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Abstract: Activation of the aryl hydrocarbon receptor (AHR) in normal human epidermal keratinocytes
(NHEKs) accelerates keratinocyte terminal differentiation through metabolic reprogramming and
reactive oxygen species (ROS) production. Of the three NOS isoforms, NOS3 is significantly increased
at both the RNA and protein levels by exposure to the very potent and selective ligand of the AHR,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Inhibition of NOS with the chemical N-nitro-l-arginine
methyl ester (l-NAME) reversed TCDD-induced cornified envelope formation, an endpoint of
terminal differentiation, as well as the expression of filaggrin (FLG), a marker of differentiation.
Conversely, exposure to the NO-donor, S-nitroso-N-acetyl-DL-penicillamine (SNAP), increased the
number of cornified envelopes above control levels and augmented the levels of cornified envelopes
formed in response to TCDD treatment and increased the expression of FLG. This indicates that nitric
oxide signaling can increase keratinocyte differentiation and that it is involved in the AHR-mediated
acceleration of differentiation. As the nitrosylation of cysteines is a mechanism by which NO affects
the structure and functions of proteins, the S-nitrosylation biotin switch technique was used to
measure protein S-nitrosylation. Activation of the AHR increased the S-nitrosylation of two detected
proteins of about 72 and 20 kD in size. These results provide new insights into the role of NO and
protein nitrosylation in the process of epithelial cell differentiation, suggesting a role of NOS in
metabolic reprogramming and the regulation of epithelial cell fate.
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p-dioxin (TCDD); nitric oxide synthase (NOS); nitric oxide (NO); S-nitrosylation; metabolic
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1. Introduction

Ligand activation of the aryl hydrocarbon receptor (AHR), a basic-helix-loop-helix, Per-Arnt-
Sim domain-containing transcription factor, is associated with diverse cellular, immunological,
and toxicological effects [1]. Particular to keratinocyte and skin models, activation of the AHR
results in an accelerated differentiation program [2,3], as well as an increase in cellular proliferation [4].
In monolayer and organotypic cultures of keratinocytes, activation promotes the differentiation of
the proliferating basal cell, ultimately leading to an increase in terminally differentiated anucleated
corneocytes [5–8]. In utero, activation of the receptor accelerates the development of the murine
epidermal permeability barrier [8,9].

Activation of the AHR increases the expression of numerous genes involved in keratinocyte
differentiation, yet decreases the expression of an even larger number of genes, several of which
have been linked to keratinocyte differentiation [5,7,8]. The repression of two of these genes, SLC2A1
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and ENO1, results in a decrease in glycolytic flux and an increase in SIRT1, which are necessary for
keratinocyte differentiation [10]. Similar to repression of genes in the glycolytic pathway, activation of
the AHR decreases the expression of numerous mitochondrial genes. This repression likely contributes
to the decreased inner mitochondrial membrane potential, decreased ATP production and increased
mitochondrial-specific reactive oxygen species (ROS) in the differentiating keratinocyte. Importantly,
inhibition of ROS with antioxidants blocks AHR-mediated keratinocyte differentiation [7]. Thus,
as a regulator of glycolysis and mitochondrial function, the AHR metabolically reprograms the
keratinocyte and alters its cell fate. This oxidative environment of the differentiating keratinocyte is
conducive to the formation of a subset of ROS, reactive nitrogen species (RNS).

Nitric oxide (NO) is produced by the conversion of L-arginine and oxygen into l-citrulline.
This reaction is catalyzed by the three nitric oxide synthase enzymes, NOS1, NOS2, or NOS3.
Each of these isoforms are homodimeric, calmodulin-binding oxidoreductases that couple with
nicotinamide-adenine-dinucleotide phosphate (NADPH), heme, tetrahydrobiopterin (BH4), flavin
adenine dinucleotide (FAD), and flavin mononucleotide (FMN) to facilitate the transfer of
electrons between their oxygenase and reductase domains. In addition to substrate and cofactor
availability, NOS enzymatic activity is controlled by transcriptional, post-transcriptional, translational,
and post-translational regulation [11–13]. While NOS1 and NOS2 are broadly expressed across tissues,
the expression of NOS3 is narrower. NOS1 and NOS3 are normally expressed constitutively, although
they are also inducible. The expression of NOS2 is most often detected following exposure to certain
inflammatory cytokines and/or bacterial polysaccharides, but it is also constitutively expressed [14].
In the skin, constitutive NOS activity is believed to play a role in the epidermal barrier as well as in the
blood flow rate in the microvasculature, while induced NOS activity is important in wound repair,
responses to UV irradiation, pathogens, and the etiology of certain skin diseases [15].

The biological signaling of NO has two main pathways. The first is the classical mode where NO
binds to heme iron on soluble guanylate cyclase to induce the formation of cGMP. The induction of
cGMP affects enzymes such as cGMP-gated ion channels, phosphodiesterases, and protein kinase G,
resulting in vasodilation, immune responses, and other biological responses. The second pathway
involves post-translational modification of proteins by nitrosylation. In the presence of ROS, NO forms
RNS that mainly target cysteine, tyrosine, and tryptophan amino acid residues [13]. The S-nitrosylation
reaction with cysteine is the most common as it has the fastest kinetics. It affects the structure and
function of a diverse set of protein substrates [13]. S-nitrosylation is exceedingly recognized as an
important posttranslational modification relevant to signal transduction and similar to phosphorylation
in its specificity [16]. S-nitrosylation of certain mitochondrial proteins is known to affect mitochondrial
function and increase ROS [17].

