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Abstract HaCaT cells have been widely used as
undifferentiated epidermal keratinocytes, since these
non-tumorigenic cells can be readily maintained in
conventional medium and partly retain epidermal
differentiation potential upon stimulation with high
concentration of calcium. In contrast to primary
epidermal keratinocytes, however, these cells never
form tight junction (TJ), a specific structure in highly
differentiated keratinocytes, solely by the differenti-
ation stimulation. Here, we show that HaCaT cells
secrete a considerable amount of high mobility group
box-1 protein (HMGB1), one of major inflammatory
mediator, which appeared to be responsible, at least in
part, for such aberrant differentiation response. So far,
inhibition of c-Jun N-terminal kinase (JNK) in high
calcium medium has been supposed to be the only way
to induce TJ formations in HaCaT cells; however,
SP600125, a potent inhibitor of JNK showed cyto-
static effects and clearly attenuated epidermal differ-
entiation and stratification. In contrast, dipotassium
glycyrrhizate (GK2), a soluble analogue of HMGBI1-
blocker Glycyrrhizin, down-regulated interferon-f, a
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typical inflammatory cytokine induced by secreted
HMGBI, and accelerated differentiation responses to
the calcium treatment in these cells. In addition, GK2-
treatmenrt resulted in the formation of double cell
layers in cultured HaCaT cells, where the stratified
upper cells transiently accumulated TJ proteins at the
cell-cell contact sites. These results highlight the
importance of attenuation of secreted HMGB 1-signals
in cultured HaCaT cells for studies of functional
keratinocytes.
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Introduction

The stratified epidermal structure in the skin is formed
by the outward proliferation of anaplastic ker-
atinocytes and their successive differentiation. The
epidermal barrier function is maintained and exerted
by the strict control of cornification in the stratum
corneum and, the tight junction (TJ) formation in the
underlying granular cell layer (Brandner et al. 2015;
Ishida-Yamamoto et al. 2018). Upon TJ formation,
the junctional elements, such as zonula occludens
(ZO) proteins, Claudins, and junction adhesion
molecules (JAMs), accumulate and associate at the
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cell—cell contact sites, completely sealing the paracel-
lular pathway (Brandner et al. 2015).

The epidermis of the skin is the outermost tissue of
the body, and disruption of the barrier function readily
elicits inflammatory responses. Skin inflammation
activates a number of molecular mediators that attract
immune cells to the affected area, which, in turn, lead
to parakeratosis and disruption of the epithelial barrier
(Brady 2004; Huet et al. 2018). Such skin inflamma-
tion and barrier dysfunctions are common features in
many skin diseases including atopic dermatitis and
psoriasis (Engebretsen and Thyssen 2016; Miyagaki
and Sugaya 2015).

For in vitro studies, primary cultured normal human
epidermal keratinocytes (NHEK) have been fre-
quently used as undifferentiated epidermal ker-
atinocytes; however, these cells are mortal, display
considerable lot-to-lot variations, and need to be
maintained in low calcium and serum-free medium to
prevent spontaneous differentiation. As alternative
model cells, HaCaT keratinocytes have also been
used, since these non-tumorigenic and immortal cells
can be readily maintained in conventional serum-
containing medium and partly retain their differenti-
ation potential upon stimulation with high concentra-
tion of calcium (Colombo et al. 2017; Micallef et al.
2009). However, the HaCaT cells show aberrant
differentiation responses relative to NHEK cells and
the formation of TJ is scarcely induced simply by the
activated calcium influx, implying the existence of
some molecular elements causing such deviant behav-
iors (Aono and Hirai 2008; Micallef et al. 2009).

