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apoptosis of human sebaceous gland cells
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13-cis retinoic acid (13-cis RA; also known as isotretinoin) is the most potent agent available for treatment
of acne. It is known that the drug induces apoptosis in cells cultured from human sebaceous glands, but its
mechanism of action has not been determined. In this study, skin biopsies were taken from 7 patients with
acne prior to and at 1 week of treatment with 13-cis RA. TUNEL staining confirmed that 13-cis RA induced
apoptosis in sebaceous glands. Transcriptional profiling of patient skin and cultured human sebaceous gland
cells (SEB-1 sebocytes) indicated that lipocalin 2 was among the genes most highly upregulated by 13-cis RA.
Lipocalin 2 encodes neutrophil gelatinase-associated lipocalin (NGAL), which functions in innate immune
defense and induces apoptosis of murine B lymphocytes. Increased immunolocalization of NGAL was noted
in patients’ sebaceous glands following treatment with 13-cis RA, and recombinant NGAL induced apoptosis
in SEB-1 sebocytes. Furthermore, apoptosis in response to 13-cis RA was inhibited in the presence of siRNA to
lipocalin 2. These data indicate that NGAL mediates the apoptotic effect of 13-cis RA and suggest that agents
that selectively induce NGAL expression in sebaceous glands might represent therapeutic alternatives to the

use of 13-cis RA to treat individuals with acne.

Introduction
13-cis retinoic acid (13-cis RA, also known as isotretinoin) is the
most effective drug for the treatment of acne. It is also used to
treat pediatric patients with neuroblastoma (1). 13-cis RA is the
only retinoid that dramatically reduces the size and secretion of
sebaceous glands; yet, its mechanism of action remains largely
unknown, in part due to an unexpected anti-acne effect finding
during clinical trials in patients with ichthyosis and also the lack
of a suitable animal model for acne (2-5). Use of 13-cis RA is lim-
ited by its teratogenicity. Because there are no safe alternatives to
13-cis RA that demonstrate comparable efficacy, insights into its
mechanism of action are essential for alternative drug discovery.
The goal of the present study is to gain insight into the potential
pathways by which 13-cis RA exerts its clearing effect in acne. This
is what we believe to be the first study to examine the effects of oral
13-cis RA on gene expression in the skin of acne patients. Array anal-
ysis was performed on skin samples that were taken from the backs
of acne patients at baseline and after 1 week of 13-cis RA therapy.
One of the most highly upregulated genes was lipocalin 2 (LCN2)
that encodes the neutrophil gelatinase-associated lipocalin (NGAL),
which has been reported to induce apoptosis (6, 7). The actions of
LCN2/NGAL were examined in detail in human skin and cultured
human sebaceous gland cells (SEB-1 sebocytes). In this paper, we
provide what we believe to be the first in vivo evidence that 13-cis RA
induces apoptosis within human sebaceous glands and demonstrate
that NGAL mediates the apoptotic effect of 13-cis RA on human

Nonstandard abbreviations used: ATRA, all-trans retinoic acid; 13-cis RA, 13-cis reti-
noic acid; NGAL, neutrophil gelatinase-associated lipocalin; 24p3R, 24p3 receptor;
QPCR, quantitative real-time PCR; thNGAL, recombinant human NGAL.
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sebocytes. These data provide important clues that could advance
our understanding of retinoid action not only in acne but in other
retinoid-responsive conditions such as psoriasis, rosacea, promyelo-
cytic leukemia, and neuroblastoma.

Results
Patient selection. In an effort to understand the early changes in skin
histology and gene expression in response to 13-cis RA, patients
were recruited to have skin biopsies of their upper backs at base-
line and 1 week into treatment. A total of 7 patients that were pre-
scribed isotretinoin by their dermatologist for their severe acne
were enrolled in the study after signing informed consent forms.
Information regarding patient age, sex, the time of biopsy, and the
dose of isotretinoin that patients were receiving at the time of their
second biopsy are presented in Table 1.

Histology suggests decrease in sebaceous gland volume after 1 week of 13-cis
RA treatment. H&E staining was performed on sections of patient skin
obtained from biopsies of skin from the upper back taken at baseline
and at 1 week of treatment. A total of 17 sections at baseline and 19
sections at 1 week taken from 6 patients were analyzed using image
analysis software. At baseline, sebaceous glands were characteristi-
cally large and multilobular. Although changes in architecture were
not obvious at 1 week of isotretinoin treatment, an early decrease
in the overall size of the sebaceous glands was suggested. The mean
area of sebaceous glands in the baseline samples was 0.23 + 0.09 mm?
(mean + SEM) compared with 0.12 + 0.02 mm? in the 1 week samples,
which was not significant using a paired ¢ test (P = 0.16) (data not
shown). Of note is that previous reports noted marked reductions of
sebaceous gland size at 16 weeks of treatment (2).

13-cis RA induces apoptosis in patient’s sebaceous glands at 1 week. Our
previous work indicated that 13-cis RA induced apoptosis within
cultured SEB-1 sebocytes (8). To confirm these findings in vivo, a
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Table 1
Isotretinoin patient demographics

Subject no. Age Sex Dose Biopsy
(mg/ka/d) (d)

1 15 M 0.5 7

2 17 M 0.5 7

3 17 M 0.5 7

4 21 F 0.67 7

5 17 M 0.67 7

6 20 F 0.67 7

7 23 M 0.5 7

Mean + SD 18.5+2.8 0.57 £0.09 70

TUNEL-peroxidase assay was performed on skin biopsies obtained
from patients at baseline and at 1 week of 13-cis RA therapy (n =6
pairs of samples). Patient 7 was omitted from the analysis because
no sebaceous glands were captured in the baseline biopsy sections.
A 4-fold increase in the percentage of TUNEL-positive cells was
noted within the sebaceous gland at 1 week of therapy compared
with baseline (45.9% + 11.9% vs. 13.9% + 6% TUNEL-positive cells;
P =0.003, paired ¢ test; o = 0.05) (Figure 1). TUNEL staining was
strongest in the nuclei of sebocytes in the basal layer of the seba-
ceous gland and in early differentiated sebocytes adjacent to the
basal layer (Figure 1, arrows). Apoptosis was selective for the seba-
ceous gland, as no apoptosis was detected within the epidermis.