In the absence of growth factors, keratinocytes in culture differentiate as the level of confluence
increases; calcium accelerates this differentiation [18]. AHR activation with 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) promotes these mechanisms of keratinocyte differentiation [5]. RNA microarray data
from normal human epidermal keratinocytes (NHEKs) indicates that activation of the AHR increases
the expression of the nitric oxide synthesizing enzyme, NOS3 [7], suggesting that NO and likely RNS
are increased in the differentiating keratinocyte. Here we investigate these possibilities and the effect
on keratinocyte differentiation.

2. Results

Activation of the AHR in NHEKs had varying time-dependent effects on the levels of NOS mRNAs
(Figure 1). Following 48 h and 72 h of treatment with TCDD, NOS1 levels significantly decreased
compared to dimethyl sulfoxide (DMSO)-treated controls. Additionally, levels of NOS1 following
72 h of DMSO as well as 72 h of TCDD were significantly lower than their respective 48 h levels,
indicating that NOS1 gene expression decreased during keratinocyte differentiation. Activation of
the AHR accelerates this decrease. After 48 h of exposure to TCDD, NOS2 RNA levels were also
decreased. By 72 h of TCDD treatment there was a slight, but not significant increase of NOS2
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RNA levels. Additionally, NOS2 levels in the 72 h DMSO-treated samples were not significantly
decreased compared to levels in the 48 h DMSO-treated samples, indicating that NOS2 RNA is not
significantly changing during keratinocyte differentiation. In contrast, levels of NOS3 RNA increased
approximately 3-fold over the levels of the time-matched DMSO control following 48 h of TCDD
exposure, and approximately 7-fold over the levels of the time-matched DMSO control following 72 h
of TCDD treatment. The control levels of NOS3 at 72 h increased slightly compared to 48 h control
time point, though not significantly. These data point towards an increase of NOS3 RNA during
keratinocyte differentiation in response to activation of the AHR. In summary, NOS1 RNA decreased
during differentiation and this decrease was greater following activation of the AHR; NOS2 RNA
transiently decreased in response to AHR activation; and NOS3 RNA increased during differentiation
in response to activation of the AHR.
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Of the three NOS isoforms, only NOS2 and NOS3 proteins were detected in NHEKs using our 
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were below the limit of detection or whether the antibody did not have enough specificity and 
selectivity to detect NOS1 by immunoblot (data not shown). Further investigations of NOS1 will need 
to be pursued before a conclusion on its protein levels can be made. Although NOS2 levels appear to 
be increasing by TCDD, this increase was not statistically significant (Figure 2a). Only the NOS3 
protein was significantly increased by ligand activation of the AHR about 3-fold, consistent with 
NOS3 RNA increases (Figure 2b). TCDD-mediated increases in the NOS3 protein were abrogated by 
cotreatment with the potent and specific antagonist of the AHR, CH223191 [19], providing additional 
evidence that the effect of TCDD is mediated through the AHR (Figure 2c). These data indicate that 
of the NOS enzymes, NOS3 may selectively contribute to keratinocyte differentiation.  

Figure 1. Activation of the aryl hydrocarbon receptor (AHR) alters the levels of NOS1, 2 and 3 RNA.
mRNAs from normal human epidermal keratinocytes (NHEKs) treated with dimethyl sulfoxide (DMSO)
(0.1%, vehicle) or TCDD (10 nM) for the indicated times were measured. Levels (mean (n = 4) +/- SD)
were normalized with TATA binding protein (TBP) and plotted relative to DMSO (48 h), set to a value of
one. * indicates a significant difference, p < 0.05. Data were analyzed using two-way ANOVA followed
by Tukey’s post hoc tests.

Of the three NOS isoforms, only NOS2 and NOS3 proteins were detected in NHEKs using our
experimental conditions (Figure 2). It is currently unknown whether the levels of NOS1 in NHEKs were
below the limit of detection or whether the antibody did not have enough specificity and selectivity
to detect NOS1 by immunoblot (data not shown). Further investigations of NOS1 will need to be
pursued before a conclusion on its protein levels can be made. Although NOS2 levels appear to be
increasing by TCDD, this increase was not statistically significant (Figure 2a). Only the NOS3 protein
was significantly increased by ligand activation of the AHR about 3-fold, consistent with NOS3 RNA
increases (Figure 2b). TCDD-mediated increases in the NOS3 protein were abrogated by cotreatment
with the potent and specific antagonist of the AHR, CH223191 [19], providing additional evidence
that the effect of TCDD is mediated through the AHR (Figure 2c). These data indicate that of the NOS
enzymes, NOS3 may selectively contribute to keratinocyte differentiation.
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measured from NHEKs treated with DMSO (0.2%, vehicle) or TCDD (10 nM) for 72 h (a, b, c). In (c) 
NHEKs were also treated with the AHR antagonist, CH223191 (1 μM). Levels of NOS2 (a) and NOS3 
(b,c) (mean (n = 3) +/- SD) were quantified by densitometry, normalized with levels of either Actin 
Beta (ACTB) or Lamin A (LMNA), as indicated, and plotted relative to DMSO, set to a value of one 
(lower panels). The numbers to the left correspond to molecular weight markers in kilodaltons. * 
indicates a significant difference, p < 0.05. Data were analyzed using two-tailed Student’s t-test (a, b) 
or two-way ANOVA followed by Tukey’s post hoc tests (c). These results were replicated in NHEKs 
from a different source. 

Figure 2. Activation of the AHR increases the expression of NOS3 protein. Protein levels were measured
from NHEKs treated with DMSO (0.2%, vehicle) or TCDD (10 nM) for 72 h (a–c). In (c) NHEKs were also
treated with the AHR antagonist, CH223191 (1 µM). Levels of NOS2 (a) and NOS3 (b,c) (mean (n = 3)
+/- SD) were quantified by densitometry, normalized with levels of either Actin Beta (ACTB) or Lamin A
(LMNA), as indicated, and plotted relative to DMSO, set to a value of one (lower panels). The numbers
to the left correspond to molecular weight markers in kilodaltons. * indicates a significant difference,
p < 0.05. Data were analyzed using two-tailed Student’s t-test (a,b) or two-way ANOVA followed by
Tukey’s post hoc tests (c). These results were replicated in NHEKs from a different source.