Recently, high mobility group box-1 (HMGB1) has
garnered special attention as a master proinflamma-
tory mediator (Castiglioni et al. 2011). While HMGBI1
regulates several transcription factors in the nucleus,
leading to cell proliferation and migration of ker-
atinocytes (Ranzato et al. 2009; Shin et al. 2015), a
number of studies have reported extracellular presence
of HMGBI1 via a non-canonical secretion pathway
(Radisky et al. 2009; Vijayakumar et al. 2019).
Extracellular HMGB1 binds to receptors such as
advanced glycation end products (RAGE) and acti-
vates several signaling pathways including the extra-
cellular signal-regulated Kinase (ERK) pathway or
the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NFkB) pathway (Karuppagounder et al.
2015). Several inflammatory cytokines are then up-
regulated, leading to perturbation of the epidermal
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differentiation process, leading to a defect in the
epidermal barrier function (Nygaard et al. 2017). It is
also notable that HMGB1 has been shown to con-
tribute to wound healing processes in the skin, where
differentiation programs and intercellular adhesion
systems in the epidermis were temporally and severely
perturbed (Ranzato et al. 2010; Sinagra et al. 2015;
Straino et al. 2008). Clinically, serum HMGBI1 levels,
that reflect the amount of extracellularly released
HMGBI, correlate with the severity of psoriasis
(Bergmann et al. 2016).

An active component of licorice, glycyrrhizin, is
readily hydrolyzed to glycyrrhetinic acid, has anti-
inflammatory function (Huang et al. 2016) that is
believed to be mediated by several possible mecha-
nisms, such as suppression of the cyclooxygenase-2/
thromboxane A2 (COX2/TxA2) pathway, regulation
of corticosteroid metabolism, or inactivation of DNA
polymerase (Huang et al. 2016; Ishida et al. 2012;
Tanahashi et al. 2002). However, recent studies
revealed that glycyrrhizin directly binds to HMGB1
to ablate inflammatory signaling, thereby ameliorating
atopic dermatitis-like symptoms (Wang et al. 2018).
Herein, we report that dipotassium glycyrrhizate
(GK2), highly soluble analogue of glycyrrhizin facil-
itates epidermal differentiation and TJ formation in
HaCaT keratinocytes, by abrogating proinflammatory
pathways activated by endogenously secreted
HMGBI1. From this point of view, HaCaT cells
maintained with a HMGBI blocker would be a
reliable model for the study of functional
keratinocytes.

Materials and methods
Cells and reagents

The normal human epidermal keratinocytes (NHEK)
obtained from Kurabo LTD were maintained in
HuMedia-KG2 medium with growth supplement as
instructed in the protocol (Kurabo), and those in low
passage number (less than four) were used in this
study. HaCaT keratinocytes were grown and main-
tained in DMEM/HamF12’s medium (Wako Chemi-
cals) supplemented with 10% FCS (DH10). To test TJ
formation, these cells were incubated in DHI10
medium containing 10 mM CaCl, and either
SP600125 (40 uM), GK2 (30 uM), or potent steroid
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aldosterone (1 uM) for 1 or 3 days. Concentration of
aldosterone in treated cells was ten times higher than
the functional concentration for keratinocytes (Boix
et al. 2017), which gave non-toxic effect to HaCaT
cells. The SP600125, GK2, and aldosterone were
purchased from Sigma-Aldrich, Maruzen Pharm, and
CIL, respectively. Antibodies against Keratin 10
(K10) (Abcam), type I transglutaminase (TGasel)
(Protein Tech), HMGB1 (Abcam), c-Jun N-terminal
kinases (JNK), phosphorylated JNK, ERK, phospho-
rylated ERK (Cell signaling), B-actin (Sigma-Aldrich)
and Claudin-1 (Invitogen) were used in this study.
Monoclonal antibody against ZO-1 (Itoh et al. 1993)
was a generous gift from Dr. Itoh and Dr. Nagafuchi
while HRP-, Alexa488- and Cy3-labeled secondary
antibodies were purchased from Sigma-Aldrich, Invit-
rogen and GE healthcare, respectively.

