. 5A and B). Levels
of skin FFAs, CEs, and free cholesterol were similar between wild-
type and Cidea '~ mice (Fig. 5A). Interestingly, we observed a
further reduction of skin WDE levels in 10-month-old Cidea™'~
mice (61% lower than that of wild-type mice) (Fig. 5A and B). A
reduction of levels of skin TAGs and WDEs was also observed in
Cidea™'~ female mice (Fig. 5C and D).

A detailed skin lipid profile was further determined by high-
resolution lipidomic analyses. Consistent with the TLC results,
levels of TAGs, diacylglycerides (DAGs), and WDEs were dramat-
ically decreased in the skin of Cidea '~ mice compared with those
seen in wild-type mice (see Fig. S2A in the supplemental material).
The amounts of skin wax monoesters (WMEs) were similar be-
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tween wild-type and Cidea™'~ mice (see Fig. S2A). Liquid chro-
matography-mass spectrometry analysis further showed that the
concentrations of all individual TAG (see Fig. S2B) or most indi-
vidual DAG (see Fig. S2E) species were markedly lower in the skin
of Cidea™'~ mice. A significant decrease in the levels of longer-
chain WDEs and a slight increase in the levels of a small portion of
shorter-chain WDEs was observed in the skin of Cidea™’~ mice
(see Fig. S2D). The amount of phosphatidylserine (PS) (see Fig.
S2A and F), one of the major components of the plasma mem-
brane, was also substantially lower in the skin surface lipids of
Cidea™"~ mice. In addition, levels of phosphatidylcholine (PC)
and phosphatidyl glycerol (PG) (see Fig. S2A) were slightly lower,
whereas the concentrations of other phospholipids, such as lyso-
phosphatidylcholine (LPC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), sphingomyelin (SM), ceramide (Cer),
and phosphatidic acid (PA), were similar in the skin surface lipids
of Cidea '~ mice and wild-type mice (see Fig. S2A). Overall, these
data indicate that Cidea plays an important role in controlling
lipid storage and secretion, especially that of TAG and WDE, onto
the hair and skin surface.

Defective water repulsion and thermoregulation in
Cidea™'~ mice. To examine if reduced skin surface lipid levels
affected water retention in Cidea '~ mice, we performed a water
repulsion experiment in which the animals were immersed into
30°C water for 2 min and body weight was measured before and
every 5 min after water immersion (15). Cidea '~ male mice were
still wet 25 min after water immersion, but the wild-type mice
were nearly dry (Fig. 6A). Cidea” '~ male mice absorbed 8% of
water relative to their body weight, and wild-type mice absorbed
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only 4% of water relative to their body weight, which equated to
2-fold-higher water retention for the Cidea '~ mice (Fig. 6B).
Cidea™’~ female mice also showed lower water repulsion
(Fig. 6D).

As defective sebum secretion may result in impaired thermo-
regulation after water immersion (15, 16, 39), we measured the
core body temperature before and every 5 min after the animals
were immersed in water for 2 min. The core body temperatures for
wild-type and Cidea '~ mice were similar before the mice were
immersed in water. After water immersion, the core body temper-
ature of wild-type male mice dropped to 30°C and returned to
normal approximately 25 min after water exposure (Fig. 6C), co-
inciding with the hair-drying duration. In contrast, the core tem-
perature of Cidea '~ mice decreased to 28.4°C after immersion
and remained low (Fig. 6C). Forty minutes was required for these
animals to recover to normal body temperature (Fig. 6C), corre-
lating with the hair-drying duration. Cidea™’~ female mice also
showed lower body temperature after immersion in water and a
slower recovery (Fig. 6E). These data suggest that animals with
Cidea deficiency are defective in water repulsion and thermoreg-
ulation after water immersion, which is consistent with their lower
levels of skin surface lipids and reduced lipid storage in the seba-
ceous glands.