Gene expression analysis of skin from patients treated with 13-cis RA
revealed significant increases in genes encoding calcium-binding proteins,
retinoid signaling molecules, solute carriers, and serine proteases. Gene array
expression analysis was performed on patient skin biopsies at base-
line and 1 week of isotretinoin therapy in order to gain insight into
putative pathways mediating the apoptotic effect of 13-cis RA. Array
data was not generated for patient 3 due to insufficient quantity of
RNA. Using a false discovery rate (FDR) of 0.05 that corresponds to a
5% chance of false-positive gene changes, 38 genes were significantly
upregulated and 5 genes were significantly downregulated by 13-cis
RA when compared with baseline (Table 2; see Supplemental Data
for a full listing of significantly changed genes; supplemental mate-
rial available online with this article; doi:10.1172/JCI33869DS1).
Many of the significantly upregulated genes are known to be reti-
noid-responsive genes, including retinoic acid responder 1 (tazaro-
tene induced gene 1 [TIGI]), cellular retinol-binding protein 1, and
cellular retinoic acid-binding protein 2. Additionally, calcium-bind-
ing proteins (i.e., S100 proteins), serine proteases, serine protease
inhibitors (serpins), LCN2, and solute carriers were significantly
affected by 13-cis RA. Interestingly, LCN2 was among the most highly
upregulated genes. It is an IL-17 target gene that has been reported
to induce apoptosis in murine lymphocytes (6, 9).

Gene expression in SEB-1 sebocytes treated with 13-cis RA is similar to profile
the observed in human skin. Gene expression array analysis performed
on patient skin biopsies contains a mixed population of cells. To
identify sebocyte-specific gene changes induced by 13-cis RA, we per-
formed array analysis in SEB-1 sebocytes on 3 samples treated with
0.1 uM 13-cis RA and 3 samples treated with vehicle. Laser-capture
microdissection of sebaceous glands from the biopsy specimens was
not practical due to the determination that over 200 sections were
required per sample to perform the array analysis without using dou-
ble amplification protocols. A total of 85 genes (78 different genes)
were significantly influenced by 13-cis RA: 58 were upregulated and
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27 were downregulated. Select genes whose expression was signifi-
cantly changed are listed in Table 3. (See Supplemental Data for the
full listing of significantly changed genes.) As in the patient samples,
LCN2 and the tumor suppressor, TIG1, demonstrated the greatest
changes in gene expression. In addition, there were changes in several
genes involved in apoptosis and innate immunity such as TNF-a-
induced protein 2, TRAIL, interferon regulatory factor 1 (IRFI),
interferon-induced proteins, NFkB, Fas death receptor, and TIG3
(also known as retinoic acid inducible gene 1 [RIGI]). TIG3 encodes
an RNA helicase and represents a key intracellular protein that, like
TLR3, can recognize viral double-stranded RNA (dsRNA) (10, 11).

Quantitative real-time PCR verification of select genes from arrayy analyses.
Sufficient RNA was available from 5 of 7 patients (all but Patients
3 and 4) to verify gene expression changes by quantitative real-
time PCR (QPCR) for LCN2, retinoic acid receptor responder 1
(RARRES1, TIGI), psoriasin (SI00A7), serine protease inhibitor
A3 (SERPINA3), and phospholipase A2 group 7 (platelet acti-
vating factor acetyl hydrolase) (Figure 2A). For SEB-1 sebocytes,
gene array expression changes were verified by QPCR for LCN2,
TIG1, insulin-like growth factor-binding protein 3 (IGFBP3), and
GATA transcription factor 3 (GATA3) (Figure 2B). With each of
the QPCR analyses, the direction and magnitude of the change in
expression for the selected genes were similar to those observed
with the gene array analyses.

’, o A " ’-.' X
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Baseline 1 week Isotretinoin

Figure 1

TUNEL staining is increased in patients’ sebaceous glands at 1 week
of isotretinoin treatment. Skin sections were obtained from paraffin
blocks of 7 patients sampled at baseline and 1 week of isotretinoin
and were subjected to TUNEL-peroxidase assay, followed by coun-
terstaining with hematoxylin. At least 2 skin sections from each time
point were analyzed from every patient. Patient 7 was omitted from
the analysis as no sebaceous glands were found in baseline biopsy
sections. Results were quantified by counting TUNEL-positive cells /
total cells in sebaceous glands. Representative sections from Patient
4 (Pt. 4) taken at baseline and at 1 week of isotretinoin treatment are
shown. TUNEL staining was strongest in the nuclei of sebocytes in the
basal layer of the sebaceous gland (arrows) and in early differentiated
sebocytes adjacent to the basal layer. Apoptosis was selective for the
sebaceous gland, as no apoptosis was detected within the epidermis
(not shown). Negative control (NC) consists of sections from a skin
specimen treated with DNase | and processed without terminal trans-
ferase enzyme. Positive control (PC) consists of sections from a skin
specimen treated with DNase | and subjected to the full TUNEL assay.
Original magnification, x400.
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Table 2

Significantly changed genes in patient skin after 1 week of isotretinoin therapy

concentrations ranging from 0.1 nM to 1 uM 13-cis RA,
NGAL protein expression increased in a dose-depen-
dent manner to a maximum of approximately 10-fold

Fold change Gene title Gene symbol with micromolar concentrations in SEB-1 sebocytes
7.03 lipocalin 2 (oncogene 24p3) LCN2 when compared with control (P < 0.05) (Figure 4B).

6.2 $100 calcium-binding protein A7 (psoriasin 1) S100A7 The first 1,000 base pairs of the LCN2 promoter
453 $100 calcium-binding protein A9 (calgranulin B) S100A9 were scanned for retinoic acid response elements
3.78 solute carrier family 12 (K/CI transporters) SLC12A8 (RAREs), using the predefined consensus sequences
3.32 cytochrome P450, family 2, subfamily B CYP2B7P1 within the Transfac database through the Transcrip-
gg] setr.lne.(or %/stelnez protelnas(;} 'n(hT'?g;))r ?}E\T%ITRIESA? tion Element Search System (TESS), and revealed

. retinoic acid receptor responder i ENT

2.35 transmembrane protease, serine 4 TMPRSS4 th.e presence of both RAR and. RXR-binding sites.
1.99 $100 calcium-binding protein P S100P Prior studies suggest that 13-cis RA acts as a reset-
1.92 ATPase, H+/K+ transporting, nongastric, alpha ATP12A voir of all-trans retinoic acid (ATRA) and, that after
1.91 chemokine (C-C motif) ligand 2 CoL? isomerization to ATRA, acts via binding nuclear
1.81 retinol-binding protein 1, cellular RBP1 retinoic acid receptors (12). Although, in other
1.69 solute carrier family 6 (amino acid transporter) SLC6A14 studies, retinoid receptor-independent modulation
1.67 E74-like factor 3 (ets domain transcription factor) ELF3 of signaling pathways by ATRA, such as binding to
1.56 cellular retinoic acid-binding protein 2 CRABP2 PKC, have also been reported (13, 14).