The non-isozyme specific NOS inhibitor, N-nitro-l-arginine methyl ester (L-NAME), and the
NO donor, S-nitroso-N-acetyl-DL-penicillamine (SNAP), were used to determine whether levels of
NO affected keratinocyte terminal differentiation, as measured by the cornified envelope (CE) assay.
TCDD significantly increased cornified envelope formation to 6%. Treatment with L-NAME alone did
not significantly alter the formation of CEs, but cotreatment of l-NAME plus TCDD decreased the
percentage of CEs to one-half the level of TCDD alone (Figure 3a). Conversely, exposure to only the
NO donor, SNAP, increased CE formation compared to the DMSO control and cotreatment of TCDD
plus SNAP resulted in an even larger percentage of cornified envelopes (20%) (Figure 3b). Levels of
the differentiation marker, filaggrin (FLG), correlated with cornified envelope formation. l-NAME
decreased, while SNAP increased the levels of FLG in both the vehicle- and TCDD-treated NHEKs
(Figure 3c,d).

Numerous attempts to indirectly measure NO production in NHEKs using the Greiss assay
(with and without conversion of nitrate to nitrite) were unsuccessful, as the levels of nitrite in
NHEKs were below the detection limits of these assays (data not shown). Due to this detection
limitation and our knowledge of increasing ROS at the time of NOS3 induction [7], an assay to detect
cellular targets of RNS, protein S-nitrosylation, was undertaken. Activation of the AHR increased
the S-nitrosylation of two proteins with apparent molecular weights of approximately 72 and 20 kD
(Figure 4). The S-nitrosylation of each of these proteins increased about 3-fold.
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Figure 3. AHR-mediated keratinocyte differentiation is decreased by the NOS inhibitor, l-NAME
(1 mM) (a,c) and increased by the NO donor, SNAP (100 µM) (b,d). Percent cornified envelope (CE)
formation (a,b) (mean (n = 4) +/- SD) was measured in NHEKs treated as indicated for 5 days. Levels of
unprocessed FLG protein, proFLG, (c,d) (mean (n = 3) +/- SD) were measured in NHEKs treated
as indicated for 72 h. Protein was quantified by densitometry, normalized with levels of LMNA,
and plotted relative to DMSO, set to a value of one (c,d, lower panels). The numbers to the left
correspond to molecular weight markers in kilodaltons. * indicates a significant difference, p < 0.05.
Data were analyzed using two-way ANOVA followed by Tukey’s post hoc tests. These results were
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indicates a significant difference, p < 0.05. Data were analyzed using two-tailed Student’s t-test.  
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metabolic reprogramming events including a decrease in glycolysis by the down-regulation of the 
glucose transporter, SLC2A1, and the glycolytic enzyme, ENO1. The decrease in glycolytic flux 
stimulates an increase in SIRT1 that is reversed by pyruvate supplementation. Furthermore, AHR-
mediated keratinocyte differentiation is dependent on this increase in SIRT1. Down-regulation of 
glycolysis using glycolysis pathway inhibitors has the similar effect as activation of the AHR on 
keratinocyte differentiation, demonstrating that a decrease in glucose metabolism is sufficient to 
affect keratinocyte cell fate. In addition to glycolysis, activation of the AHR affects mitochondrial 
oxidative phosphorylation causing ATP levels and inner mitochondrial membrane potential to 
decrease. Concomitantly, the ratio of GSH/GSSG decreases, consistent with lower levels of 
glutathione reductase activity, and mitochondrial ROS levels increase. Importantly, inhibition of ROS 
with antioxidants decreases the AHR-mediated acceleration of differentiation [7]. Consistently, 
epidermal deletion of the murine mitochondrial transcription factor A (TFAM) diminishes 
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switch assay (lanes 1 and 2) to determine the assay background and with performing the switch
assay (lanes 3 and 4). Treatment with TCDD (72 h, 10 nM) is as indicated. The arrows to the right
of the immunoblot images indicate the proteins with increased S-nitrosylation. Numbers to the left
correspond to molecular weight markers in kilodaltons. The upper band corresponds to a protein
~72 kD and the lower arrow, a protein ~20 kD. Lower panel, the same samples as in the upper panel
were run in parallel and stained with coumassie blue to demonstrate similar protein loading of samples.
(b) Quantitation of protein S-nitrosylation. Left, immunoblot of S-nitrosylated proteins. Treatment with
TCDD is as indicated. The numbers to the left correspond to molecular weight markers in kilodaltons.
The upper arrow corresponds to a protein ~72 kD and the lower arrow corresponds to a protein ~20 kD.
Right, levels of protein S-nitrosylation of ~72 kD and ~20 kD proteins (mean (n = 4) +/- SD) were
quantified by densitometry, and plotted relative to DMSO, set to a value of one. * indicates a significant
difference, p < 0.05. Data were analyzed using two-tailed Student’s t-test.

