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Abstract: All-trans retinoic acid (ATRA) influences cellular proliferation and differentiation but its mechanisms of action 
are not understood in keratinocytes. To investigate the potential mechanisms of action of ATRA in keratinocytes, microarray 
analysis of ATRA-treated normal human epidermal keratinocytes (NHEKs) was performed. Based on microarray data, we 
focused on insulin-like growth factor binding protein-6 (IGFBP-6), which is known to inhibit cellular senescence but has 
not been previously investigated in the context of ATRA-induced signaling in NHEKs. We verified that ATRA significantly 
increased IGFBP-6 gene and protein expression in NHEKs. Next, the effects of ATRA and IGFBP-6 on cell proliferation 
and senescence in H2O2-treated NHEKs were examined. IGFBP-6 was knocked-down using siRNA or overexpressed 
using pCMV-IGFBP-6. Cellular proliferation was observed using the bromodeoxyuridine (BrdU) incorporation assay. 
Cellular senescence was determined by monitoring SA-β-Gal staining and p21 expression. When IGFBP-6 was knocked 
down, cellular proliferation was inhibited, and the cellular senescence markers were increased. IGFBP-6 overexpression or 
ATRA treatment of H2O2-treated NHEKs rescued these effects. Taken together, our results suggest that ATRA prevents 
premature senescence-related skin damage at least in part by increasing IGFBP-6 expression, as shown herein in reactive 
oxygen species (ROS)-stimulated NHEKs.
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INTRODUCTION

The human skin is a complex organ with a tangled 
structure basically consisting of two layers, the outer 
epidermis and the lower dermis, which are attached to 
each other through a basement membrane [1-3]. Kera-
tinocytes are the most abundant cells in the epidermis. 
They protect the skin from external stimuli, such as 
ultraviolet (UV) irradiation and pathogens, but these 
external stimuli can induce keratinocyte senescence. 
All-trans retinoic acid (ATRA) is a natural derivative 
of vitamin A that influences various cellular processes, 
including cellular proliferation and differentiation 
[1,4,5]. It acts by inducing or maintaining the differ-

entiation of keratinocytes. Studies have shown that 
ATRA can postpone the senescence of keratinocytes 
at least in part by inhibiting the expression of p16 and 
betaig-h3 and inducing telomerase activity [6]. ATRA 
can also exert proliferative effects on normal human 
epidermal keratinocytes (NHEKs) by upregulating 
P2Y purinoceptor 2 (P2Y2) [7]. Thus, ATRA has been 
used as a therapeutic agent for numerous skin disor-
ders [1]. However, the action mechanisms of ATRA 
have not been well studied and need to be elucidated 
in greater detail.

Aged skin cells show altered secretion of growth 
factors, cytokines, chemokines and proteases, which 
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characterizes the senescence-associated secretory 
phenotype (SASP) [3,8]. The insulin-like growth 
factor (IGF) binding proteins (IGFBPs), which are 
known to be involved in SASP, bind to IGFs with a 
greater affinity than the IGF receptors. The IGFBPs 
thus play important roles in regulating IGF signaling, 
which is closely related to cellular proliferation [9,10]. 
About 98% of IGF-1 is constitutively bound to one of 
the six well-characterized IGFBP family members. 
IGFBP-6 is a recently discovered IGFBP that inhibits 
senescence and regulates cellular proliferation in fi-
broblasts [11,12]. Deletion of IGFBP-6 in human der-
mal fibroblasts decreases cell proliferation and induces 
apoptosis and senescence, whereas overexpression of 
IGFBP-6 prevents apoptosis and delayed senescence in 
fibroblasts [3]. Relatively few reports have addressed 
the function of IGFBP-6 in human epidermal kerati-
nocytes [13,14]. 

Reactive oxygen species (ROS), including H2O2, 
cause oxidative stress and DNA damage [15]. If DNA 
damage is not repaired, the cell will undergo apop-
tosis or premature senescence. Under pathological 
conditions, excessive ROS are especially harmful and 
induce cellular aging or cell death [16]. Recent studies 
showed that both long-term intracellular accumula-
tion of H2O2 and exogenous exposure to subcytotoxic 
concentrations of H2O2 induce cells to undergo pre-
mature senescence [17,18].

