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Abstract

Background—L.ipid synthesis and storage are accomplished by lipid droplets (LDs). The
perilipin family of LD-associated proteins, comprising 5 members (PLIN1-PLIN5), has been well
characterized in adipocytes but not in sebocytes, epithelial cells in which LD formation is a key
feature of the cellular differentiation.

Methods—~Perilipin expression in the sebaceous gland cell line SZ95 and in human sebaceous
glands was studied by gRT-PCR, Western blots, and immunohistochemistry. Lipid accumulation
was evaluated by Nile red staining and mass spectrometry.

Results—PLIN2 and PLIN3 are the most abundant perilipins in undifferentiated sebocytes.
Induction of lipogenesis by linoleic acid (LA) resulted in increased transcript levels of all
perilipins except for PLIN3 and in a time-dependent increase of PLIN2 protein. Nile red staining
revealed that sSiRNA-mediated downregulation of PLIN2 significantly impaired basal and LA-
induced lipid accumulation. Mass spectrometry revealed PLINZ2 deficiency to cause a reduction in
the amount of several specific lipid fractions, including di- and triacyl-glycerol esters,
phosphatidylcholine lipids, and ceramides in sebocytes under basal conditions. In contrast, PLIN2
downregulation exerted a statistically significant inhibitory effect only on the accumulation of
specific LA-induced triglycerides. PLIN2-deficient mice showed normal morphology of
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sebaceous glands. However, their sebaceous glands were significantly reduced in size and showed
less cell proliferation.

Conclusions—PLIN2 is the major perilipin regulated during sebocyte differentiation in vitro.
PLINZ is also important for sebaceous lipid accumulation in vitro and regulates sebaceous gland
size in vivo.

General significance—Our study provides the first systematic analysis of LD-associated

proteins in sebocytes.
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1. Introduction

Sebum is a holocrine secretion composed by lipids synthesized by sebocytes and the cellular
debris of these cells, which are disrupted after terminal differentiation [1-3]. While several
functions have been attributed to sebum, including a role in epidermal barrier and in hair
follicle integrity, as well as antibacterial and antioxidant properties [4,5], its exact role
remains uncertain. Unquestionable, however, is the key role played by increased or
deregulated sebum production during the most common skin disease, acne [6,7].

During differentiation, sebocytes accumulate large amounts of lipids within cytoplasmic
vesicles known as lipid droplets (LDs). Traditionally considered relatively inert storage
organelles, LDs are now regarded as dynamic structures implicated in a remarkable number
of biological processes. This new view is reflected in the large number of studies published
in recent years covering lipid droplet genesis, composition, modification, and regulation [8—
12]. LDs contain essentially neutral lipids and are limited by a phospholipid monolayer [13].
Several types of proteins are embedded in this membrane, including structural proteins,
enzymes involved in lipid synthesis, lipases, and membrane-trafficking proteins. The
perilipin family is a major group of LD-associated proteins with both structural and
regulatory functions [14,15]. Perilipins are proteins present in a wide range of evolutionary
distinct organisms sharing a highly conserved sequence organization and the ability to bind
the surface of LDs. Formerly collectively known as the PAT-family in recognition of the
first three members localized to LDs, perilipin, adipophilin, and TIP47, the five known
mammalian perilipins are now denominated perilipins 1 to 5 (PLIN1 to PLIN5) [16].

Although LDs have been most intensively studied — for logical reasons — in adipocytes, it
has often been stressed that they can be found in almost every cell type. Favored examples
are mammary epithelial cells, steroidogenic cells of the adrenal cortex and gonads, and
macrophages [17]. Although lipid accumulation is a key feature of sebocyte differentiation,
the study of the composition and regulation of LD-associated proteins in these cells has been
limited to a few reports [18,19]. There are, however, many facts suggesting that LD biology
may differ significantly between adipocytes and sebocytes. For instance, the composition of
sebaceous lipids differs quite strongly from that of adipocyte lipids. Also, while lipids are
released by cell disruption in the sebaceous glands, lipids of adipocytes are mobilized in
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response to complex metabolic stimuli in a process termed lipolysis. The aim of this work is
to study the expression and function of the perilipin family members in sebocytes as a first
step to shed light on the biology of sebaceous LDs.

2. Materials and methods

2.1. Cell culture studies

SZ95 sebocytes [20] were cultured in Sebomed® medium (Biochrom, Berlin, Germany)
supplemented with 10% fetal calf serum (PAA, Pasching, Austria) and 5 ug/l epidermal
growth factor (EGF, Biochrom). For differentiation, cells were cultured in the medium
indicated above including linoleic acid (LA; 10~ M, Merck, Darmstadt, Germany) for the
indicated periods of time and without EGF.