3. Discussion

Metabolic regulation of cell fate is described for several biological systems including macrophages [20],
stem cells [21], vascular endothelial cells [22], and T cells [23]. Our recent studies [10] demonstrate
that AHR-mediated keratinocyte differentiation occurs through a series of metabolic reprogramming
events including a decrease in glycolysis by the down-regulation of the glucose transporter, SLC2A1,
and the glycolytic enzyme, ENO1. The decrease in glycolytic flux stimulates an increase in SIRT1 that
is reversed by pyruvate supplementation. Furthermore, AHR-mediated keratinocyte differentiation
is dependent on this increase in SIRT1. Down-regulation of glycolysis using glycolysis pathway
inhibitors has the similar effect as activation of the AHR on keratinocyte differentiation, demonstrating
that a decrease in glucose metabolism is sufficient to affect keratinocyte cell fate. In addition to
glycolysis, activation of the AHR affects mitochondrial oxidative phosphorylation causing ATP levels
and inner mitochondrial membrane potential to decrease. Concomitantly, the ratio of GSH/GSSG
decreases, consistent with lower levels of glutathione reductase activity, and mitochondrial ROS levels
increase. Importantly, inhibition of ROS with antioxidants decreases the AHR-mediated acceleration
of differentiation [7]. Consistently, epidermal deletion of the murine mitochondrial transcription
factor A (TFAM) diminishes mitochondrial ROS and inhibits epidermal differentiation [24]. Due to
the significant contribution of ROS to keratinocyte differentiation [7,24] and because RNS are critical
effectors of oxidation-potential that often target mitochondrial proteins [17], an understanding of RNS
in the regulation of the keratinocyte cell fate is of interest.

Here we have followed up on the observation that AHR activation increases the levels of NOS3
RNA in keratinocytes [7]. To begin our understanding of a role of NO in AHR-mediated keratinocyte
differentiation, all three NOS isoforms, NOS1, NOS2 and NOS3, were investigated. Of the three
isoforms, only NOS3 RNA and protein were consistently and significantly increased by activation of
the AHR in keratinocytes. AHR binding was not detected within 5 kb of the transcriptional start site
of NOS3 [10], suggesting that the increase of NOS3 by the AHR is not due to direct transcriptional
regulation, but to a factor capable of inducing NOS3. To the best of our knowledge, AHR-mediated
effects on NOS3, specifically in keratinocytes, have not been reported. In murine fibroblasts, TCDD
increases NOS3 RNA [25]. However, in primary human umbilical endothelial cells AHR agonists
decrease NOS3 activity and NO formation, and NOS3 expression is increased in the aortas of AHR -/-
mice compared to WT mice [26]. Thus, in certain cells and tissues, activation of the AHR appears to
repress NOS3 expression, in contrast to what we report here in keratinocytes. In regard to the other
NOS isoforms, activation of the AHR increases NOS1 in PC12 cells [27] and NOS2 in microglial [28],
mesenchymal stem cells [29], and murine lung homogenate [30]. The mechanistic studies in the lung
homogenates indicate that NOS2 is not a direct gene target of the AHR, as binding of the AHR to the
NOS2 gene was not detected. The authors propose that a NOS2-inducing factor mediates the increases
by TCDD [30].
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Through the use of the non-isozyme specific NOS inhibitor, l-NAME, and the NO donor,
SNAP, we provided evidence that NO plays a role in AHR-dependent and AHR-independent
acceleration of terminal differentiation. Previous reports of the involvement of NO in keratinocyte
differentiation are conflicting. For example, our results of the involvement of NO in keratinocyte
differentiation are in sharp contrast to a study demonstrating an inhibition of CE formation following
SNAP exposure [31]. This may be due to the differences in concentration of SNAP, as inhibition
of CE formation was reported using concentrations of SNAP 10-100X higher than the 100 µM used
here. This suggests that the effects of NO on keratinocyte differentiation may be concentration
dependent. Additionally, differences may reflect peroxynitrite formation, which is dependent not
only on NO, but also on specific ROS, such as superoxide. For example, the pure NO donor,
3-(2-Hydroxy-2-nitroso-1-propylhydrazino)-1-propanamine (PAPA NONOate), while inhibiting cell
growth, does not increase keratinocyte differentiation markers to the same extent as the NO donor,
3-morpholinosydnonimine (SIN-1), which increases both NO and peroxynitrite. Consistently,
peroxynitrite itself increases the markers of keratinocyte differentiation [32]. Therefore, a better
understanding of the importance of each RNS and each ROS and their cellular concentrations is
necessary for the interpretation of responses to NO.

Somewhat less controversial is the anti-proliferative effect of NO in keratinocyte models.
An increase in NO formation either by LPS/IFNγ, TH-1 cytokines, or by the NO donor, SIN-1,
decreases keratinocyte cell growth and several markers of proliferation [32–34]. Additionally, the
strong proliferative factor, EGF, inhibits the formation of NO and NO-induced growth suppression [34].
These data indicate that the activities of EGF and NO oppose each other, and that EGF increases
keratinocyte cell growth at least partially by repressing the formation of NO. This anti-proliferative
response to NO may be concentration dependent as it was demonstrated that higher levels of NO
decrease the proliferative marker, Ki67, while lower levels of NO increase it [35].

Here we demonstrate that activation of the AHR increases protein S-nitrosylation. Specifically,
we observed an increase in the S-nitrosylation of a 72 and a 20 kD protein. Although the identification
and importance of these proteins are still under investigation, an increase in the S-nitrosylation of
these proteins indicates that RNS are increased during AHR-mediated keratinocyte differentiation,
concomitant with an elevation of mitochondrial ROS [7]. S-nitrosylation of mitochondrial proteins
increase ROS and cause respiratory changes [17] reminiscent of the effects of AHR activation.
Future studies will focus on the S-nitrosylation of mitochondrial proteins and their possible involvement
in the mechanism of AHR-mediated keratinocyte differentiation.

In summary, we demonstrate that AHR-mediated increases in NOS3 expression correlate with
increases in protein S-nitrosylation. Thus, it appears that AHR-mediated increases in NOS3 are
not merely increasing levels of NO, but also levels of RNS, which is consistent with the oxidizing
environment of the differentiating keratinocyte. Moreover, we provide evidence that keratinocyte
differentiation is dependent on NO. This suggests that in keratinocytes, reactive nitrogen species are a
component of the reactive oxygen species required for AHR-mediated terminal differentiation.