In the present study, we used microarray analysis 
to identify genes that exhibit differential expression in 
ATRA-treated keratinocytes. Based on the obtained 
microarray data, we selected IGFBP-6 for further 
study. The relationship between ATRA and IGFBP-6 
in keratinocytes is not clear, especially with respect to 
oxidative stress-mediated cellular senescence, so we 
decided to elucidate the expression and function of 
IGFBP-6 in ATRA-treated keratinocytes. We verified 
that ATRA significantly induces IGFBP-6 expression 
in NHEKs, and then examined the inhibitory effects 
of ATRA and IGFBP-6 on ROS-induced premature se-
nescence in NHEKs. Our results offer the first insight 
into the relationship between ATRA and IGFBP-6 and 
their effects on oxidative stress-induced senescence 
of keratinocytes.

MATERIALS AND METHODS

Materials and cell culture

ATRA and H2O2 were purchased from Sigma Aldrich 
(St. Louis, MO, USA). NHEKs were purchased from 
Invitrogen (San Diego, CA, USA). Cultured NHEKs 
(early-passage cells) were used for all experiments. 
NHEKs were grown in keratinocyte basal medium 
(KBM)-gold supplemented with a bullet kit (KBM-
Gold bullet kit; Lonza, Walkersville, MD, USA) at 
37°C in a humidified atmosphere containing 5% CO2.

Microarray analysis

Duplicate cultures of NHEKs were treated for 2 days 
with 1 µM of ATRA and RNA was isolated. The RNA 
sample integrity was checked on an Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). RNA (5 µg) was used for cDNA synthesis and 
labeling using a One-Cycle cDNA Synthesis Kit (Af-
fymetrix). The total transcriptional profiles of ATRA 
treated- and untreated-NHEKs were compared using 
an Affymetrix Human Genome U133 plus 2.0 Array 
chip.

IGFBP-6 knock-down and gene overexpression 
systems

For IGFBP-6 knockdown, IGFBP-6-specific siRNA 
(ON-TARGETplus SMART pool siRNA; Dharma-
con, CO, USA) was transfected into NHEKs using 
lipofectamine 2000 reagent (100 µM; Invitrogen, 
USA). For IGFBP-6 overexpression, pCMV-IGFBP-6 
(Origene, Rockville, MD, USA) was transfected into 
NHEKs using the Effectene reagent (Qiagen, Valencia, 
CA, USA). In both cases, cells were harvested on day 
3 post-transfection. 

Cell proliferation assay

Cell proliferation was assessed using a BrdU kit 
(Roche Applied Science, IN, USA) according to the 
manufacturer’s instructions. Briefly, cultured cells 
were incubated with BrdU labeling solution for 2 h at 
37°C in a humidified incubator. The cells were washed 
twice with washing solution and fixed with fixative 
solution for 30 min, and the fixed cells were treated 
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with nuclease working solution. The cells were then 
incubated with anti-BrdU-POD for 30 min, the per-
oxidase substrate was added, and absorbance at 405 
nm was measured using a microplate reader (Synergy 
2; BioTek, Inc., VT, USA).

H2O2-induced premature senescence model and 
SA-β-Gal staining

For the induction of premature senescence, NHEKs 
were treated with 100 µM H2O2 for 2 h and cultured 
in fresh medium for 48 h. The senescent status was 
verified via in situ SA-β-Gal staining according to the 
manufacturer’s instructions (Abcam, Cambridge, UK). 
Briefly, cultured NHEKs were fixed with fixative so-
lution for 10 min at room temperature and the fixed 
cells were stained with staining solution containing 
20 mg/mL X-gal for 24 h.