2.2. siRNA-mediated downregulation

Lipofectamine RNAIMAX (Invitrogen, Darmstadt, Germany) was used to transfect SZ95

sebocytes at ~40% confluence in 6-well plates with siRNAs for PLIN2 or with a negative

control siRNA (Silencer Select, Ambion, Austin, TX, USA). 24 h after transfection, cells

were induced to synthesize lipids by adding LA to the culture medium as described above.
The cells were allowed to differentiate for 48 h, harvested with ice-cold PBS and stored as
cell pellets at =80 °C for the lipid analysis or dissolved in protein lysis buffer for Western

blot analysis.

2.3. Quantitative RT-PCR

Total RNA was isolated with TRIZOL reagent (Invitrogen) and 5 pg of RNA samples was
reverse-transcribed in a final volume of 35 pl using Superscript™ Il Reverse Transcriptase
(Invitrogen) according to the manufacturer's instructions. Quantitative RT-PCR was carried
out in a LightCycler®480 (Roche, Mannheim, Germany) using the primers listed in Table 1
(0.5 uM), 1 ul cDNA, 0.2 uM probe (Universal ProbeLibrary Set, Roche), and the
LightCycler® 480 Probes Master (Roche) in a final volume of 10 pl. Cycle conditions were
95 °C for 5 min for the first cycle, followed by 45 cycles of 95 °C for 10 s, 60 °C for 15s,
and 72 °C for 1 s. Transcript copy numbers were normalized to peptidylprolyl isomerase A
(PPIA) mRNA copies. The ACt value of the sample was determined by subtracting the
average Ct value of the target gene from the average Ct value of the PPIA gene. For each
primer pair we performed no-template control and no-RT control assays, which produced
negligible signals that were usually greater than 40 in Ct value. Experiments were performed
in duplicates for each sample.

2.4. Western blot analysis

Protein was extracted using Laemmli-extraction-buffer, and the protein concentration was
estimated via bicinchoninic acid protein assay. 30 pg of total protein was separated by 12%
SDS-PAGE and transferred to PVDF membranes (Millipore, Schwalbach, Germany) by
semidry blotting. Membranes were blocked in 5% w/v fat-free milk powder (Roth,
Karlsruhe, Germany) for 1 h at room temperature. After washing in Tris-buffered saline
solution with 1% Tween20 (Sigma, Taufkirchen, Germany), membranes were incubated
over night at 4 °C in 5% w/v BSA (Sigma) with the appropriated primary antibody. Primary
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antibodies were guinea pig anti-PLIN2 (1:2000) (Progen, Heidelberg, Germany, #GP40),
guinea pig anti-PLIN3 (1:2000) (Progen, #GP30), mouse anti-Keratin 7 (1:2500) (Santa
Cruz, Heidelberg, Germany, #SC-70936) and rabbit anti-A Tubulin (1:5000) (Cell
Signaling, Frankfurt, Germany, #2125). After washing, membranes were incubated in 5%
wiv fat-free milk powder with horseradish peroxidase-labeled secondary antibodies: donkey
anti-guinea pig (1:10.000; #43R-1D039; Fitzgerald, North Acton, MA), horse anti-mouse
(1:2500; #7076, Cell Signaling) or donkey anti-rabbit (1:2000; NA934V, GE Healthcare,
Munich, Germany). Signals were detected using an enhanced chemiluminescence detection
reagent (GE Healthcare) and appropriated X-ray films (GE Healthcare).

2.5. Human skin samples, mouse tissue collection, histology, immunohistochemistry, and
morphometry

Human skin biopsy samples obtained after informed consent of patients were kindly
provided by C. Rose, M.D., from the Department of Dermatology, University of Libeck,
Libeck, Germany. All animal studies have been approved by the author's institution Review
Board (Baylor College of Medicine). Plin2-deficient mice have been described previously
[21]. Tail and back skin were fixed in 4% formaldehyde (in PBS), dehydrated through a
rising alcohol row and embedded in paraffin. For immunohistochemistry, 3 pm sections
were boiled for antigen retrieval for 20 min in 10 mM sodium citrate buffer pH 6.0.
Endogenous peroxidase was blocked with 3% H,0, for 15 min. After washing in TBS, the
samples were blocked with 5% rabbit serum for 30 min. Primary antibodies (Progen,
Heidelberg, Germany), guinea pig anti-PLIN1 (#GP29), anti-PLIN2 (#GP40) anti-PLIN3
(#GP30), anti-PLIN4 (#GP34), and anti-PLIN5 (#GP 31), were diluted 1:250 and incubated
over night at 4 °C. The secondary antibody was diluted 1:250 (rabbit anti-guinea pig,
DAKO, #P0141), and 3,3"-diaminobenzidine (KEN-EN-TEC, Taastrup, Denmark) was
used as chromogen.

For the quantitative evaluation of sebaceous gland area, three different sections from the
back skin of 4-month-old control and Plin2~/~ mice (n = 3 for each group) were H&E-
stained. Pictures covering a total length of 39 mm of epidermis per animal were taken with a
200x magnification lens using a Leica DFC425C digital camera (Leica Microsystems,
Wetzlar, Germany). The area of all visible sebaceous glands was recorded with LAS
Software Version 3.8.0 (Leica Microsystems) and employed to calculate the mean gland
area.