Immunodetection

Western blotting and immunocytochemistry were
carried out according to standard protocols. A
10 x —concentrated conditioned media was used for
western blotting supernatant samples. The conditioned
media was prepared from supernatant of NHEK or
HaCaT cells incubated in appropriate media without
growth supplements (for NHEK) or serum (for
HaCaT) for 48 h. The culture supernatant was then
collected, centrifuged to remove cell debris and
concentrated to ten times by ammonium sulfate
precipitation. For western blotting, signal intensities
relative to B-actin in the same sample were quantified
with ImageJ (Schneider et al. 2012). Cells were
counterstained with DAPI for immunocytochemistry.

Assessment of TJ formation

Cells cultured on chamber slides (SPL life sciences)
were stained for ZO-1, and to measure signal inten-
sities, three random lines (200 pm each) from three
randomly selected photographs were scanned using
LASX (Leica), a microscope software program. The
number of signal peaks having more than 150 relative
fluorescence units (r-fu) with a > 45 r-fu gap with the
neighboring pixel was determined as the number of
TJs.

Analyses of cell viability

The relative cell viability was evaluated using Alamar
blue reagent, following the manufacturer’s protocol
(Invitrogen). In brief, the Alamar blue reagent (1/10)
was added to the subconfluent cells in the culture,
incubated for 90 min, the absorbance ratio at 570 and
600 nm was then analyzed and compared to the
control.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells that have been
treated with or without GK2 for 4 h, using Miniprep
system (Viogene). The RNA was subsequently reverse
transcribed with ReverTra Ace (TOYOBO) using
random primer (Takara). The cDNA template (1 pg)
was then applied to qRT-PCR performed using
FastStart Essential DNA Green Master on a LightCy-
cler Nano system (Roche), according to the manufac-
turer’s protocol. The primers used for qRT-PCR were
5'-AGCCACATCGCTCAGACA-3" and 5'-GCCCA
ATACGACCAAATC-3' (for GAPDH), 5'-CCAAA
CCGATAGGAAACGAG-3' and 5-CATAAAAC
TTTGCTCCAAAGAGG-3' (for HMGBI), 5'-AGG
TCTTCCCGACGATGA-3 and 5-GTCTTTCC
GTGCTCCAAAAC-3' (for luciferase), 5'-CTTTG
CTATTTTCAGACAAGATTCA-3 and 5-GCCAG
GAGGTTCTCAACAAT-3' (for interferon-f). Data
were analyzed with the double delta Ct method using
the expression of GAPDH as a control.

Statistical analyses

The results are expressed as the mean £ SD. of at
least three independent experiments. Data were ana-
lyzed using Mann—Whitney ¢ test and a p-value
of < 0.05 was considered statistically significant.

Results and discussion
TJ formation by the JNK inhibitor SP600125

Although the formation of TJ is induced only by high
concentration of calcium in NHEK cells, inhibition of
JNK with SP600125 is additionally required in HaCaT
cells (Aono and Hirai 2008; Kitagawa et al. 2014).
Without SP600125, HaCaT cells express ZO-1, a
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scaffold protein for TJ sealing proteins, with diffusible
or dot-like distribution pattern throughout their cell
bodies or at membrane-proximal regions (Fig. 1a). As
previously reported, in response to SP600125, ZO-1