RNA isolation and real-time quantitative PCR

Total RNA was extracted using a Qiagen RNeasy mini 
kit (Qiagen) according to the manufacturer’s manual. 
First-strand cDNA was synthesized from 4 µg of total 
RNA using a SuperscriptTM III First-strand synthesis 
system (Invitrogen). Real-time qPCR was performed 
in an ABI 7500HT fast system using the TaqManTM 
Universal PCR Master Mix (both from Applied Bio-
systems, Foster City, CA, USA). Taq-
Man probes for IGFBP-6 and ribosomal 
protein lateral stalk subunit P0 (RPLP0) 
were purchased from Applied Biosystems. 
Relative changes in the IGFBP-6 mRNA 
expression level were normalized with 
respect to the RPLP0 mRNA expression 
level in the same sample.

Western blotting

To prepare intracellular protein samples, 
cells were lysed in lysis buffer containing 
150 mM NaCl, 1.0% IGEPAL® CA-630 
(Sigma-Aldrich, St. Louis, MO, USA), 
0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS) and 50 mM 
Tris (pH 8.0). Lysates were centrifuged, 
the soluble fractions were separated by 
SDS-polyacrylamide-gel electrophoresis 

(PAGE), and the resolved proteins were transferred to 
a nitrocellulose membrane. The blots were incubated 
with anti-p21, anti-IGFBP-6 (Abcam, Cambridge, 
MA, USA), or anti-β-actin (Santa Cruz Biotechnol-
ogy, CA, USA), and developed using an enhanced 
chemiluminescence detection system (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA).

Statistical analysis

The results are expressed as the mean±standard devia-
tion (SD) of at least three independent measurements. 
Statistically significant differences were determined 
using the t-test and a two-tailed value of P<0.05 was 
considered statistically significant. (Three levels of sta-
tistical significance were considered (P<0.05, P<0.01 
and P<0.001), as will be indicated).

RESULTS

ATRA induces IGFBP-6 expression in NHEKs

Microarray analysis of about 47000 genes in ATRA-
treated versus -untreated NHEKs revealed that 163 
and 75 genes were significantly (>2-fold) upregulated 
and downregulated by ATRA, respectively. Of the top 
10 upregulated genes (Table 1), we selected IGFBP-6 

Table 1. Top 10 upregulated differentially expressed genes.

UniGene ID Gene 
Symbol Gene name Fold change*

(2 days)
Hs.654568 KRT 19 keratin 19 5.7
Hs.654570 KRT 15 keratin 15 5.7
Hs.148641 CTSH cathepsin H 4.7
Hs.438231 TFP I2 tissue factor pathway inhibitor 2 4.5

Hs.274313 IGFBP 6 insulin-like growth factor 
binding protein 6 4.2

Hs.371240 AKAP 12 A kinase (PRKA) anchor protein 12 4.1

Hs.226307 APOBEC 3B
apolipoprotein B mRNA editing 
enzyme, catalytic polypeptide-like 
3B

3.6

Hs.297413 MMP 9
matrix metallopeptidase 9 
(gelatinase B, 92kDa gelatinase, 
92kDa type IV collagenase)

3.6

Hs.654422 TUBA1A tubulin, alpha 1a 3.5
Hs.531561 EMP 2 epithelial membrane protein 2 3.4

*Based on microarray analysis of the fold increase in gene expression for NHEKs 
treated with ATRA for 2 days vs non-treated NHEKs (control).
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for further study based on a previous report that 
IGFBP-6 is associated with aging in fibroblasts [3]. We 
first performed real-time qPCR and Western blotting 
to confirm that IGFBP-6 expression was increased in 

ATRA-treated NHEKs at both the mRNA 
and protein levels. Based on the results 
of our microarray analysis, ATRA sig-
nificantly enhanced IGFBP-6 expression 
in NHEKs at both the mRNA (Fig. 1A) 
and protein (Fig. 1B) levels. IGFBP-6 ex-
pression was powerfully increased after 
ATRA treatment for 5 days.