2.6. Lipid analysis

For the Nile red assay, SZ95 sebocytes were washed twice with PBS, stained for 10 min
with DAPI (2.5 u/ml, Sigma), washed once with PBS and then stained with AdipoRed
(Lonza, Walkersville, MD, USA) according to the manufacturer's instructions. After 10 min,
the released fluorescence was read on a fluorimeter (Infinite M1000 microplate reader,
Tecan Group, Mannedorf, Switzerland) with excitation at 485 nm and emission at 572 nm.
The actual readout was presented in relative fluorescence units (RFU).

Lipid composition of sebocyte cells was investigated by analyzing crude lipid extracts with
rapid resolution — reversed phase — high performance liquid chromatography coupled with
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electrospray ionization and time of flight mass spectrometry (RR-RP/HPLC-ESI-ToF/MS)
as previously described [22]. Briefly, lipids were extracted from 2 x 10% SZ95 sebocytes for
each sample with absolute ethanol containing 0.025% butylated hydroxytoluene (BHT,
Sigma-Aldrich, St. Louis, MO, USA) to prevent autoxidation. N-lauroyl-o-erythro-
sphingosylphosphorylcholine (SM 12:0, Avanti Polar Lipids INC., Alabaster, AL, USA),
deuterated cholesterol-2,2,3,4,4,6-dg (d6CH), and glyceryl-ds-trihexadecanoate (d5TG 48:0)
(CDN isotopes INC., Pointe-Claire, Quebec, Canada) were added as the internal standards
(ISTDs) at a final concentration of 5, 50 and 10 puM, respectively, to control the recovery of
lipids, analytical performance and to calculate the relative abundance of detected lipids. The
concentrated ethanol phase was extracted with ethyl acetate. Profiles of intact cell lipids
were acquired in positive ion mode. Three experiments performed in duplicate were
analyzed. Accurate mass spectra were acquired in the m/z mass range 120-1200. For the
identification of neutral and polar lipids, the HPLC system was connected to a triple
quadrupole (QqQ) mass detector by means of the ESI interface operating in positive ion
mode. MS/MS experiments performed with the QqQ MS detector were set to acquire neutral
loss (NL) scans of 141 and 297 Da to detect phosphatidylethanolamines and LA-containing
glycerolipids, respectively; precursor ion scans of 184 Da to detect phosphatidylcholines and
sphingomyelins, whereas the precursor ion scan of 264 Da allowed to individuate ceramides
and related compounds [23,24]. Mass Hunter Workstation software (see below) was used to
control data acquisition and qualitative analysis for both ToF and QqQ MS acquisition.

The molecular feature extraction algorithm was used to extract individual molecular species
by their accurate mass detected with the ToF MS. Lists of molecular features, which were
the detected species characterized by accurate mass, isotopic pattern and absolute
abundance, were produced from each analyzed sample and converted into exchange files
then processed with Mass Profiler Professional (MPP) 12 (see below). Molecular features
shared by the analyzed samples were aligned by their retention time (RT) in the
chromatographic run, and accurate mass axis in order to compare their expression across the
different experimental conditions. Compounds detected in the different samples and
presenting consistent RT (shift below 6% of the RT) and accurate mass (mass error below 6
ppm) were assigned as the same molecular species. Relative abundance of individual
features was obtained by normalizing their peak area by the area of the ISTDs. Compound
identification and annotation were performed on the basis of in house databases, built with
previously collected MS data [22] and using the METLIN Personal Metabolite Database by
means of the IDbrowser tool, and the Molecular Formula Generator algorithm. The Human
Metabolome Database (http://www.hmdb.ca/) and LIPIDMAPS (http://www.lipidmaps.org/)
were used to confirm and extend the identification. The annotation of free fatty acids (FAS),
diglycerides (DGs), triglycerides (TGs), and glycerophospholipids included the number of
carbon atoms and of double bonds of the side FAs. Other lipids were annotated consistently
with the names reported on LIPIDMAPS. Equipments, data and statistical analysis packages
were from Agilent Technologies, CA, USA.

2.7. Data pretreatment and statistical analysis

Pretreatment of analytical data consisted of RT and m/z alignment and normalization by
ISTDs, baselining towards blank runs to remove background noise, and logarithmic
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transformation of normalized abundance. Statistical evaluation of the aligned and
normalized HPLC-ToF/MS data was performed using univariate analysis, including Student
t-test and one-way analysis of variance (ANOVA) using the MPP 12 package.

Ct values of gene targets of gRT-PCR analysis were shown relative to Ct values of the PPIA
cDNA in Fig. 1A. In Fig. 1B all values were related to the mean value of the
undifferentiated cells and compared by Student's t-test (GraphPad Prism version 5.0 for
Windows, GraphPad Software, San Diego, CA, USA). Data are presented as means + SD or
box-plots with median. Group differences were considered to be statistically significant if p
<0.05.