1.52 ) qefensm’ beta 1 . DEFB1 To address this issue, SEB-1 sebocytes were treat-
1'21 S(;%I(l))lndlln 2, ZSklj.a (Calretm_”ngz SC1A0|ZJE/;-\22 ed with increasing concentrations of ATRA in par-
149 e Cluir:\;o:ﬂclr?ng protein L allel studies and examined for expression of LCN2
149 interleukin 27 receptor, alpha IL27RA mRNA and NGAL protein. QPCR and immuno-
_2.99 solute carrier family 26, member 3 SLC26A3 blotting show that NGAL expression also increased
-2.27 phospholipase A2, group VIl (PAF acetylhydrolase) PLA2G7 ina dose-dependent manner with ATRA when com-
213 phosphodiesterase 6A, cGMP-specific, rod, alpha PDEGA pared with control. The level of NGAL expression

13-cis RA induces expression of NGAL in patients’ sebaceous glands and
in SEB-1 sebocytes. The gene LCN2 encodes the protein known as
NGAL. Since LCN2 has been reported to be involved in apopto-
sis and it was among the most highly upregulated genes in both
patient skin and in SEB-1 sebocytes, its protein product, NGAL,
was chosen for further study as a putative mediator of the apop-
totic action of 13-c¢is RA. Patient skin biopsies that were taken at
baseline and at 1 week of isotretinoin therapy were used to assess
NGAL expression and localization using immunohistochemistry
(Figure 3). In general, NGAL expression is increased after 1 week
of isotretinoin treatment, although the amount of increase var-
ied among the patients (Table 4). Patient 7 was omitted from
the analysis because no sebaceous glands were captured in the
baseline biopsy sections. Interestingly, in 2 out of the 6 patients
(Patients 4 and 6, the only females in the study) a minimal increase
in NGAL staining was noted. Of the 6 patients examined, only 1
had NGAL expression in sebaceous glands at baseline (Table 4).
In each patient, NGAL expression was detected specifically within
the basal layer of the sebaceous gland and upper sebaceous duct
in sections from skin taken at 1 week of therapy (Figure 3). NGAL
expression was not noted within the epidermis. These results are
most intriguing when comparing the pattern of NGAL expres-
sion with the pattern of TUNEL-positive cells after isotretinoin
treatment. NGAL immunoreactivity and TUNEL-positive cells are
both present within the basal layer of the sebaceous gland and are
absent from the epidermis.

The expression of NGAL within SEB-1 sebocytes was verified by
QPCR and western blotting. Expression of LCN2 mRNA was detect-
ed after 48 hours of 13-cis RA treatment. 13-cis RA concentrations of
1 nM and greater significantly increased LCN2 mRNA levels to a maxi-
mum of approximately 6-fold (with micromolar concentrations) when
compared with control (Figure 4A). After 72 hours of treatment with
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induced by ATRA is less than that with 13-cis RA
(7-fold vs. 10-fold), but the difference between ATRA
and 13-cis RA was not significant (Figure 4).

Recombinant NGAL protein induces apoptosis in SEB-1 sebocytes. Addi-
tional studies aimed at testing the hypothesis that NGAL mediates
apoptosis in sebaceous glands were performed using SEB-1 sebo-
cytes. SEB-1 sebocytes were treated with increasing concentrations
of purified recombinant human NGAL (rhNGAL) protein, and a
TUNEL assay was performed. After 24 hours of treatment with
NGAL, the percentage of TUNEL-positive cells in SEB-1 sebocytes
was significantly increased to a maximum of approximately 35%
using 1 ng/ml rhNGAL (Figure 5). Interestingly, this level of apop-
tosis is similar to that achieved with 72 hours of 13-cis RA treat-
ment in previous studies (8).

NGAL mediates 13-cis RA—induced apoptosis in human sebocytes. To
test the hypothesis that NGAL mediates the apoptotic effect of
13-cis RA on sebocytes, we used siRNA to LCN2 in the presence of
13-cis RA and examined the effect on apoptosis using western blot-
ting for cleaved caspase 3, the activated form of caspase 3.

Initially, using QPCR we were able to demonstrate that the
expression of LCN2 mRNA was successfully decreased 15-fold
(93%) by the siRNA compared with siCONTROL in SEB-1 cells
that were treated for 48 hours with 13-cis RA (Figure 6A). As a con-
trol, the specificity of siRNA knockdown was verified using siRNA
to GAPDH in parallel samples. GAPDH and LCN2 gene expression
was successfully inhibited in their respective samples. In addition,
protein levels of NGAL were undetectable by western blotting after
48 and 72 hours of 13-cis RA treatment (Figure 6B).

After confirming successful inhibition of LCN2 and NGAL
expression by siRNA, the effect of LCN2 on apoptosis was deter-
mined. siRNA to LCN2 in the presence of 13-cis RA decreased
expression of cleaved caspase 3 to approximately 20% of control
levels (corresponding to a 5-fold reduction) (Figure 7). These
data indicate that NGAL mediates the apoptotic effect of 13-cis
RA in sebocytes.
Volume 118
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Selected, significantly changed genes in SEB-1 sebocytes after 13-cis RA treatment
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However, isotretinoin, like thalidomide, is
a teratogen, and its use is closely regulated
through an FDA-mandated risk manage-

Fold change Gene title Gene symbol ment program called iPLEDGE. Although
12.25 retinoic acid receptor responder (tazarotene induced) 1 RARRES1 isotretinoin has been prescribed for over
7.04 lipocalin 2 (oncogene 24p3) LCN2 20 years, extensive studies into its molecu-
5.95 tumor necrosis factor, alpha-induced protein 2 TNFAIP2 lar mechanism of action in human skin
5.91 hydroxyprostaglandin dehydrogenase 15-(NAD) HPGD and sebaceous glands have not been done.
4.64 cytochrome E450, famil_y 1, subfamily B_, polypeptide 1 CYP1B1 Advances in this regard have been hampered
4.18 tumor necr_03|s factor (Illgand) su_perfamlly_, member 10 TNFSF10 by the lack of an animal model for inflam-
3.70 serine (or cysteine) proteinase inhibitor SERPINB3 .