IGFBP-6 knock-down decreases cell 
proliferation and increases senescence 
in NHEKs

To begin assessing the significance 
of IGFBP-6 for cellular proliferation 
and senescence in NHEKs, we trans-
fected NHEKs with scrambled (sc) RNA 
or IGFBP-6 siRNA (50 nM or 100 nM 
siRNA), incubated the cells for 3 days, 
and conducted Western blot analysis of 
IGFBP-6 expression. We confirmed that 
both 50 and 100 nM of IGFBP-6 siRNA 
successfully inhibited IGFBP-6 protein 
expression in NHEKs, whereas scRNA 
treatment did not affect IGFBP-6 pro-
tein expression (Fig. 2A). This indicated 
that IGFBP-6 expression was effectively 
knocked down by IGFBP-6 siRNA trans-
fection in NHEKs. Interestingly, we also 
noted that IGFBP-6 siRNA treatment of 
NHEKs significantly upregulated the ex-
pression of p21 protein, which is an in-
hibitor of cyclin-dependent kinases and 
a marker of cellular senescence. We next 
used a BrdU incorporation assay to as-
sess how IGFBP-6 knock-down affected 
cell proliferation in NHEKs. As shown in 
Fig. 2B, cellular proliferation was reduced 
in IGFBP-6-depleted NHEKs, indicating 
that IGFBP-6 positively influenced the 
proliferation of NHEKs. We then used 
SA-β-Gal staining to elucidate whether 
the knock-down of IGFBP-6 induces cel-
lular senescence in NHEKs. As shown in 
Fig. 2C, the number of SA-β-Gal-positive 

(senescent) NHEKs increased under IGFBP-6 deple-
tion, suggesting that IGFBP-6 is indeed involved in 
regulating cellular senescence in NHEKs. These data 

Fig. 1. ATRA induces IGFBP-6 expression in NHEKs. NHEKs were treated with 1 
µM of ATRA, and (A) real-time qPCR and (B) Western blotting were performed 
on days 2 and 5. Data are expressed as the mean±SD of at least three independent 
measurements. Statistically significant differences were determined by the t-test. 
***P<0.001 vs non-treated (NT) control group.

Fig. 2. IGFBP-6 silencing decreases cell proliferation and increases senescence 
in NHEKs. IGFBP-6 was knocked down using a specific small interfering RNA 
(IGFBP-6 siRNA). A – Protein levels of IGFBP-6 and p21 examined by Western 
blotting. B – Cell proliferation by BrdU incorporation in NHEKs transfected with 
scRNA or IGFBP-6 siRNA. The bar graphs represent the mean of the percent 
change compared to the scRNA-transfected control. C – Changes in the number of 
senescent cells monitored by SA-β-Gal staining. SA-β-Gal positive cells are blue. 
Data are expressed as the mean±SD of at least three independent measurements. 
Statistically significant differences were determined using the t-test. **P<0.01, 
***P<0.001 vs the scRNA-transfected control group.
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suggest that IGFBP-6 may promote cellular prolifera-
tion and prevent cellular senescence in NHEKs.

IGFBP-6 overexpression increases cell 
proliferation and decreases senescence in H2O2 
-treated NHEKs

Based on our observation that IGFBP-6 depletion 
promoted cellular senescence in NHEKs, we next in-
vestigated whether elevated IGFBP-6 expression could 
reduce cellular senescence induced by an external oxi-
dative stress, such as that triggered by H2O2 exposure. 
To elucidate whether IGFBP-6 prevents H2O2-induced 
oxidative damage, we transfected NHEKs with an 
IGFBP-6 overexpression vector or empty control vec-
tor (pCMV) and exposed the transfected cells to 100 
µM H2O2 (identified as a subcytotoxic dose in pre-
liminary experiments; data not shown) for 3 days. As 
shown in Fig. 3A, NHEKs transfected with the pCMV-
IGFBP-6 overexpression vector showed a high level 
of expression of IGFBP-6 in the presence or absence 
of H2O2. Exposure to H2O2 was found to increase 

p21 in pCMV-transfected cells, but this 
upregulation of p21 was clearly reduced 
in IGFBP-6-overexpressing NHEKs. 
The BrdU incorporation assays revealed 
that although H2O2 treatment inhib-
ited cell proliferation in both groups, 
IGFBP-6-overexpressing NHEKs exhib-
ited higher proliferation than control 
pCMV-transfected NHEKs in both the 
presence and absence of H2O2 (Fig. 3B). 
H2O2 treatment dramatically induced cel-
lular senescence, but the H2O2-induced 
increase of SA-β-Gal-positive cells was 
lower in IGFBP-6-overexpressing cells 
(Fig. 3C). Taken together, the data indi-
cate that IGFBP-6 contributes to defend-
ing NHEKs against oxidative stress. 