Cidea promotes lipid storage in SZ95 sebocytes. To further
confirm the role of Cidea in promoting lipid storage in sebocytes,
we overexpressed Cidea in the human SZ95 sebocytes (37) and
measured the total cellular amount of TAGs and the rate of lipol-
ysis. The amount of TAGs in SZ95 sebocytes expressing Cidea was
approximately 2-fold higher than that of control cells (Fig. 7A). In
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contrast, the rate of lipolysis in SZ95 sebocytes expressing Cidea
was 55% lower than that of control cells (Fig. 7A). We next eval-
uated the LD size in SZ95 sebocytes expressing Cidea and ob-
served that overexpression of full-length Cidea (aa 1 to 217) in
SZ95 sebocytes dramatically increased LD sizes (Fig. 7B to D).
When truncated Cidea proteins containing the C-terminal region
of Cidea (either aa 118 to 217 or 164 to 217) were expressed in
SZ95 cells, they were localized to LDs and showed low activity in
promoting LD growth (Fig. 7C and D). However, the N-terminal
domain of the Cidea protein (aa 1 to 117) did not localize to LDs
and had no activity in promoting LD growth (Fig. 7C and D).
Thus, the C-terminal domain of Cidea is important for its LD
localization and LD growth. These data suggest that Cidea plays a
positive role in promoting lipid storage and LD growth in sebo-
cytes and that full-length protein is required for its high activity.
Expression of Cidea in human sebaceous glands and its pos-
itive correlation to sebum secretion. Abnormal sebum secretion
in human skin has been associated with several skin diseases, with
the most prominent among them being acne (2, 20, 21). To eval-
uate the physiological role of Cidea in human sebum secretion, we
first examined the expression of Cidea in skin samples collected
from different anatomic locations by Western blot analysis using a
Cidea antibody. A strong Cidea-positive band was observed in
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nose and cheek skin (face skin) (Fig. 8A and B). A relatively weaker
Cidea band was detected in back and chest skin (trunk skin), and
a significantly lower intensity of the Cidea band was detected in
arm and leg skin (limb skin) (Fig. 8A and B). Immunohistochem-
ical analysis further confirmed that Cidea protein was present at
the highest levels in the face (nose and cheek) sebaceous glands, at
moderate levels in the trunk (chest and back) sebaceous glands,
and at low levels in the limb (arm and leg) area (Fig. 8C and D).
These data clearly demonstrate that Cidea is expressed in the ma-
ture sebocytes of human sebaceous glands, with the highest ex-
pression in that of face sebaceous glands, which are the ones with
the highest grade of differentiation and thus with the largest num-
ber of mature sebocytes and the highest sebum secretion rates.
Next, we extracted skin surface lipids from different parts of
human skin using sebum-absorbing tissues of the same size (18,
31) and characterized these lipids by TLC analysis. Human skin
surface lipids also contain TAGs, WEs, CEs, FFAs, and cholesterol
In comparison to mouse skin surface lipids, human skin surface
lipids contain much lower levels of WDE species and abundant Sq
(5,42). We observed high levels of all lipid species extracted from
face skin (nose and cheek), lower levels (approximately 45% to
65% reduction) from trunk skin (back and chest), and much
lower levels (approximately 66% to 93% reduction) from limb
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skin (arm and leg) (Fig. 8E and F), which was similar to previously
described results (18). These data indicate that the expression lev-
els of human Cidea in sebaceous glands are positively correlated
with the amount of skin surface lipids and sebum secretion.

DISCUSSION

Sebaceous lipids secreted by sebaceous glands contribute to the
integrity of the skin barrier, including lubrication, water repulsion
capability, and antimicrobial activity (1, 2, 4). Here, we observed
that Cidea was expressed at high levels in mature sebocytes with a
hair cycle-dependent expression pattern. Cidea '~ mice devel-
oped dry hair, hair loss, dry eye, and skin lesions at an old age, and
these mice had reduced sebum lipid secretion. In addition, we
observed that Cidea-deficient sebocytes accumulated smaller LDs
and also observed that overexpression of Cidea in human SZ95
sebocytes resulted in higher levels of TAG storage and increased
LD size. In addition, we detected specific and high expression of
Cidea in human sebaceous glands which positively correlated with
the secretion of sebum lipids.