365 homeo box A5 HOXA5 matory acne. However, studies have shown
343 insulin-like growth factor—binding protein 3 IGFBP3 that within sebaceous glands and sebocyte
3.29 aldehyde dehydrogenase 1 family, member A3 ALDH1A3 cell culture (primary cells and immortalized
3.22 retinoic acid receptor responder (tazarotene induced) 3 RARRES3 cell lines), 13-cis RA reduces sebaceous lipid
3.08 oxidised LDL (lectin-like) receptor 1 OLR1 production (2, 3, 8, 18-22). 13-cis RA induc-
2.60 cyclin-dependent kinase inhibitor 1A (p21, Cip1) CDKN1A es apoptosis in SEB-1 sebocytes in addition
2.51 E74-like factor 3 (ets domain transcription factor, epithelial-specific ) ELF3 to inhibiting cell-cycle progression (8).

2.42 interferon regulatory factor 1 IRF1 Using a combination of model systems
2.42 interferon-induced protein with tetratricopeptide repeats 3 IFIT3 and methodologies in the present study,
2.09 proteasome (prosome, macropain) subunit, beta type, 10 PSMB10 we validated that 13-cis RA selectively
2.08 vascular cell adhesion molecule 1 VCAMA1 ind tosis in human sebaceous
2.07 annexin A9 ANXA9 HIGUCEs apoprosis : ;

207 2' 5'-oligoadenylate synthetase 1, 40/46kDa 0AST glands, and that chis effect is mediared by
185 GATA-binding protein 3 GATA3 increased expression of the IL-17 target
1.79 protein kinase C, alpha PRKCA gene, LCN2. LCN2 encodes the protein,
1.70 nuclear factor of kappa light polypeptide gene enhancer in B-cells NFKB2 NGAL, which belongs to a family of small
1.69 Fas (TNF receptor superfamily, member 6) FAS molecular weight proteins involved in
-4.68 keratin A KRT6A innate immune defense, retinal transport,
-3.94 FK506-binding protein 5 FKBPS prostaglandin synthesis, renal tube mor-
-3.25 ELOVL family member 5, elongation of long chain fatty acids ELOVLS phogenesis, and cellular growth, metabo-

SEB-1 sebocytes express the receptor for NGAL. Recently, a cell surface
receptor for the murine homolog to NGAL, 24p3, was identified in
murine pro-B lymphocytic FL5.12 cells. The presence of this recep-
tor (24p3R) is believed to be responsible for cell-specific susceptibil-
ity to apoptosis (6). It is possible that NGAL also functions through
a cell surface receptor in humans. Based on sequence homology, the
human homolog of 24p3R is predicted to be the solute carrier mem-
ber, SLC22A17 (6). Expression of SLC22A17 mRNA was detected in
SEB-1 sebocytes by QPCR analysis (data not shown). Furthermore,
24p3R was detected in SEB-1 sebocytes by immunohistochemistry
and western blotting, using an antibody to the mouse 24p3R
(Figure 8) (6). Additional studies are required to assess the recep-
tor’s involvement in mediating the actions of NGAL.

Discussion
Acne is the most prevalent skin condition encountered by der-
matologists, affecting nearly 85% of the people between the ages
of 12 and 24 years (15). While acne is not life threatening, it does
have significant physical and psychosocial morbidity (16). Acne
results from the interplay of 4 factors: increased production of
sebum by the sebaceous gland, altered keratinization of follicu-
lar keratinocytes, activity of Propionibacterium acnes (P. acnes), and
inflammation. P. acnes contributes to the inflammation associ-
ated with acne via activation of TLR2 on the surface of inflamma-
tory cells in the skin infiltrate (17).

Isotretinoin (13-cis RA) is the most potent agent that affects all
the pathogenic features of acne. It is the only therapeutic agent
that drastically reduces the size and secretion of sebaceous glands.
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lism, and apoptosis (7, 9, 23-25). Clini-
cally, urine levels of NGAL are used as a
marker for acute renal injury (26).

NGAL was initially isolated from neutrophils, in which it is
complexed with MMP-9 (27, 28). In general, NGAL is expressed in
tissues exposed to microorganisms such as salivary glands, lung,
intestine, uterus, and prostate, in which it may function in innate
immune defense against bacterial pathogens (29, 30). NGAL is
believed to kill bacteria by sequestering iron that is bound to a
bacterial siderophore, thus, depriving bacteria of iron that is essen-
tial for its survival (7). NGAL expression has been reported within
the infundibulum of the hair follicle and follicular epithelium in
normal human skin (31, 32). We failed, however, to detect NGAL
expression in follicles from acne patients prior to isotretinoin
therapy. Since NGAL is a secreted protein and acne patients have
increased amounts of sebum flowing through the follicle to the
skin surface, it is possible that NGAL is secreted onto the surface of
the skin and, thus, not detectable using immunohistochemistry.

In the biopsies of skin from patients treated with isotretinoin
for 1 week, NGAL localized within the basal layer of the seba-
ceous gland. Intriguingly, NGAL localization was remarkably
similar to the distribution of TUNEL staining, suggesting that
NGAL may be responsible for mediating the apoptotic effect
of 13-cis RA on sebaceous glands. Increased expression of LCN2
has been linked with the induction of apoptosis in endometrial
carcinoma, F12.5 murine lymphocytes, and L929 fibroblasts (6,
33, 34). Using immunohistochemistry, NGAL expression was
increased by only 1% in female skin compared with 12%-36% in
male patients, suggesting possible gender differences in NGAL
protein expression in response to 13-cis RA. Clearly additional
studies are needed to address this question. In terms of clinical
Volume 118 1471

Number4  April 2008



research article

A Figure 2
s 16 1 O Gene Array QPCR verification of gene array changes. In order to verify the direction
cu’g 14 ¥ mQPCR and magnitude of the changes in gene expression induced by 13-cis RA
+ 124 in the gene microarrays, QPCR was performed using primers to select
g, 10 4 genes whose expression was significantly changed by 13-cis RA in the
S 8- array analysis. (A) Comparison of array analysis and QPCR on RNA
S 6 obtained from patient skin biopsies at baseline and 1 week of 13-cis RA
T, treatment. Data represent the mean + SEM of the fold change in gene
2 5 ] expression as determined by QPCR in 5 subjects compared to array
S analysis performed in 6 subjects. RARREST, retinoic acid receptor
§ 01 responder 1; ST00A7, psoriasin; SERPINA3, serine proteinase inhibi-
2 tor A3; PLA2G?7, phospholipase A2 group 7. (B) Comparison of array
-4 - analysis and QPCR on RNA obtained from SEB-1 sebocytes incubated
for 72 hours in the presence or absence of 13-cis RA. Data represent
the mean + SEM of the fold change in gene expression as determined
B by QPCR in 8 samples compared to array analysis performed in 3 sam-
16 1 OGene Array ples. QPCR results were analyzed by REST-XL software program and
E 14 1 EQPCR *P < 0.05 was considered significant. IGFBP3, insulin-like growth fac-
‘:"_’I tor—binding protein 3; GATA3, GATA-binding protein 3; ZBTB16, zinc
o finger and BTB domain-containing 16.
g
o
2 increasing interest in factors regulating LCN2 expression. Retinoids,
p such as ATRA and the synthetic retinoid fenretinide, increase the
3 expression of LCN2 in T47D and MCF-7 breast cancer cells (37).
= 13-cis RA, unlike ATRA and 9-cis RA, is not believed to interact directly

correlation, it is interesting to note that long-lasting remission of
acne is less common in adult female patients treated with isotret-

inoin compared with male patients.