3.1. The levels of PLIN2 increase during differentiation

Quantitative RT-PCR revealed that PLIN3 was the most abundant perilipin in
undifferentiated SZ95 sebocytes (Fig. 1A). PLIN2 levels were about three times less
abundant than those of PLIN3, while the remaining perilipins were practically undetectable
(Fig. 1A). To evaluate relative changes in perilipin expression during differentiation, we
treated SZ95 sebocytes with the essential fatty acid linoleic acid (LA), for 1 or 4 days.
Staining with Nile red (Fig. 1B) and quantification of the released fluorescence in a
fluorimeter (Fig. 1C) confirmed a progressive increase in lipid accumulation. As evaluated
by gRT-PCR, PLIN2 transcripts were already significantly increased at day 1 and remained
increased at day 4, while PLIN1, PLIN4, and PLIN5S levels only became significantly
increased as compared to undifferentiated cells at day 4 (Fig. 1D). In contrast, PLIN3
transcripts did not change during differentiation (Fig. 1D). Western blot analysis revealed a
time-dependent, progressive increase in PLIN2 levels with differentiation, while PLIN3
levels remained unchanged (Fig. 1E, F). The remaining perilipins were not detected in
Western blots regardless of the differentiation stage (data not shown).

3.2. PLIN2 is strongly expressed in human sebaceous glands

To evaluate to which extent the expression of individual perilipins in cultured sebocytes
reflects their relative abundances in human sebaceous glands we carried out
immunohistochemistry in human skin. PLIN2 was the perilipin with the strongest expression
in human sebaceous glands, where it localized properly to the surface of LDs (Fig. 2B, F).
Weaker expression was detected for PLIN3 (Fig. 2C), PLIN4 (Fig. 2D), and PLIN5 (Fig.
2E), while PLIN1 was practically not detected (Fig. 2A). Negative control experiments,
carried out by omitting the primary antibody, produced no specific signals (data not shown).

3.3. PLIN2 downregulation impairs sebaceous lipogenesis in SZ95cells

Next, we employed siRNA-mediated downregulation to evaluate the importance of PLIN2
during sebaceous lipogenesis. Since PLIN2 was the only perilipin showing a clear induction
at both the mRNA and protein levels (Fig. 1D-F), we restricted our studies to this family
member. Transfection of SZ95 sebocytes with PLIN2 siRNAs resulted in almost complete
depletion of the corresponding PLIN, in contrast to untreated cells or cells transfected with a
negative control siRNA (Fig. 3A). Quantitative RT-PCR revealed a ~70% reduction in
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PLIN2 transcript levels and unchanged transcript levels for the remaining perilipins (Fig.
3B), confirming the specificity of the employed siRNA. Nile red staining suggested a lower
lipid accumulation following PLIN2 downregulation under basal conditions and after LA-
induced lipid synthesis (Fig. 3C). Quantitative measurement of lipid accumulation using a
fluorimeter confirmed this observation: PLIN2 downregulation resulted in significantly less
lipid synthesis after 48 h of culture under both basal and LA-induced conditions (Fig. 3D).

To investigate in greater detail the impact of PLIN2 downregulation on the lipid
composition of SZ95 sebocytes, we employed a method based on rapid resolution reversed
phase high performance liquid chromatography coupled to electrospray—time of flight mass
spectrometry (RR-RP/HPLC-ESI-ToF/MS), which allows for the simultaneous detection of
several hundreds of neutral lipid species in their intact form. Supplemental Fig. 1 shows
total ion chromatograms (TICs) of lipid extracts under basal and LA-added conditions. TICs
provided a clear evidence of the induction of lipid species in correspondence of the retention
times of TGs in both control and PLIN2-downregulated cells stimulated with LA.
Surprisingly, LA supply resulted in a comparable uptake of this substrate between control
and PLIN2 siRNA-treated sebocytes (Supplemental Fig. 1), and siRNA-mediated PLIN2
downregulation had no visible effect on total TG accumulation after LA supplementation
(data not shown). To assess the effects of LA on the individual TG species, molecular
features were extracted with the MFE algorithm, and the relative abundances of the detected
LA-containing TGs were summed and compared between experimental conditions. PLIN2
downregulation caused a modest (15.4%), yet significant (p < 0.05) effect on LA-containing
TG accumulation after LA supplementation. This finding is at least in part consistent with
the Nile red staining data (Fig. 3C-D), which showed a significant, ~14% lower lipid
accumulation after LA treatment of PLIN2-depleted cells. By detailing the TG features we
observed that, in contrast to trilinolein (TG 54:6; 18:2/18:2/18:2), which is more directly
influenced by the availability of LA substrate and whose abundance was not influenced by
PLIN2 loss, the abundance of some TGs such as TG 52:8, TG 52:6, TG 50:4, and TG 50:5,
was significantly (p < 0.05) diminished when LA was administered to PLIN2-silenced cells
(data not shown). These findings probably indicate that specific pathways of
biotransformation of LA, or the availability of specific precursors, or the susceptibility to
hydrolysis, may be under the influence of PLIN2. Nevertheless, it seems that LA
supplementation provided such a powerful lipogenic stimulus that most of the negative
effects resulting from the downregulation of a single perilipin family member were largely
overridden.