ATRA increases cell proliferation and 
decreases senescence in H2O2-exposed 
NHEKs

Finally, we examined whether ATRA 
could also prevent cellular damage in 
H2O2-stimulated NHEKs. One µM of 
ATRA was applied to NHEKs in the pres-
ence or absence of H2O2 for 3 days, and 

BrdU incorporation and the SA-β-Gal staining assays 
were performed. As shown in Fig. 4A, H2O2 expo-
sure reduced the cell numbers of NHEKs, but ATRA 
treatment recovered cell viability up to the control 
level in H2O2-treated NHEKs. The cellular senescence 
induced by H2O2 exposure of NHEKs was also sig-
nificantly inhibited by ATRA (Fig. 4B). In addition, 
IGFBP-6 expression was increased by ATRA treatment 
of NHEKs regardless of the presence or absence of 
H2O2 (Fig. 4C).

DISCUSSION

Aged human skin is characterized by structural and 
functional alterations of the epidermis and dermis, 
including decreased epidermal thickness, flatten-
ing of the dermal-epidermal junction and decreased 
keratinocyte proliferation [19,20]. The epidermis is 
exposed to UV light, which causes oxidative stress 
and DNA damage that in turn predisposes the skin 

Fig. 3. IGFBP-6 overexpression increases cell proliferation and decreases se-
nescence in H2O2-treated NHEKs. IGFBP-6 was overexpressed using pCMV-
IGFBP-6. A – Protein expression levels of IGFBP-6 and p21 examined by Western 
blotting. B – Cell proliferation of IGFBP-6-overexpressing NHEKs was assessed by 
BrdU incorporation. The bar graphs represent the mean of percent change com-
pared to the vector control (pCMV). C – Changes in the numbers of senescent 
cells monitored by SA-β-Gal staining. SA-β-Gal positive cells are blue. Data are 
expressed as the mean ± SD of at least three independent measurements. Statisti-
cally significant differences were determined using the t-test. **P<0.01 vs pCMV 
transfected-control group; #P<0.05, ###P<0.001 vs H2O2 non-treated control group.
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to damage and different diseases (e.g. cancers), and 
is responsible for the characteristic aged appearance 
[21]. Premature senescence can be caused by oxidative 
and other stresses that cause DNA damage, chromatin 
perturbation, oncogene expression [22].

ATRA is a representative anti-aging agent that is 
used in cosmetics, although its mechanisms of action 
have not been well elucidated. Herein, we have defined 
for the first time the gene alterations that are related to 
the actions of ATRA in human keratinocytes. We first 
performed microarray analysis in an effort to identify 
genes related to the effect of ATRA on NHEKs. This 
analysis suggested that ATRA significantly increased 
IGFBP-6 gene expression in NHEKs; we confirmed 
this increase at the protein and mRNA levels. ATRA 
was previously reported to regulate the synthesis of 
IGF and IGFBP in cancer cells [23-25], suggesting that 
it could be a potent regulator of IGFBP expression. 
Among the IGFBPs, IGFBP-6 is known to prevent ag-
ing by regulating p21 in fibroblasts [3]. However, no 
previous study had examined the possible relation-
ship between ATRA and IGFBP-6 in NHEKs. Based 

on our initial observations and previous 
reports, we posited the novel hypoth-
esis that ATRA might prevent oxidative 
stress-induced cell damage via an IGFBP-
6-mediated pathway.

Subcytotoxic concentrations of exog-
enous H2O2 stimulate intracellular ROS 
generation [26], and prolonged exposure 
to H2O2 leads to premature cellular se-
nescence, which is characterized by the 
inhibition of proliferation and increased 
levels of SA-β-Gal [27-29]. In the present 
study, we demonstrated that both ATRA 
and IGFBP-6 recovered cell viability and 
prevented keratinocyte senescence in 
H2O2-treated NHEKs. These findings 
suggest that ATRA and IGFBP-6 are ef-
fective in preventing the cellular senes-
cence induced by oxidative stress.