Using SEB-1 sebocytes, we tested the hypothesis that
NGAL mediates the apoptotic effect of 13-cis RA. thNGAL
protein induced apoptosis in SEB-1 sebocytes to a similar
level that was achieved when these cells were treated with
13-cis RA in previous studies (8). By siRNA, specific knock-
down of LCN2 mRNA and NGAL protein expression
was achieved in SEB-1 sebocytes treated with 13-cis RA.
Apoptosis was decreased by 80% under these conditions.
Taken together, these data indicate that NGAL mediates
the apoptotic effect of 13-cis RA on sebaceous glands;
however, they do not demonstrate that NGAL is the sole
mediator of apoptosis. Gene array analysis indicated that
expression of other genes that regulate apoptosis and cell
cycle, such as TIGI and TIG3, was also increased by 13-cis
RA (35, 36). It is possible that these genes, or others, also
play a role in inducing apoptosis in sebocytes.

The mechanism by which NGAL induces apoptosis in
sebocytes is unknown. In murine F12 lymphocytes, 24p3
induces apoptosis by binding to a cell surface receptor
(24p3R) that functions by shuttling iron out of the cell (6).
Database searching of the sequence for the murine recep-
tor led to the identification of the highly conserved human
NGAL receptor homolog, SLC22A17 (6). Although, no
antibody is available to the human receptor homolog,
expression of the 24p3R was confirmed in SEB-1 sebocytes
using immunohistochemistry, suggesting that the effects
of NGAL in sebocytes could also be receptor mediated.

With involvement of NGAL in diverse cellular processes,
including innate immune defense and cell survival, there is
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with nuclear retinoic acid receptors. It is, however, isomerized to both
ATRA and 9-cis RA, which do interact with retinoid receptors (38,
39). Both 13-cis RA and ATRA increased the expression of NGAL in
SEB-1 sebocytes in a concentration-dependent manner, 10-fold and
7-fold, respectively. In array studies of normal keratinocytes, 13-cis
RA induced an 8-fold increase in LCN2, whereas ATRA and 9-cis RA
induced changes on the order of 3-fold and 4-fold, respectively (40).

Baselin 1 week Is
Ll 2y DL

Pt 2

Pt 2. Epidermis

Figure 3

NGAL expression is increased in sebaceous glands in patients biopsied at 1 week
of isotretinoin treatment. Immunohistochemistry using an antibody to NGAL was
performed on skin sections taken at baseline and at 1 week of isotretinoin treat-
ment. Sections were incubated overnight with a 1:50 dilution of mouse mono-
clonal LCN2/NGAL antibody and developed using AEC chromagen (red). All
sections were counterstained with hematoxylin. Representative images at base-
line and after 1 week isotretinoin from Patients 1 and 2 are shown. An image of
the epidermis after isotretinoin treatment from Patient 2 is shown. NGAL was
expressed in the sebaceous gland and duct of samples of skin taken at 1 week
of isotretinoin therapy. NGAL was not expressed in the epidermis. The amount of
NGAL staining varies among patients and individual patient results are shown in
Table 4. Negative control consists of normal human skin incubated with normal
mouse IgG1 antibody. Original magnification, x100.
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Table 4
Quantification of NGAL staining for individual patients at baseline
and after 1 week isotretinoin therapy

Patient Baseline (% of sebaceous 1 week (% of sebaceous
gland positive for NGAL) gland positive for NGAL)

1 0.0 36.7

2 0.0 11.3

3 0.0 27.1

4 0.0 1.1

5 111 12.1

6 0.0 1.0

Average 1.9 14.9

SEM 1.9 5.9

Studies are currently underway to determine if the effects of 13-cis
RA on LCN2 expression are mediated through its isomers or metab-
olites or via pathways that are independent of retinoid receptor
activation. In addition to retinoids, LCNZ expression is increased by
leukotriene B4 and cholesterol oleate, IkBC pathways that are inde-
pendent of NFkB activation, and IL-17 activation of NFkB depen-
dent pathways (9, 29, 41-44). Negative regulators of LCN2 expres-
sion include iron chelation, activation of the transcription factor
JunB, and activation of Wnt signaling pathways (45, 46).

LCN2 expression is increased in response to activation of TLR2
and TLR4 signaling by bacterial peptides (42). Although activation
of TLR2 by P. acnes has been demonstrated in acne lesions, previ-
ous studies using gene array failed to indicate increased expression
of LCN2 in acne lesions compared with normal skin from the same
patients or normal skin from subjects without acne, suggesting
that NGAL levels may not be significantly increased by P. acnes (17,
47). It is possible that the dramatic increase in NGAL released in
response to 13-cis RA targets P. acnes as well as inducing apoptosis
in the sebaceous gland (17, 48). 13-cis RA reduces the numbers of
P. acnes bacteria on the surface of the skin from acne patients (49,
50). This is thought to result from decreased sebum that acts as
a nutrient source for P. acnes. However, this reduction in P. acnes
may be directly related to the induction of NGAL by 13-cis RA. It
remains to be determined if NGAL produced in response to 13-cis
RA is capable of killing P. acnes, if P. acnes itself can stimulate NGAL
production through TLR2 activation in sebocytes, or if a combina-
tion of both processes is occurring.