Therefore, we next focused on species modified by downregulating PLIN2 under basal
conditions. To address the complexity of the lipid signature consequent to PLIN2
downregulation, we investigated modifications of the abundance of the detected species with
untargeted lipidomic strategies. ANOVA followed by Tukey HSD test showed that the
downregulation of PLIN2 resulted in a statistically significant (p < 0.05) modification of the
expression of 102 components in the lipid extracts. We could annotate several members of
the TG lipid family and their precursors, such as diglycerides (DGs) among the species
downmodulated in PLIN2 siRNA cells. Additionally, members of the phosphatidylcholines
(PCs) and ceramides (CERs) were annotated on the basis of the experimental accurate mass
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and MS/MS data and of online resources (see Materials and methods). Fig. 3E shows the
fold change of the annotated lipids significantly affected by PLIN2 downregulation grouped
in their respective lipid class, while Table 2 reports the annotations, the HPLC-MS data, and
the elemental composition of the individual species among the molecular features modified
at a significant extent by PLIN2 downregulation.

In summary, these data show that the loss of PLIN2 significantly affects the accumulation of
diverse lipid classes in SZ95 cells under basal conditions. In contrast, in LA-treated cells,
the deficiency of PLIN2 exerted a negligible influence on the uptake of this substrate and
had a small, yet significant, impact on its overall biotransformation into TGs.

3.4. PLIN2 regulates sebaceous gland size in mice

Perilipin 2 knockout mice (Plin27/~) are known to have a significant reduction in hepatic
triglycerides and to be resistant to diet-induced fatty liver, but their adipose differentiation is
normal [21]. Also, no skin alterations have been reported so far. Evaluation of H&E-stained
histological sections of the skin of Plin2~/~ mice revealed the presence of normal-looking
sebaceous glands (Fig. 4A), indicating that PLIN2 is dispensable for sebaceous gland
formation. Quantitative analysis revealed that the number of sebaceous glands in Plin2~/~
mice was not altered as compared to control mice (Fig. 4B). In contrast, the mean area of
sebaceous glands in Plin2~/~ mice was significantly reduced, reaching approximately half
the size of the glands in control mice (Fig. 4C). Also, the sebaceous glands of PLIN2-
deficient mice contained significantly less cells (Fig. 4D), and evaluation of cell
proliferation by Ki67 staining revealed a significant reduction in the number of proliferating
cells in PLIN2-deficient mice compared to control animals (Fig. 4E). Notably, thin layer
chromatography (TLC) revealed no qualitative or quantitative changes in the epidermal
lipids of Plin2~ mice as compared to control animals (data not shown).

4. Discussion

Sebocyte differentiation involves cell dislodgement from the periphery to the core of the
sebaceous gland with concomitant synthesis and accumulation of lipids within cytoplasmic
structures known as LD. Once a certain size is attained, the cell disrupts and releases its
contents into the gland, a process termed holocrine secretion. The synthesized lipids and
cellular debris eventually reach the skin surface via the hair follicle canal, and represent the
main component of epidermal sebum [1-3]. Although it is a key feature of these cells, the
study of sebocyte lipid droplets has been so far largely neglected, and most studies have
been carried out in other lipid-producing cells such as adipocytes and mammary gland
epithelial cells. Here, we evaluated the expression and potential function of the perilipin
family, the best studied group of LD-associated proteins, in cultured human sebocytes,
human sebaceous glands, and in mice genetically lacking PLIN2.

Both quantitative RT-PCR and Western blot analysis revealed that PLIN2 and PLIN3 were
the perilipins with the strongest expression in SZ95 sebocytes. PLINZ2, also highly abundant
in human sebaceous glands as shown by immunohistochemistry, was the only perilipin
showing a time-dependent increase in expression during sebocyte differentiation. This
finding is in accordance with the preferential expression of PLINZ2 in human tissues with
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large amounts of lipids [25] and further justifies the frequent use of PLIN2 to identify
sebocytes in genetically modified mouse lines with a sebaceous gland phenotype [26,27].