Specific and higher expression of Cidea in sebaceous glands
was confirmed by immunohistochemistry, immunofluorescent
staining, and Western blot analyses. Cidea expression was also
observed in meibomian glands, which are greatly enlarged seba-
ceous glands in the eyelid and produce lipids that constitute the
outer layer of the preocular tear film. In addition, Cidea expres-
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sion was dependent of the hair cycles, with the highest expression
at the anagen phase, which was similar to results determined for
another sebaceous-gland-specific gene, Scd3 (9). The specific and
high expression of Cidea in sebaceous glands is consistent with its
high expression levels in mammary glands during pregnancy and
lactation, as both are derived from the ectoderm (43). Nipple ep-
ithelium has also been shown to be converted into pilosebaceous
units (43). In contrast, other CIDE family proteins, including
Fsp27 and Cideb, are not detected in mammary-gland epithelial
cells and sebaceous glands. Common regulatory factors, including
transcriptional factors (PPARa and PPARvy) and cofactors
(RIP140 and PGC1-a), may be responsible for the specific expres-
sion of Cidea in these ectoderm-derived and lipid-secreting tissues
(44, 45).

It is interesting that the dry hair, hair loss, dry eye, and skin
lesion phenotypes were observed in old Cidea '~ mice (10
months of age or older), whereas mice younger than 10 months
did not exhibit these defects. Intriguingly, reduced skin surface
lipid levels were observed in both young (3-month-old) and old
(10-month-old) Cidea™'~ mice. Dry hair and hair loss are usually
observed in old animals or humans, which may be due to the
active and high levels of sebum secretion in young adults. Indeed,
we observed higher levels of sebum lipids in 3-month-old mice
than in 10-month-old mice. In addition, the WDE levels were
reduced more drastically in 10-month-old Cidea '~ mice, which
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may have potentially contributed to the hair loss and dry skin
phenotype of Cidea '~ mice. We also observed a higher occur-
rence of dry hair and hair loss phenotypes in male mice than in
female mice, thereby suggesting a combined effect of sex hor-
mones and sebum secretion in controlling hair loss.

The dry hair and hair loss phenotypes in Cidea '~ mice are
likely due to the reduced levels of skin surface lipids and lower
sebum secretion, and our quantitative lipidomic analyses demon-
strated a significant and overall reduction of levels of skin and hair
lipids, including all individual species of TAG and most individual
species of WDEs. Reduced skin lipid levels in Cidea '~ mice also
contributed to their reduced ability for water repulsion and ther-
moregulation. The dry eye phenotype in Cidea '~ mice is likely
contributed by its role in controlling lipid storage in the meibo-
mian glands. We have previously shown that CIDE family pro-
teins are crucial regulators of LD fusion and growth in adipocytes
(24). Here, we observed that mature sebocytes of Cidea '~ mice
accumulated smaller LDs. In contrast, overexpression of Cidea in
sebocytes increased lipid storage and promoted LD growth.
Therefore, Cidea likely controls LD fusion and growth in sebo-
cytes, and loss of Cidea results in the accumulation of smaller LDs
and reduced sebum secretion.

/
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In human skin, higher levels of sebum secretion are linked to
the formation of acne, which affects adolescence and is more se-
vere in males (2, 19). We have established a clear positive correla-
tion of Cidea expression and sebum secretion, as Cidea proteins
were detected in human sebaceous glands, with the highest ex-
pression in the face skin, which secretes the largest amount of
sebum. In contrast, low levels of Cidea expression were observed
in the limb sebaceous glands. Interestingly, human sebocytes in
vitro respond to androgens in a manner dependent on the body
localization of their paternal sebaceous glands (46). These data
strongly indicate that Cidea plays a crucial role in human sebum
secretion and the maintenance of skin homeostasis. It will be in-
teresting to test if defective human Cidea contributes to the devel-
opment of skin xerosis and xerophthalmia, which are primarily
due to decreased sebum secretion, and if there are gender differ-
ences. Cidea may serve as a novel therapeutic target for the screen-
ing of drugs to combat sebaceous gland diseases, such as acne.
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