It was recently demonstrated that LCN2 along with other immu-
noregulatory genes are transcriptional targets of IL-17 (9). IL-17,
an inflammatory cytokine produced by the CD4* Th17 subset
of T lymphocyrtes, is unique in that it provides communication
between adaptive immunity and innate immunity to promote
inflammation (51). IL-17 has been implicated in the pathogen-
esis of inflammatory diseases such as collagen-induced arthritis
and psoriasis (52, 53). Skin from psoriasis patients has increased
expression of IL-17 and NGAL within the epidermis in addition
to increased levels of endogenous antimicrobial peptides such as
active cathelicidin (LL-37) and human f-defensin 2 (32, 52). IL-17
also triggers expression of human p-defensin 2 and MMP3, each of
which is increased in inflammatory acne lesions compared with
unaffected skin (9, 47). Activation of NFkB and AP-1 transcription
factors increase expression of MMPs (MMP-1, -3, -8, and -9) in acne
lesions (54). Although IL-17 regulates gene transcription through
NF«kB, it remains to be determined whether IL-17 is involved in
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the induction of LCN2 expression by isotretinoin or in the inflam-
mation associated with acne (9). The promoter region of the LCN2
gene contains consensus sequences for binding retinoic acid recep-
tors (RAR and RXR). It is possible that an isomer or metabolite of
13-cis RA may directly regulate LCN2 expression through interac-
tion with retinoic acid receptors.

Although, they are not the focus of this paper, 13-cis RA increases
the expression of several other genes of interest, including S100
proteins (calcium-binding proteins) and serine protease inhibitors
(serpins) that have been implicated in innate immune defense (53,
56). S100A7 (psoriasin), which is increased approximately 6-fold by
isotretinoin, protects skin against E. coli bacterial infections through
Zn*? sequestration and functions as a potent chemoattractant
agent for immune cells (55, 57). In addition to acne, isotretinoin
is used to treat rosacea, an inflammatory skin disease character-
ized by facial papules and pustules that is often misdiagnosed as
acne. Skin from rosacea patients has increased activity of the serine
protease kallikrein 5, which generates proinflammatory cathelici-
din peptides that have been implicated in the pathogenesis of rosa-
cea (58). Increased expression of serine protease inhibitors by 13-cis
RA, which scavenge proinflammatory proteins, may also contribute
to the antiinflammatory activity of this drug in rosacea and acne.

The data presented herein suggest that 13-cis RA triggers changes
in gene expression that initiate the overall remodeling of the seba-
ceous gland. The apoptotic effect of 13-cis RA on the sebaceous
gland is mediated, at least in part, by the expression of NGAL. These
data are the first to our knowledge to indicate an apoptotic effect for
NGAL in human cells and suggest that therapeutic strategies that
selectively induce NGAL expression in the sebaceous gland may be
beneficial in the treatment of acne.

Methods

Patient selection and tissue biopsies. All protocols were approved by the Insti-
tutional Review Board of the Pennsylvania State University College of
Medicine and were conducted according to the principles outlined in
the Declaration of Helsinki. All subjects gave informed consent. Subjects
included males and females, ages 14-40 years, who were scheduled by their
dermartologist to receive treatment with 13-cis RA (isotretinoin, brand not
noted) for severe acne. All aspects of the patients’ treatment with 13-cis RA
apart from the skin biopsies were standard of care and were not part of
this research. Exclusion criteria included patients with underlying medi-
cal conditions requiring treatment with systemic medications that might
interfere with the gene array analysis. Seven patients had 5-mm punch
biopsies of skin from the upper back taken at baseline and again at day
7 of treatment. Biopsies were taken from noninflamed skin in areas apart
from acne lesions. Biopsies were placed on ice and immediately trans-
ferred to the laboratory where they were trimmed of fat, and a small sec-
tion of each biopsy was taken and paraffin embedded for histology and
immunohistochemistry. The remaining portion of the biopsy was flash
frozen in liquid nitrogen and used for total RNA isolation.

TImage analysis of sebaceous gland size. Following H&E staining of sections
from each of the biopsies, image analysis of sebaceous gland size was per-
formed on all available tissue sections. Images were captured using a Spot
digital camera (Diagnostic Instruments Inc.), and measurements were
obtained with Image Pro Plus Imaging Software version 3.0 after spatial
calibration with a micrometer slide under the x10 objective. All areas of
the sebaceous gland were circled using a free-hand measuring tool, and the
total area of the sebaceous gland was calculated in each section from the
baseline and the 1-week biopsies. The average area for each distinct seba-
ceous gland was calculated from sections analyzed. A single-factor ANOVA
Volume 118 1473
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13-cis RA and ATRA increase LCN2 mRNA and NGAL protein expression in SEB-1 sebocytes. SEB-1 sebocytes were treated with vehicle as
a control (C), 13-cis RA (0.1 nM, 1 nM, 10 nM, 0.1 uM, or 1 uM) or ATRA (0.1 nM, 1 nM, 10 nM, 0.1 uM, or 1 uM) for 48 and 72 hours. (A) LCN2
mRNA expression was verified by QPCR after 48 hours of retinoid treatment. Data represent mean + SEM of the fold change in gene expression as
determined by QPCR of 5 independent samples. Statistical analysis was performed with REST-XL software program and considered significant if
*P < 0.05. (B) Protein expression was verified by western blot at 72 hours of retinoid treatment. Blots were incubated with primary antibody to NGAL
as well as B-actin as a loading control. Blots were analyzed by densitometry and normalized to f3-actin. The graph represents normalized fold-change
values (mean + SEM) relative to control for a minimum of 3 independent blots. Statistical analysis was performed with paired t test; *P < 0.05.

statistical test (o = 0.05) was performed to look for significant differences
in sebaceous gland area before and after 1 week of treatment.

Cell culture. The SEB-1 human sebocyte cell line was generated by trans-
fection of secondary sebocytes with SV40 large T antigen and was cul-
tured in standard culture medium as previously described (59). 13-cis RA
(R 3255) was purchased through Sigma-Aldrich. Stock solutions of 13-cis
RA (10 mM) dissolved in ethanol were handled under dimmed yellow light
and stored under N; gas at -20°C until use. Purified rhNGAL protein
(amino acids 21-198) was purchased from R&D Systems ready to use and
was stored at -20°C until needed. Stock solutions were diluted to desired
concentrations in standard sebocyte culture medium.