4. Materials and Methods

4.1. Cell Culture

Neonatal NHEKs were purchased from Lonza (Walkersville, MD, USA). NHEKs were grown as
previously described [5,36,37]. Cells were grown to confluence before pretreatment in basal keratinocyte
serum free media (KSFM) (17005042, ThermoFisher, Hanover Park, IL, USA) for 24 h, followed by
treatment in basal KSFM with 1.8 mM CaCl2 for the time and with chemicals indicated.
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4.2. Chemicals

The following chemicals were used DMSO (D2650, MilliporeSigma, Billerica, MA, USA), L-NAME
(1 mM, 80210-1, Cayman Chemical, AnnArbor, MI, USA), SNAP (100 µM, 82250-10, Cayman Chemical,
AnnArbor, MI, USA), CH223191 (1 µM, C8124, MilliporeSigma, Billerica, MA, USA) and TCDD (10 nM).

4.3. RNA Isolation and Quantitative PCR

For all RNA studies, cells were treated for 48 or 72 h, as indicated. Total RNA was isolated using
RNA Stat-60 (Tel-Test, Inc., Friendswood, TX, USA). The cDNA was made using oligo dT primers
(IDT, Coralville, IA, USA) and M-MLV Reverse Transcriptase (28025021, ThermoFisher, Hanover
Park, IL, USA) following the manufacturer’s instructions. Quantitative PCR (qPCR) reactions were
performed using iQ SYBR Green Supermix (28025021, Bio-Rad Laboratories, Hercules, CA, USA).
Target RNA levels were normalized to values of TATA binding protein (TBP). The efficiency of
each primer set was determined and used in the quantitation [38]. The melt curve analyses of the
amplicons resulted in single peaks. The primers (IDT, Coralville, IA, USA) used in this study were the
following: NOS1FP: CCCTCTCTTGGACTTCAGGG; NOS1RP: ATGGAAACAACCACTGGGCT;
NOS2FP: CGCATGACCTTGGTGTTTGG; NOS2RP: CATAGACCTTGGGCTTGCCA; NOS3FP:
CGAGTGAAGGCGACAATCCT; NOS3RP: CGAGGGACACCACGTCATAC; TBPFP: ATGCCCTCC
TGTAAGTGCCC; TBPRP: TAGCAGCACGGTATGAGCAA.

4.4. Immunoblotting, Enhanced Chemiluminescence (ECL), and Densitometry

Following treatment, cells were collected in ice-cold PBS and pellets were lysed in ice-cold whole
cell lysis buffer (0.1% SDS, 1% NP40, 5 mM EDTA, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM
Tris-HCl pH 8) supplemented with phenylmethylsulfonyl fluoride and protease inhibitor cocktail
(P8340, MilliporeSigma, Billerica, MA, USA). The samples were spun for 10 min at 10,000× g at
4 ◦C and the supernatant was used for immunoblotting of NOS2 and NOS3, ACTB, and LMNA/C.
To measure FLG, cell pellets were boiled for 5 min in lysis buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS,
1% 2-beta-mercaptoethanol). The samples were spun for 10 min at 10,000× g at room temperature
and supernatant was used to detect FLG. Protein was quantitated using the Pierce Micro BCA kit
(23235, ThermoFisher, Hanover Park, IL, USA). Proteins were separated by PAGE (7% gel, 150 Volts)
and transferred to polyvinylidene fluoride membranes (30 Volts, overnight, 4 ◦C). Blocking and
antibody incubations were in Tris-Buffered Saline (pH 7.6) with 0.1% Tween 20 containing 5% nonfat
dry milk. Following incubation with Clarity Western ECL Substrate (1705061, Bio-Rad Laboratories,
Hercules, CA, USA) bands were visualized using the ChemiDoc Touch Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA). Signal density was quantitated using Image Lab software (v5.2.1)
(Bio-Rad Laboratories, Hercules, CA, USA).

4.5. Antibodies

Primary antibodies used for immunoblotting: NOS2 (NB300-605, 1:1000, Novus, Littletown,
CO, USA); NOS3 (ab5589, 1:1000, Abcam, Cambridge, MA, USA); FLG (NBP1-87527, 1:2000, Novus,
Littletown, CO, USA and PRB-417P-100 1:1000, Covance, Princeton, NJ, USA); LAMIN A/C (4777, 1:5000,
Cell Signaling Technology, Danvers, MA, USA), ACTB (A5441, 1:100,000, MilliporeSigma, Billerica,
MA, USA). The HRP-conjugated secondary antibodies were used for immunoblotting: goat anti-rabbit
(111035144, 1:10,000, Jackson ImmunoLaboratories Research, West Grove, PA, USA) and goat anti-mouse
(115035003, 1:10,000, Jackson ImmunoLaboratories Research, West Grove, PA, USA).

4.6. CE Assay

Confluent NHEKs were exposed to SNAP (100 µM), l-NAME (1 mM), TCDD (10 nM), or a
combination of the chemicals as indicated for 5 days in basal KSFM plus 1.8 mM CaCl2. Additional
SNAP was added to the media every 24 h, and additional L-NAME was added at 48 and 72 h.
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The formation of CEs, a measure of terminal differentiation, was quantified essentially as previously
described [39]. NHEKs were counted before they were spun and resuspended in solution containing
10 mM Tris-HCl pH 7.5, 1% SDS and 1% 2-mercaptoethanol. CEs were counted following a 10-min
incubation at 90 ◦C. The number of CEs were determined per number of cells and expressed as
a percentage.