control
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protein evidently accumulates at the cell—cell contact
sites in the cells (Aono and Hirai 2008), indicating the
formation of watertight TJ seals (Fig. la). Even
though undifferentiated keratinocytes do not have
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Fig. 1 Induction of TJ formation by SP600125 in HaCaT cells.
aOnday 1, the upper, TJ protein ZO-1 (red) was immunostained
in cells treated with (SP600125) and without (control)
SP600125. The central portion of the photographs were line
scanned (dotted lines) and the signal intensities were plotted.
Scale bars, 50 pm. Lower left, total number of TJs on 600 um
scanned line (200 um x 3 lines) from each cell image. Lower
right, a representative confocal image of cells treated with
SP600125. Images from upper (9 pum from culture dish) and
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lower (4.5 pm from culture dish) planes, and that of Z-stack
were shown. Scale bars, 25 pm. b Western blot analyses of
expression of Keratin 10 (K10) and TGase-1. Cells treated with
SP600125 significantly down-regulated these differentiation
markers. Experiments were repeated three times. ¢ Relative cell
viability was measured via a metabolic assay using Alamar-
blue, as described previously (Rampersad 2012). SP600125
exhibited a cytostatic or toxic effect in all the six experiments
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the ability to form TJ, considerable number of
differentiation markers, Keratin 10 (K10) and TGasel,
were detectable in untreated HaCaT cells, which were
conversely down-regulated upon induction of TJ
formation (Fig. 1b). It is noteworthy that TGasel is
a specific marker for the differentiated/stratified
granular layer, the only cell layer forming epidermal
TJs in vivo. A previous study showed that SP600125-
treated HaCaT cells formed TJs without augmentation
of typical differentiation markers including Keratin
1/10 (K 1/10), albeit some anaplastic markers seemed
to be down-regulated (Kitagawa et al. 2014). In
addition, SP600125 showed significant cytostatic
activity, without causing morphological changes and
stratification of the cells (Fig. 1a, ¢). Thus, SP600125-
induced TJ formation in HaCaT cells could be
considered as a distinct phenomenon from epidermal
differentiation, and its physiological relevance
remained to be further elucidated.

HaCaT cells produce and secrete
a proinflammatory mediator HMGB1

In contrast to NHEK cells, HaCaT cells neither
undergo normal differentiation nor form TJ structures
in response solely to the high-calcium treatment,
despite that this cell line has been used widely as a
suitable model of anaplastic keratinocyte (Matsui et al.
1992). We assumed that some molecular elements
have conferred stable characteristics to HaCaT cells in
conventional medium, which might compensate for
defects in normal differentiation potential. We found
that HaCaT cells endogenously produce much higher
amount of HMGBI1, a major inflammatory mediator
(Castiglioni et al. 2011), than NHEK cells (Fig. 2a),
which is detected in nuclei, cytoplasm, and even in
culture supernatant (Fig. 2a, b). These results indicate
that aberrant differentiation responses with the defect
in TJ formation are possibly attributed to the HMGB 1-
induced inflammation in HaCaT cells, and led us to
pursue the effect of functional ablation of HMGBI1 in
these cells.

As a HMGBI-blocker, glycyrrhizin, which has
been shown to directly bind to HMGB 1and exert anti-
inflammatory function, recently garnered special
attention (Wang et al. 2018). Since this natural
compound shows low solubility in physiological
medium and is readily permeable to the cell mem-
brane, it could act in both intra- and extracellular

environment. Considering the proinflammatory effect
of extracellularly supplied HMGB1 and dramatic
alleviation of psoriasis-like lesions by extracellularly
added anti-HMGB/1 antibodies (Zhang et al. 2017), we
focused on the extracellular activity of HMGB1. For
this, we tested the effect of GK2, a highly soluble
analogue of glycyrrhizin that might not be intracellu-
larly accessible (Fig. 2¢). Inactivation of ERK and the
signaling attenuation of NFxB were not clear in the
HaCaT cells treated with GK2 for 24 h in a medium
containing 10% serum (Supplementary Fig. S1).
However, these cells evidently down-regulated a
proinflammatory cytokine interferon-f (Fig. 2¢),
which acts as one of the most sensitive downstream
elements of extracellular HMGB1 in keratinocytes
(Mori et al. 2018). The variation in the production of
interferon-f appeared depending on the experiments
was noteworthy, and we did not test other proinflam-
matory cytokines such as IL-1f and IL-8 (Mori et al.
2018). Higher concentrations of GK2 presumably
show stronger inhibitory effects, given that much
higher concentrations of GK2 (up to 400 M) were
reportedly avirulent and showed higher anti-inflam-
matory effects (Lee et al. 2019).