Gene expression microarray analysis. Total RNA was isolated from skin biop-
sies and DNase treated using the RNeasy Fibrous Tissue kit (QIAGEN).
Total RNA was isolated from SEB-1 sebocytes treated with 0.1 uM 13-cis
1474
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RA or vehicle alone (0.001% ethanol) in 3 independent samples using the
RNeasy kit (QIAGEN). Approximately 2 ug of total RNA from each sample
was used to generate double-stranded cDNA using a T7-oligo (dT) primer.
Biotinylated cRNA, produced through in vitro transcription, was frag-
mented and hybridized to an Affymetrix human U133A 2.0 microarray
for 1-week biopsies and U95Av2 microarray for SEB-1 sebocytes. The
arrays were processed on a GeneChip Fluidics Station 450 and scanned
on an Affymetrix GeneChip Scanner. Expression signals were normalized
as previously described (47, 60, 61). Significant gene expression altera-
tions were identified using Significance Analysis of Microarrays (SAM)
computer software (62). SAM controls the false positives resulting from
multiple comparisons through controlling the FDR (63). FDR is defined
as the proportion of false-positive genes among all genes that are consid-
ered significant. The results of these array analyses have been submitted
Volume 118
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NGAL increases TUNEL staining in SEB-1 sebocytes. SEB-1 sebocytes were treated with vehicle as a control, 1 pg/ml, 10 pg/ml, 100 pg/ml,
1 ng/ml, or 10 ng/ml of purified rhNGAL protein (R&D Systems) or the same concentrations of human actin protein for 24 hours. (A) Representa-
tive images of the TUNEL assay using rhNGAL are shown. Original magnification, x200. (B) Quantification of the percentage of TUNEL-positive
stained cells per treatment at 24 hours. Data represent mean + SEM; n = 4-8. Parallel experiments to control for nonspecific effects of protein
were performed using human actin protein (n = 2). The percentage of TUNEL-positive cells is less than 5% with all concentrations of actin,
which is similar to control values. rhNGAL significantly increased TUNEL staining compared to control over a wide range of concentrations with
maximal induction noted at 1 ng/ml. Statistical analyses were performed between vehicle control and each treatment concentration of rhNGAL

using 2-factor ANOVA with replication; *P < 0.05.

to the National Center for Biotechnology Information Gene Expression
Omnibus database (GenBank accession no. GSE10434; http://www.ncbi.
nlm.nih.gov/geo/).

Quantitative real-time PCR. QPCR experiments confirmed the direction and
magnitude of change in selected genes from the microarrays and verified
siRNA-knockdown and immunoblotting experiments. Applied Biosystems’
Assays-on-Demand Taqman Universal PCR Master Mix, primer/probe sets,
and ABI’s 7900HT Fast Real-Time PCR System with 384-well plate block
module were used according to manufacturer’s instructions (Applied
Biosystems). Integrity of isolated RNA was verified by agarose gel electro-
phoresis. cDNA was generated from 1 pg of total RNA and primed with
oligo-dT, using the SuperScript First-Strand Synthesis System for RT-PCR

Figure 6

siRNA to LCN2 specifically knocks down LCN2 expression in SEB-1
sebocytes in the presence of 13-cis RA. SEB-1 sebocytes (2 x 108 cells
per 100 ul reaction mixture) were nucleofected with 1 ug siCONTROL,
GAPDH (as a specificity control), or LCN2 siRNA. 13-cis RA (0.1 uM)
was added 24 hours after nucleofection, and cells were incubated for 48
and 72 hours. Extent of siRNA knockdown of gene expression was ver-
ified by QPCR and western blotting for LCN2 and GAPDH after 13-cis
RA treatment. GAPDH and LCN2 gene expression were successfully
inhibited in their respective samples. (A) QPCR analysis of LCN2 and
GAPDH mRNA levels at 48 hours of 0.1 uM 13-cis RA treatment. The
expression of LCN2 mRNA was successfully decreased 15-fold by
the LCN2 siRNA compared with siCONTROL, whereas expression of
GAPDH was minimally affected by siRNA to LCN2. GAPDH mRNA
expression was decreased 4-fold by the specific GAPDH siRNA when
compared with siCONTROL, whereas siRNA to GAPDH had mini-
mal effects on expression of mMRNA for LCN2. Data represent mean
+ SEM; n = 6. *P < 0.05 as determined by REST-XL program. (B)
Western analysis of GAPDH and NGAL protein levels. NGAL protein
expression is decreased to undetectable levels by western blotting at
48 and 72 hours of 0.1 uM 13-cis RA treatment with LCN2 siRNA.
Representative blots of 4 independent experiments are shown.
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(Invitrogen). Diluted cDNA from the 1-week samples were run for the
reference gene TATA-binding protein (TBP) and genes of interest LCN2,
RARRES1, S100A7, SERPINA3, and PLA2G7. For gene array verification, 8
independent samples of SEB-1 sebocytes treated with 0.1 uM 13-cis RA or
vehicle alone for 72 hours were analyzed. Genes of interest included LCN2,
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RARRES], insulin-like growth factor-binding protein 3 (IGFBP3), GATA3,
ZBTB16, and potential LCN2 cell surface receptor (SLC22A17). Expression of’
TBP, GAPDH, and LCN2 was analyzed in 6 independent SEB-1 samples for
the siRNA-knockdown experiments. SEB-1 sebocytes treated with increas-
ing concentrations of ATRA (n = 5) were analyzed for the reference gene
TBP and LCN2. In all experiments, assay controls included samples omitting
reverse-transcriptase enzyme as well as samples without cDNA. Data was
analyzed using the Relative Expression Software Tool (REST-XL version 1)
software program (64) with efficiency correction, and a P value less than
0.05 was considered significant.

siRNA. Optimization of the appropriate nucleofection solution and pro-
gram was carried out according to manufacturer’s instructions using the
Cell Line Optimization Nucleofector kit (Amaxa Biosystems), with 2 ug of
pgmaxGFP DNA. The nucleofection solution and program combination
that resulted in the highest nucleofection efficiency and lowest cell mortali-
ty rate was determined. Program T-20 with solution T was chosen for future
experiments. Efficiency of nucleofection was determined by GFP expres-
sion quantified by flow cytometry with mock-nucleofected SEB-1 sebocyte
controls. Very high levels of GFP expression (87%, 90%, 73%, and 57%) were
detected at 24, 48, 72 and 96 hours after nucleofection, respectively.

Using ON-TARGET plus Smartpool Human LCN2, Human GAPDH,
and siCONTROL siRNA duplex oligonucleotides (Dharmacon Research),
nucleofection was performed as suggested by Dharmacon and Amaxa Bio-
systems. SEB-1 sebocytes, 2 x 10° cells per 100 ul reaction, were nucleofect-
ed with 1 ug siCONTROL, GAPDH, or LCN2 siRNA. 13-cis RA (0.1 uM) was
added 24 hours after nucleofection. Extent of siRNA knockdown of gene
expression was verified by QPCR and western blotting for LCN2/NGAL
and GAPDH at various time points after 13-cis RA treatment. Involvement
of LCN2/NGAL in mediating 13-cis RA induced apoptosis was assessed by
cleaved caspase 3 protein expression using western blotting.