Collectively, TGs make up the largest fraction of the sebaceous mixture synthesized by the
sebaceous gland. The mechanisms accounting for the synthesis of TGs from FAs have been
poorly characterized in human sebaceous cells. In contrast, a larger body of evidence has
been accumulated in adipocytes, demonstrating that, at least in part, the formation of DGs,
which are the precursor of TGs, relies on the biotransformation of polar lipids, mostly
glycerophospholipids. LA has been shown to be transformed into sebaceous lipids at a
greater extent compared to other FA precursors [28]. While p-oxidation of LA accounts for
the increment of non FA-containing lipids, such as squalene, most of the unmodified LA is
esterified into TGs and polar lipids. Nile red staining and quantitative measurement of lipid
accumulation using a fluorimeter revealed that sSiRNA-mediated downregulation of PLIN2
did not block the ability of SZ95 cells to produce lipid droplets and to synthesize LA-
induced TGs, but it significantly reduced sebaceous lipid accumulation under basal
conditions and after LA supplementation. There are at least two potential explanations for
the rather mild reduction in lipid accumulation after PLIN2 downregulation in SZ95 cells.
First, sSiRNA treatment did not completely deplete cells from PLINZ2, and the residual levels
of this perilipin may be sufficient to maintain most of its functions. Second, the loss of
PLIN2 may induce a compensatory upregulation of other proteins. Evaluation of the
expression of perilipin family members by gRT-PCR in PLIN2 siRNA-treated cells after 48
h of LA supplementation indeed revealed a significant, ~50% upregulation of PLIN4
transcripts, while PLIN1, PLIN3, and PLINS transcripts were unchanged and PLIN2
transcripts were, as expected, significantly reduced (data not shown). Considering the
extremely low levels of PLIN4 in SZ95 cells (compare Fig. 1A), we consider it highly
improbable that this increase in PLIN4 can compensate for the loss of PLIN2. However, we
cannot exclude upregulation of and compensation by other unrelated LD-associated proteins.

In contrast to the Nile red method, mass spectrometry showed comparable amounts of LA
and no significant changes in total TGs in control and PLIN2 siRNA conditions,
demonstrating that PLIN2 influenced only weakly the uptake of LA and its transfer to TGs.
Though, we detected statistically significant reductions in the amount of specific LA-derived
TGs in PLIN2 siRNA-treated cells compared to control siRNA-treated ones. We postulate
that the extremely strong lipogenic stimulus provided by LA supplementation overrides
almost every negative influence the downregulation of a single perilipin family member may
have. Alternatively, the latter findings may indicate that PLIN2 expression is less important
for the final stages of TG synthesis. Besides, the hypothesis that PLIN2 can affect upstream
pathways preceding the biotransformation of DGs into TGs may provide an explanation for
the quantitative discrepancy between the Nile red and the mass spectrometry methods.

PLIN2 downregulation was associated with significant changes in the basal levels of TGs,
DGs, PCs and CERs. This evidence suggests that the availability of precursors and alteration
of membrane lipids might influence the levels of accumulated TGs [29]. Due to the
complexity of the data, addressing the characterization of all the molecular features that
were significantly modified could not be covered in the present study. Due to the lack of
previous evidences, the untargeted approach used to address lipid composition of SZ95
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sebocytes was suitable for the discovery of specific lipid changes associated with the altered
PLIN2 expression. The present data provided first evidence that the downregulation of
PLIN2 expression resulted in a moderate, yet significant, inhibition of TG formation
accompanied by lower levels of members of DGs, which are the direct precursors in the
biosynthetic pathways of TGs. The analysis of individual lipid species in an untargeted
manner also highlighted changes in the abundance of members of the PC and sphingolipid
classes. This observation indicated that PLIN2 may play a role in the composition of
membrane lipids.

It has been suggested that a general function of perilipins is to restrict the access of lipases to
LDs, thus preventing lipolysis [30]. Such a protective function has also been reported for
PLIN2 by several groups (reviewed in [14]). Thus, while our data suggest that PLIN2 is
important for normal lipogenesis in SZ95 cells, we cannot exclude that the reduced lipid
accumulation is, at least in part, due to increased lipolysis.

Mice lacking PLINZ2 are healthy and show normal adipose tissue differentiation and normal
adipose lipolysis rate in both basal and stimulated conditions [21]. However, PLIN2-
deficient mice have a significant reduction in hepatic TGs and are resistant to diet-induced
fatty liver [21], and PLIN2-deficient females fail to form mature mammary gland alveoli
and to nourish their first litters [31]. Here, we show that PLINZ2 is dispensable for sebaceous
gland development, as these glands are present and show a normal morphology in Plin2~/~
mice. However, in the absence of PLIN2, the size of the sebaceous gland is significantly
reduced, the glands contain fewer cells, and show reduced proliferation. Interestingly, no
skin phenotype has been reported for mice lacking PLIN1 or PLIN5, which show,
respectively, a significant reduction in adipose tissue mass [32,33], or a lack of LD specific
to the heart [34]. The phenotype of mice lacking PLIN3 or PLIN4 has not been reported so
far.