4.7. S-Nitrosylation Assay

S-Nitrosylation of proteins was measured following the manufacturer’s instructions for the Biotin
Switch Assay (S-nitrosylation) (ab236207, Abcam, Cambridge, MA, USA) [40]. Proteins (2.5 µg) were
separated by PAGE (10% gel, 150 Volts) and transferred to polyvinylidene fluoride membranes (30 Volts,
overnight, 4 ◦C). Blocking and reagent incubations were in Tris-Buffered Saline (pH 7.6) with 2% BSA.
Following incubation with Clarity Western ECL Substrate (1705061, Bio-Rad Laboratories, Hercules,
CA, USA) bands were visualized using the ChemiDoc Touch Imaging System and the signal density
was quantitated using Image Lab software (v5.2.1, Bio-Rad Laboratories, Hercules, CA, USA).

4.8. Statistical Analysis

Statistical analysis was performed using Prism 7.03 (GraphPad, San Diego, CA, USA). The use of
each test is described in the legends of each figure.
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Abbreviations

AHR Aryl hydrocarbon receptor
CE Cornified envelope
ECL Enhanced chemiluminescence
DMSO Dimethyl sulfoxide
KSFM Keratinocyte serum free media
L-NAME N-nitroarginine methyl ester
NHEK Normal human epidermal keratinocyte
NO Nitric oxide
RNS Reactive nitrogen species
ROS Reactive oxygen species
SIN-1 3-morpholinosydnonimine
SNAP S-nitroso-N-acetyl-DL-penicillamine
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

References

1. Mulero-Navarro, S.; Fernandez-Salguero, P.M. New Trends in Aryl Hydrocarbon Receptor Biology. Front. Cell
Dev. Biol. 2016, 4, 45. [CrossRef] [PubMed]

2. Osborne, R.; Greenlee, W. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) enhances terminal differentiation of
cultured human epidermal cells. Toxicol. Appl. Pharmacol. 1985, 77, 434–443. [CrossRef]

3. Sutter, T.R.; Guzman, K.; Dold, K.M.; Greenlee, W.F. Targets for dioxin: Genes for plasminogen activator
inhibitor-2 and interleukin-1 beta. Science 1991, 254, 415–418. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fcell.2016.00045
http://www.ncbi.nlm.nih.gov/pubmed/27243009
http://dx.doi.org/10.1016/0041-008X(85)90183-8
http://dx.doi.org/10.1126/science.1925598
http://www.ncbi.nlm.nih.gov/pubmed/1925598


Int. J. Mol. Sci. 2020, 21, 5680 10 of 11

4. Campion, C.M.; Leon Carrion, S.; Mamidanna, G.; Sutter, C.H.; Sutter, T.R.; Cole, J.A. Role of EGF receptor
ligands in TCDD-induced EGFR down-regulation and cellular proliferation. Chem. Biol. Interact. 2016,
253, 38–47. [CrossRef]

5. Sutter, C.H.; Yin, H.; Li, Y.; Mammen, J.S.; Bodreddigari, S.; Stevens, G.; Cole, J.A.; Sutter, T.R. EGF
receptor signaling blocks aryl hydrocarbon receptor-mediated transcription and cell differentiation in human
epidermal keratinocytes. Proc. Natl. Acad. Sci. USA 2009, 106, 4266–4271. [CrossRef]

6. Loertscher, J.A.; Sattler, C.A.; Allen-Hoffmann, B.L. 2,3,7,8-Tetrachlorodibenzo-p-dioxin alters the
differentiation pattern of human keratinocytes in organotypic culture. Toxicol. Appl. Pharmacol. 2001,
175, 121–129. [CrossRef]

7. Kennedy, L.H.; Sutter, C.H.; Leon Carrion, S.; Tran, Q.T.; Bodreddigari, S.; Kensicki, E.; Mohney, R.P.;
Sutter, T.R. 2,3,7,8-Tetrachlorodibenzo-p-dioxin-mediated production of reactive oxygen species is an
essential step in the mechanism of action to accelerate human keratinocyte differentiation. Toxicol. Sci. Off. J.
Soc. Toxicol. 2013, 132, 235–249. [CrossRef]

8. Sutter, C.H.; Bodreddigari, S.; Campion, C.; Wible, R.S.; Sutter, T.R. 2,3,7,8-Tetrachlorodibenzo-p-dioxin
increases the expression of genes in the human epidermal differentiation complex and accelerates epidermal
barrier formation. Toxicol. Sci. Off. J. Soc. Toxicol. 2011, 124, 128–137. [CrossRef]

9. Muenyi, C.S.; Carrion, S.L.; Jones, L.A.; Kennedy, L.H.; Slominski, A.T.; Sutter, C.H.; Sutter, T.R. Effects of in
utero exposure of C57BL/6J mice to 2,3,7,8-tetrachlorodibenzo-p-dioxin on epidermal permeability barrier
development and function. Environ. Health Perspect. 2014, 122, 1052–1058. [CrossRef]

10. Sutter, C.H.; Olesen, K.M.; Bhuju, J.; Guo, Z.; Sutter, T.R. AHR Regulates Metabolic Reprogramming to
Promote SIRT1-Dependent Keratinocyte Differentiation. J. Investig. Dermatol. 2019, 139, 818–826. [CrossRef]

11. Lee, J.; Ryu, H.; Ferrante, R.J.; Morris, S.M., Jr.; Ratan, R.R. Translational control of inducible nitric oxide
synthase expression by arginine can explain the arginine paradox. Proc. Natl. Acad. Sci. USA 2003,
100, 4843–4848. [CrossRef] [PubMed]

12. Garcia, V.; Sessa, W.C. Endothelial NOS: Perspective and recent developments. Br. J. Pharmacol. 2019,
176, 189–196. [CrossRef] [PubMed]

13. Tejero, J.; Shiva, S.; Gladwin, M.T. Sources of Vascular Nitric Oxide and Reactive Oxygen Species and Their
Regulation. Physiol. Rev. 2019, 99, 311–379. [CrossRef] [PubMed]