NGAL and 24p3R immunohistochemistry. Immunohistochemistry was
performed on formalin-fixed paraffin-embedded human skin sections
using the avidin-biotin complex method and AEC development (ABC
kit and AEC Substrate kit for Peroxidase; Vector Laboratories). Baseline
and 1-week-treatment patient biopsy sections were subjected to deparaf-
finization, rehydration, and antigen retrieval with TRILOGY buffer (Cell
Marque) prior to immunohistochemistry. Sections were incubated over-
night with mouse monoclonal LCN2 antibody (Abcam Inc.). Negative con-
trols were prepared with normal mouse IgG; antibody (SCBT; Santa Cruz).
Sections were counterstained with hematoxylin using standard procedures.
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Figure 7

siRNA to NGAL blocks the induction of cleaved caspase 3 by 13-cis
RA in SEB-1 sebocytes. Under siRNA conditions described in Figure 6,
immunoblotting revealed that siRNA to LCN2 decreases expression of
cleaved caspase 3 by approximately 5-fold compared with siRNA con-
trol. Blots were incubated with primary antibodies to cleaved caspase
3 as well as B-actin as a loading control to normalize densitometry
values. Three independent scrambled siCONTROL (SCRAM) and
LCN2 western blots are shown. p17 and p19 are the cleaved or active
fragments of caspase 3. Graph represents the normalized expression
of cleaved caspase 3 from 5 independent western blots. These data
indicate that NGAL mediates the apoptotic response of SEB-1 sebo-
cytes to 13-cis RA. Statistical analysis was performed with paired ¢
test, mean + SEM; *P < 0.05.

For quantification of NGAL, Image Pro Plus Imaging Software version 3.0
was used to measure the area of “red” (NGAL positive) compared with the
total area of the sebaceous gland in 2 sections for each patient (n = 6).
Area of NGAL / total area sebaceous gland was calculated in baseline and
1-week-treatment sections for each patient.

24p3R (NGAL receptor) affinity purified antibody was kindly provided
by Michael Green (University of Massachusetts Medical School, Worces-
ter, Massachusetts, USA) (6). SEB-1 sebocytes were cultured and fixed
according to standard procedures followed by overnight incubation with
24p3R antibody or normal rabbit IgG (negative control) and counter-
staining with hematoxylin.

TUNEL staining. Sections of baseline and posttreatment biopsies from
7 patients were subjected to deparaffinization, rehydration, and permea-
bilization with 0.1% Triton-X and 0.1% sodium citrate in PBS. Sections
were subjected to In Situ Cell Death Detection, Peroxidase kit (Roche
Diagnostics) followed by counterstaining with hematoxylin. DNase I
treatment of positive (with terminal transferase) and negative (without
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p-actin

Figure 8

SEB-1 sebocytes express the receptor for NGAL. (A) SEB-1 sebocytes
were grown under standard conditions and immunocytochemistry was
performed using an antibody to the murine 24p3R. Slides were coun-
terstained with hematoxylin. Negative control (NC) was processed
with normal rabbit IgG antibody in place of the primary antibody. Scale
bar: 50 um. Immunoreactivity for the 24p3R localizes to the cytoplasm
of SEB-1 sebocytes. (B) Western analysis confirms presence of the
receptor and indicates 2 receptor isoforms are present in SEB-1 sebo-
cytes: high molecular weight (H.M.W.) and 24p3R long (24p3R-L).
Positive ([+]; HEK 293 cell lysate) and negative ([-]; T47D cell lysate)
controls provided by are shown. All samples were run on the same gel
but were noncontiguous. Blot shown is representative of 3 indepen-
dent experiments.
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terminal transferase) controls were included as assay controls according
to manufacturer’s instructions. At least 2 baseline and 1-week skin sec-
tions were analyzed from every patient. Patient 7 was omitted from the
analysis, as no sebaceous glands were found in baseline biopsy sections.
Results were analyzed by counting positively stained cells and divid-
ing by the total cells in sebaceous glands. Data represent mean + SD,
n =6 patients; paired ¢ test was used for statistical analysis and considered
significant if P values were less than 0.05.

SEB-1 sebocytes (passage 22-28) were cultured in 12-well plates in stan-
dard medium until approximately 30%-40% confluent. Wells were rinsed
with PBS and treated in duplicate with vehicle control, 1 pg/ml, 10 pg/ml,
100 pg/ml, 1 ng/ml, or 10 ng/ml of thNGAL (R&D Systems) or human
actin (negative control; Cytoskeleton) protein for 24 hours. In all experi-
ments, each well was considered 1 sample. Samples were prepared by man-
ufacturer’s instructions for In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostics). DNase I treatment of positive and negative controls
(without terminal transferase) were included as assay controls according
to manufacturer’s instructions. Results were analyzed and quantified by
counting positive stained cells per total number of cells in 3 representative
fields per well for each of the treatments done in duplicate. Four indepen-
dent rhNGAL experiments were performed, whereas treatment with actin
was performed once. Statistical analyses were performed between control
and each treatment concentration, using 2-factor ANOVA with replication
and considered significant if P was less than 0.05.

Western blotting. Mouse monoclonal antibody to LCN2 (NGAL) was obtained
from Abcam Inc. The 24p3R (NGAL receptor) affinity-purified antibody,
positive (HEK 293 cell lysate) and negative (T47D cell lysate) controls were
kindly provided by Michael Green. GAPDH (no. 2118), cleaved caspase 3 (no.
9664), p-actin (no. 4967) and anti-rabbit HRP linked secondary antibodies
(no. 7074) were purchased from Cell Signaling Technology. Secondary anti-
mouse HRP antibody was purchased from Santa Cruz Biotechnology Inc.

SEB-1 sebocytes (passages 22-28) were in standard culture medium
until 50%-75% confluent. Treatments of 13-cis RA (0.1 nM, 1 nM, 10 nM,
0.1 uM, or 1 uM,) or ethanol vehicle (0.01% or less) were applied for 48
or 72 hours. In parallel studies, identical concentrations of ATRA were
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applied for 72 hours. In all experiments, each plate was considered an
independent sample, and total protein was collected. Blots were incu-
bated with appropriate primary and secondary antibodies followed by
densitometry. Each experiment was repeated a minimum of 3 indepen-
dent times. Data was analyzed using a paired ¢ test, and results were con-
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