5. Conclusion

In conclusion, we studied for the first time the expression and potential function of the
perilipin family, a group of LD-associated proteins, in cultured sebocytes and in sebaceous
glands. PLIN2 emerged as the second most abundant perilipin in sebocytes, and as the major
member regulated during the differentiation of these cells. In addition, the downregulation
of PLINZ in cultured sebocytes clearly impaired lipid accumulation. Finally, PLIN2-
deficient mice showed significant reductions in sebaceous gland size, cell number, and cell
proliferation. The reduced cell proliferation in sebaceous glands, allied to the changes in the
abundance of membrane lipids such as PCs and sphingolipids in PLIN2 deficient SZ95 cells,
suggests that PLIN2 may have unexplored roles in cellular functions beyond lipid droplet
metabolism. However, there were no readily detectable changes in skin lipids compared to
control mice. Collectively, these rather mild changes suggest a high degree of functional
redundancy within the perilipin family or among LD-associated proteins in general. Such an
attribute would lead to a high degree of robustness, allowing the LD to perform their
essential function despite the loss of a single perilipin family member.
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Fig. 1.

Abundance and regulation of perilipin members in SZ95 sebocytes. A, Analysis of perilipin transcript levels by quantitative RT-
PCR in undifferentiated cells (n = 5 samples/group). B, Images of DAPI and Nile Red-stained SZ95 sebocytes before (day 0)
and at days 1 and 4 after the addition of LA to the culture medium. C, Measurement of the emitted fluorescence of cells shown
in B (n = 8 replicates/time point). D, Expression of perilipins at days 1 and 4 of LA-induced differentiation relative to
undifferentiated cells (day 0). N = 5 replicates/group. E, Western blot analysis of PLIN2 and PLIN3 in undifferentiated cells
(day 0) and at days 0.5, 1, and 4 after the induction of differentiation. The blots were stripped and employed for the detection of
tubulin as a loading control. F, Quantification of PLIN2 and PLIN3 protein levels during the differentiation of SZ95 cells by
densitometric analysis (n = 4 replicates/time point). Data were analyzed by Student's t-test. Asterisks indicate significant
differences between day 1 or day 4 and undifferentiated cells (*p < 0.05, ** p < 0.01, *** p < 0.001). In D, # indicates
significant differences between day 1 and day 4.
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Fig. 2.
Detection of PLIN1-PLIN5 in human skin by immunohistochemistry. Size bars indicate 200 pm (A-E) or 50 um (F).
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Fig. 3.

Downregulation of PLIN2 impairs sebaceous lipogenesis. A?Western blot analysis showing the downregulation of PLIN2
protein following the transfection of SZ95 sebocytes with specific sSiRNAs. B, Quantitative RT-PCR revealed a ~70% reduction
in PLIN2 transcript levels and unchanged transcript levels for the remaining PLINs (n = 5 replicates/group). C, Nile red and
DAPI staining demonstrating reduced lipid accumulation in SZ95 cells with siRNA-mediated downregulation of PLIN2 after 48
h under basal conditions or LA treatment. D, Measurement of released fluorescence in a fluorimeter. The results (n =8
replicates/group) are representative for two independent experiments and are presented as relative fluorescence units (RFU). E,
Average fold change (FC) of the annotated lipids significantly less abundant in PLINZ silenced cells under basal conditions
grouped in their respective lipid class (TGs, triglycerides; DGs, diglycerides; PCs, glycerophosphatidylcholines, and CERs,
ceramides). The figures in brackets indicate the number of the individual species characterized in each group and detailed in
Table 2. *: p< 0.05; **: p<0.01.
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Fig. 4.
Reduced sebaceous gland size in Plin2~/~ mice. A, H&E staining of the back skin of Plin2~/~ mice (lower panel) and control

littermates (upper panel). Inserts represent immunohistochemistry against PLIN 2 in sebaceous glands. Scale bars indicate 100
pum. Quantitative analysis showing unchanged number of sebaceous glands (B), reduced size of SGs (C), reduced cell
number/SG (D), and reduced cell proliferation (E) in SGs of Plin2™/~ as compared to control littermates. Data were analyzed by
Student's t-test (n = 3 per group). *: p < 0.05; **: p < 0.01.
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Sequences of primers and probes employed for the quantitative RT-PCR analysis.

PLIN1

PLIN2

PLIN3

PLIN4

PLINS

PPIA

Forward primer
Reverse primer
Universal probe
Forward primer
Reverse primer
Universal probe
Forward primer
Reverse primer
Universal probe
Forward primer
Reverse primer
Universal probe
Forward primer
Reverse primer
Universal probe
Forward primer
Reverse primer

Universal probe

5’ -acattaaagggaagaagttgaagc- '3

5’-ttctcetgetcagggaggt-'3
#42 (cat. no. 04688015001)
5’ -tcagctccattctactgttcace-'3
5’-cctgaattttctgattggeact-"3
#72 (cat. no. 04688953001)
5’-ggacaagttggaggagaacct-"3
5’-acacaagctccttggtgtee-'3
#66 (cat. no. 04688651001)
5’ -agttccaagccagggacac-3
5’-ctgctgggccttitcaatc-"3

#1 (cat. no. 04684974001)
5’-gatcacttcctgcccatgac-'3
5’-caccgaacccacttcagg-'3
#30 (cat. no. 04687639001)
5’-cctaaagcatacgggtectg-'3
5’-tttcactttgccaaacacca- "3
#48 (cat. no. 04688082001)

Table 1

Biochim Biophys Acta. Author manuscript; available in PMC 2014 April 24.