14. Mattila, J.T.; Thomas, A.C. Nitric oxide synthase: Non-canonical expression patterns. Front. Immunol. 2014,
5, 478. [CrossRef] [PubMed]

15. Cals-Grierson, M.M.; Ormerod, A.D. Nitric oxide function in the skin. Nitric Oxide Biol. Chem. 2004,
10, 179–193. [CrossRef]

16. Stomberski, C.T.; Hess, D.T.; Stamler, J.S. Protein S-Nitrosylation: Determinants of Specificity and Enzymatic
Regulation of S-Nitrosothiol-Based Signaling. Antioxid. Redox Signal. 2019, 30, 1331–1351. [CrossRef]

17. Di Giacomo, G.; Rizza, S.; Montagna, C.; Filomeni, G. Established Principles and Emerging Concepts
on the Interplay between Mitochondrial Physiology and S-(De)nitrosylation: Implications in Cancer and
Neurodegeneration. Int. J. Cell Biol. 2012, 2012, 361872. [CrossRef]

18. Pillai, S.; Bikle, D.D.; Mancianti, M.L.; Cline, P.; Hincenbergs, M. Calcium regulation of growth and
differentiation of normal human keratinocytes: Modulation of differentiation competence by stages of growth
and extracellular calcium. J. Cell. Physiol. 1990, 143, 294–302. [CrossRef]

19. Zhao, B.; Degroot, D.E.; Hayashi, A.; He, G.; Denison, M.S. CH223191 is a ligand-selective antagonist of the
Ah (Dioxin) receptor. Toxicol. Sci. Off. J. Soc. Toxicol. 2010, 117, 393–403. [CrossRef]

20. Rojo, A.I.; McBean, G.; Cindric, M.; Egea, J.; Lopez, M.G.; Rada, P.; Zarkovic, N.; Cuadrado, A. Redox control
of microglial function: Molecular mechanisms and functional significance. Antioxid. Redox Signal. 2014,
21, 1766–1801. [CrossRef]

21. Beltran-Povea, A.; Caballano-Infantes, E.; Salguero-Aranda, C.; Martin, F.; Soria, B.; Bedoya, F.J.; Tejedo, J.R.;
Cahuana, G.M. Role of nitric oxide in the maintenance of pluripotency and regulation of the hypoxia response
in stem cells. World J. Stem Cells 2015, 7, 605–617. [CrossRef] [PubMed]

22. Song, P.; Zou, M.H. Redox regulation of endothelial cell fate. Cell. Mol. Life Sci. CMLS 2014, 71, 3219–3239.
[CrossRef] [PubMed]

23. Patsoukis, N.; Bardhan, K.; Weaver, J.; Herbel, C.; Seth, P.; Li, L.; Boussiotis, V.A. The role of metabolic
reprogramming in T cell fate and function. Curr. Trends Immunol. 2016, 17, 1–12. [PubMed]

http://dx.doi.org/10.1016/j.cbi.2016.04.031
http://dx.doi.org/10.1073/pnas.0900874106
http://dx.doi.org/10.1006/taap.2001.9202
http://dx.doi.org/10.1093/toxsci/kfs325
http://dx.doi.org/10.1093/toxsci/kfr205
http://dx.doi.org/10.1289/ehp.1308045
http://dx.doi.org/10.1016/j.jid.2018.10.019
http://dx.doi.org/10.1073/pnas.0735876100
http://www.ncbi.nlm.nih.gov/pubmed/12655043
http://dx.doi.org/10.1111/bph.14522
http://www.ncbi.nlm.nih.gov/pubmed/30341769
http://dx.doi.org/10.1152/physrev.00036.2017
http://www.ncbi.nlm.nih.gov/pubmed/30379623
http://dx.doi.org/10.3389/fimmu.2014.00478
http://www.ncbi.nlm.nih.gov/pubmed/25346730
http://dx.doi.org/10.1016/j.niox.2004.04.005
http://dx.doi.org/10.1089/ars.2017.7403
http://dx.doi.org/10.1155/2012/361872
http://dx.doi.org/10.1002/jcp.1041430213
http://dx.doi.org/10.1093/toxsci/kfq217
http://dx.doi.org/10.1089/ars.2013.5745
http://dx.doi.org/10.4252/wjsc.v7.i3.605
http://www.ncbi.nlm.nih.gov/pubmed/25914767
http://dx.doi.org/10.1007/s00018-014-1598-z
http://www.ncbi.nlm.nih.gov/pubmed/24633153
http://www.ncbi.nlm.nih.gov/pubmed/28356677


Int. J. Mol. Sci. 2020, 21, 5680 11 of 11

24. Hamanaka, R.B.; Glasauer, A.; Hoover, P.; Yang, S.; Blatt, H.; Mullen, A.R.; Getsios, S.; Gottardi, C.J.;
DeBerardinis, R.J.; Lavker, R.M.; et al. Mitochondrial reactive oxygen species promote epidermal
differentiation and hair follicle development. Sci. Signal. 2013, 6, ra8. [CrossRef] [PubMed]

25. Henry, E.C.; Welle, S.L.; Gasiewicz, T.A. TCDD and a putative endogenous AhR ligand, ITE, elicit the same
immediate changes in gene expression in mouse lung fibroblasts. Toxicol. Sci. Off. J. Soc. Toxicol. 2010,
114, 90–100. [CrossRef]

26. Eckers, A.; Jakob, S.; Heiss, C.; Haarmann-Stemmann, T.; Goy, C.; Brinkmann, V.; Cortese-Krott, M.M.;
Sansone, R.; Esser, C.; Ale-Agha, N.; et al. The aryl hydrocarbon receptor promotes aging phenotypes across
species. Sci. Rep. 2016, 6, 19618. [CrossRef]