The current study is limited in that 
we did not identify a direct correlation 
between ATRA and IGFBP-6 in NHEKs. 
To show that ATRA-induced IGFBP-6 
directly regulates cell proliferation and 
senescence in H2O2-treated NHEKs, we 

performed further experiments using IGFBP-6 siRNA 
in ATRA-treated, H2O2-exposed NHEKs. IGFBP-6 
siRNA transfection neutralized the increase in cell 
numbers and reduced cellular senescence associat-
ed with ATRA treatment of H2O2-exposed NHEKs. 
These data supported our hypothesis that ATRA 
controls cell viability and senescence via an IGFBP-
6-dependent pathway in H2O2-treated NHEKs. Cell 
viability differed between scRNA- and IGFBP-6 
siRNA-transfected, H2O2-treated NHEKs, but not 
between the corresponding non-treated NHEKs. We 
speculate that the experimental conditions for both 
siRNA transfection and H2O2 stimulation could have 
complex effects on cell survival.

No previous report has examined the role and 
action mechanism of IGFBP-6 in human epidermal 
keratinocytes. In contrast, retinoic acid is well known 
to function as an anti-aging agent by acting on vari-
ous pathways in keratinocytes. However, to the best 
of our knowledge it has not been demonstrated that 
retinoic acid mediates IGFBP-6 gene expression in 

Fig. 4. ATRA increases cell proliferation and decreases senescence in H2O2-treated 
NHEKs. A – Cell proliferation of ATRA-treated NHEKs assessed via BrdU in-
corporation. B – Changes in percentages of senescent cells detected by SA-β-Gal 
staining. C – Protein expression levels of IGFBP-6 examined by Western blotting. 
Data are expressed as the mean±SD of at least three independent measurements. 
Statistically significant differences were determined using the t-test. *P<0.05 
vs non-treated (NT) control group; ##P<0.01, ###P<0.001 vs H2O2 non-treated 
control group.
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NHEKs. Our microarray data show that ATRA mark-
edly increases IGFBP-6 expression, which led us to 
propose that the anti-aging efficacy of ATRA could 
be related to changes in IGFBP-6 expression. We then 
examined whether ATRA and IGFBP-6 can affect cel-
lular senescence and oxidative stress, which are major 
phenomena in aging. Our results revealed that cellu-
lar proliferation was inhibited, and the levels of cel-
lular senescence markers (SA-β-Gal and p21) were 
increased after knock-down of IGFBP-6. Notably, the 
premature senescence phenotype induced by oxidative 
stress was counteracted by IGFBP-6 overexpression. 
These findings show for the first time that IGFBP-6 
regulates premature senescence in NHEKs. In addi-
tion, we confirmed that ATRA powerfully induces 
IGFBP-6 expression in NHEKs, as assessed using mi-
croarray analysis, real-time qPCR and Western blot-
ting. Taken together, our findings indicate that ATRA 
may prevent the oxidative stress-mediated cellular 
senescence of NHEKs at least partly via upregulation 
of IGFBP-6 in NHEKs, although further studies are 
needed to discover the relationship between ATRA 
and IGFBP-6.

In conclusion, the results of examination of al-
terations of gene expression in ATRA-treated NHEKs 
presented herein allowed us to conclude that ATRA 
induces IGFBP-6 expression in NHEKs, and that 
ATRA or IGFBP-6 can alleviate cellular damage (e.g., 
subcytotoxicity and senescence) in oxidatively stressed 
NHEKs. These findings suggest that IGFBP-6 proteins 
regulate the proliferation and senescence of human 
keratinocytes and that ATRA may act as an anti-ag-
ing agent at least partly via an IGFBP-6-dependent 
pathway. The current study provides important new 
insight into the mechanism of action through which 
ATRA provides anti-aging effects on the skin.
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