Page 17



Page 18

Dahlhoff et al.

"UOITRIASP pJepuels = S ‘alull U0NUala) = 1Y ‘douepunde aAlle|al = Y ‘oljel ableyd 0} ssew = z/w ‘abueyd pjoy = D4

6T0°0 1.0 TO00 0T0O'0 2000 €700 6¢E'6T  TEQ'CE CONZ8HCZYD €.£9'679 €ONEBH ZVO  (0:72/T:8TP) 48D
[44000) /50 TO00 17100 TOO00 6T00 ¢66'9T TvT0'860T BN 9O ZNVETH 89D TZIS'LES €ONL9H ¥ED  (0:9T/T:8TP) 18D
ST0°0 ¢9'0 9000 8600 0T00 T900 VTY'LT TS85'9S8 d8ONESHO0SO 8./G'G58 d 8O N Z8H 05D 6:¢v Od
2000 090 0700 T900 9700 20T'0 89T'LT ¥695'7S8 d8ONT8HO0SD ¢795'€S8 d 80 N 08H 050 0T:¢v Od
6000 690 8000 T900 <¢TI00 8800 2SC'LT ¥695°0€8 d8ONT8H8YD 2295628 d 80O N 08H 8V 8:07 Od
¢€00 99'0 ¢2€00 LTT0 600 9/T0 ¥S6'8T  ¥9T9'008 d8ON/8HSYD 160966, d 80O N 98H SvO ¢:LEDd
6€0°0 080 6220 €0V'T 660 TGL'T  G96'LT  ¥69S'vEL d8ONT8HOVD 2295'€€. d80O N O08H O¥D 0:¢€ Od
6200 ¢90 €€00 09¢0 9S00 /Ty'0  9€8'8T  8T.G'8€9 GONO9/H6ED  T8ES'029 SO ¢/H 6€0 ¢:9€ 9d
6€0°0 120 %000 ¢T00  S000 9T0'0 €6£'8T  ¢955'9€9 GONV.H6ED €225'8T9 SO 0LH 6€0 €:9¢9d
0S0°0 9.0 ¥€00 8620 9100 TIE'0 809'8T 29SS'CTS GONV/H LED  €225'16S SO 0LH LED T've€ od
1200 1.0 S000 G¢0'0 /000 GEO'0 8¢Z'8T  SO0PS'0T9 GONZCLH LED  190S'C6S SO 89H LED ¢v€9od
9v0°0 180 9700 0,00 6700 T80°0 8T0'CC €£££8'8¢6 90 NOTTH 65O  686.'0T6 90 90TH 650 796 O1
2000 98'0 ¥100 ¢600 1200 80T'0 T09'TZ 1208726 90 N 90TH 650  9.9.'906 90 ¢0TH 650 9:96 91
9000 8.0 ¢¢00 LZT0 6100 29T0  TLV'TC ¥98L7C6 90 N ¥OTH 65O TZS.'v06 90 00TH 650 19991
¢100 ¥.°0 9000 T€00 000 2v00  T92'TC  L0LL'026 90 N ¢0TH 65O €9€.'206 90 86H 650 8:9G Ol
0v0°0 290 /800 T¢S0  LETO 8€8'0 L06'TZ TLT8'C06 90 N 80TH 28O  €£8.'788 90 ¥0TH 2SO €Y oL
€€0°0 180 1200 90T0 6200 2eT0  /89'T¢  T208'006 90 N 90TH /SO  9/9.'Z88 90 ¢0TH 250 VyS OL
9700 ¢8'0 8000 8600 000 9¥0'0 T.0'TC TSSL'v68 90 N OOTH LSO  202.'9/8 90 96H LSO LS OL
GE0°0 ¥8'0 SS0°0 0820 1800 2ee’0  TT9'TC  ¥98L'7/8 90 N ¥OTH GO  TZG.'9S8 90 00TH S5O €25 91
9¢0°0 €8°0 9000 1200 8000 2e00 LST'Te  SvSL'0.8 90 N OOTH G5O 202.'ZS8 90 96H S5O EHARONN
aneAd k| as vHobene as vdobene
VNYS 0O SA YNAS ZNITd VNASZNITd VNS 0D 1d zuw Bnwioj uoj SSeiN B[nwoj "uL|3 uolrelouuy

"ZNI7d 1o uonenbal umop Buimopjo) pabueys Apuesiyiubis punoy asoy) Buouwre pajelouue sanius Jejndsjow ay Jo uole|nbal pue elep SIN-O1dH

NIH-PA Author Manuscript

¢ ?olgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochim Biophys Acta. Author manuscript; available in PMC 2014 April 24.