27. Jiang, J.; Duan, Z.; Nie, X.; Xi, H.; Li, A.; Guo, A.; Wu, Q.; Jiang, S.; Zhao, J.; Chen, G. Activation of neuronal
nitric oxide synthase (nNOS) signaling pathway in 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-induced
neurotoxicity. Environ. Toxicol. Pharmacol. 2014, 38, 119–130. [CrossRef]

28. Li, Y.; Chen, G.; Zhao, J.; Nie, X.; Wan, C.; Liu, J.; Duan, Z.; Xu, G. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
induces microglial nitric oxide production and subsequent rat primary cortical neuron apoptosis through
p38/JNK MAPK pathway. Toxicology 2013, 312, 132–141. [CrossRef]

29. Zhang, G.; Li, X.; Cheng, Y.; Yu, H.; Gu, W.; Cui, Z.; Guo, X. 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced
aryl hydrocarbon receptor activation enhanced the suppressive function of mesenchymal stem cells against
splenocyte proliferation. In Vitro Cell. Dev. Biol. Anim. 2019, 55, 633–640. [CrossRef]

30. Wheeler, J.L.; Martin, K.C.; Lawrence, B.P. Novel cellular targets of AhR underlie alterations in neutrophilic
inflammation and inducible nitric oxide synthase expression during influenza virus infection. J. Immunol.
2013, 190, 659–668. [CrossRef]

31. Rossi, A.; Catani, M.V.; Candi, E.; Bernassola, F.; Puddu, P.; Melino, G. Nitric oxide inhibits cornified envelope
formation in human keratinocytes by inactivating transglutaminases and activating protein 1. J. Investig.
Dermatol. 2000, 115, 731–739. [CrossRef] [PubMed]

32. Vallette, G.; Tenaud, I.; Branka, J.E.; Jarry, A.; Sainte-Marie, I.; Dreno, B.; Laboisse, C.L. Control of growth
and differentiation of normal human epithelial cells through the manipulation of reactive nitrogen species.
Biochem. J. 1998, 331, 713–717. [CrossRef] [PubMed]

33. Bruch-Gerharz, D.; Schnorr, O.; Suschek, C.; Beck, K.F.; Pfeilschifter, J.; Ruzicka, T.; Kolb-Bachofen, V.
Arginase 1 overexpression in psoriasis: Limitation of inducible nitric oxide synthase activity as a molecular
mechanism for keratinocyte hyperproliferation. Am. J. Pathol. 2003, 162, 203–211. [CrossRef]

34. Heck, D.E.; Laskin, D.L.; Gardner, C.R.; Laskin, J.D. Epidermal growth factor suppresses nitric oxide and
hydrogen peroxide production by keratinocytes. Potential role for nitric oxide in the regulation of wound
healing. J. Biol. Chem. 1992, 267, 21277–21280. [PubMed]

35. Krischel, V.; Bruch-Gerharz, D.; Suschek, C.; Kroncke, K.D.; Ruzicka, T.; Kolb-Bachofen, V. Biphasic effect of
exogenous nitric oxide on proliferation and differentiation in skin derived keratinocytes but not fibroblasts.
J. Investig. Dermatol. 1998, 111, 286–291. [CrossRef] [PubMed]

36. Leon Carrion, S.; Sutter, C.H.; Sutter, T.R. Combined treatment with sodium butyrate and PD153035 enhances
keratinocyte differentiation. Exp. Dermatol. 2014, 23, 211–214. [CrossRef]

37. Tran, Q.T.; Kennedy, L.H.; Leon Carrion, S.; Bodreddigari, S.; Goodwin, S.B.; Sutter, C.H.; Sutter, T.R. EGFR
regulation of epidermal barrier function. Physiol. Genom. 2012, 44, 455–469. [CrossRef]

38. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef]

39. Banks-Schlegel, S.P.; Green, H. Studies on the development of the definitive cell type of embryonic epidermis
using the cross-linked envelope as a differentiation marker. Dev. Biol. 1980, 74, 275–285. [CrossRef]

40. Jaffrey, S.R.; Snyder, S.H. The biotin switch method for the detection of S-nitrosylated proteins. Sci. STKE
Signal Transduct. Knowl. Environ. 2001, 2001, pl1. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/scisignal.2003638
http://www.ncbi.nlm.nih.gov/pubmed/23386745
http://dx.doi.org/10.1093/toxsci/kfp285
http://dx.doi.org/10.1038/srep19618
http://dx.doi.org/10.1016/j.etap.2014.05.003
http://dx.doi.org/10.1016/j.tox.2013.08.008
http://dx.doi.org/10.1007/s11626-019-00383-y
http://dx.doi.org/10.4049/jimmunol.1201341
http://dx.doi.org/10.1046/j.1523-1747.2000.00116.x
http://www.ncbi.nlm.nih.gov/pubmed/10998152
http://dx.doi.org/10.1042/bj3310713
http://www.ncbi.nlm.nih.gov/pubmed/9560296
http://dx.doi.org/10.1016/S0002-9440(10)63811-4
http://www.ncbi.nlm.nih.gov/pubmed/1383221
http://dx.doi.org/10.1046/j.1523-1747.1998.00268.x
http://www.ncbi.nlm.nih.gov/pubmed/9699731
http://dx.doi.org/10.1111/exd.12333
http://dx.doi.org/10.1152/physiolgenomics.00176.2011
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1016/0012-1606(80)90430-3
http://dx.doi.org/10.1126/stke.2001.86.pl1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cell Culture 
	Chemicals 
	RNA Isolation and Quantitative PCR 
	Immunoblotting, Enhanced Chemiluminescence (ECL), and Densitometry 
	Antibodies 
	CE Assay 
	S-Nitrosylation Assay 
	Statistical Analysis 

	References