Effect of GK2 on HaCaT cell activities

Upon treatment with GK2 only at a concentration of
30 pM, certain cell populations exhibited enlarged or
flattened morphology with sharp distribution of ZO-1
protein exclusively at the cell-cell boundaries, indi-
cating a causal effect of GK2 on TJ formation
(Fig. 3a). A similar expression pattern was observed
for another TJ protein, claudin-1 (data not shown).
Given that excess administration of glycyrrhizin often
cause pseudoaldosteronism (Morinaga et al. 2018;
Ohtake et al. 2007), one might consider this phe-
nomenon to be attributed to its feeble aldosterone-like
activity or indirect activation of mineralocorticoid
receptor, a primary target of aldosterone (Stewart et al.
1987); however, a potent steroid aldosterone treatment
gave no appreciable effect on TJ formation (Fig. 3a).
Compared to the cells treated with SP600125, neither
JNK inactivation nor cytostatic effects were detected
in cells treated with GK2 (Supplementary Fig S2 and
Fig. 3c), suggesting that GK2-induced TJ formation is
independent of JNK-mediated signaling pathway.
Confocal microscopic analyses revealed that HaCaT
cells deliver daughter cells upward to form a new
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Fig. 2 HaCaT cells express considerable amount of a proin-
flammatory mediator HMGB1. a Expression of HMGBI1 in
NHEK and HaCaT cells. Compare to primary cultured
keratinocyte, HaCaT cells actively produce and secrete HMGB 1
in Supernatant, concentrated conditioned medium. Experiments
were repeated three times and the representative blot images
were shown. b Immunodetection of expression and distribution
of HMGB1. HGM1 was detectable in both the nuclei and cytosol

flattened cell layer and only upper cells, but not the
basal cells, form TJ (Fig. 3a). In addition, analyses of
epidermal differentiation markers revealed that the
cells treated with GK2 underwent onset of differen-
tiation (Fig. 3b).
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(arrows) of HaCaT cells. Experiments were repeated three times
and the representative images were shown. Bars, 25 pum. ¢ Effect
of GK2 on the mRNA expression of interferon-§ (IFNf), one of
the most sensitive HMGB1 downstream elements in ker-
atinocytes. All the independent experiments (expl, 2 and 3)
demonstrated clear down-regulation of IFNf by the treatment
with GK2, albeit its expression was varied depending on the
culture

GK2-induced TJs are different from those induced
by SP600125

While TJs formed by SP600125 were stable for at least
3 days, those formed only in the upper cell layer by
GK2 appeared to be disrupted on day 2 and were
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Fig. 3 Induction of TJ formation by GK2 in HaCaT cells. a On
day 1, the upper, TJ protein ZO-1 (red) was immunostained in
cells treated with GK2 (30 pM) or aldosterone (1 uM). Central
portion of the photographs were line scanned (dotted lines) and
the signal intensities were plotted. Scale bars, 50 um. Lower
left, total number of TJs on 600 pm scanned line (200 pm x 3
lines) from each cell image. Lower right, a representative
confocal image of cells treated with GK2. Images from upper
(9 um from culture dish) and lower (4.5 pm from culture dish)

almost undetectable on day 3 (Fig. 4a, b). In vivo,
nascent keratinocytes undergo upward differentiation

planes, and that of Z-stack were shown. Arrows, accumulation
of ZO-1 at cell—cell contact sites only in the stratified upper
layer. Scale bars, 25 um. b Western blot analyses of Keratin 10
(K10) and TGase-1. Cells treated with GK2 significantly up-
regulated K10 and tend to increase TGase-1. Experiments were
repeated three times and the representative blot data were
shown. ¢ Relative cell viability measured with Alamar-blue
reagent. While the experiments were repeated six times,
cytostatic or toxic effect was not detected in GK2

in the epidermis, where TJ structures are transiently
formed when cells reach the granular layer, but are
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Fig. 4 Distinct effects of SP600125 and GK2 on TJ formation
in HaCaT cells. a upper, Accumulation of a TJ component ZO-1
(red) in cells with SP600125 and GK2 on day 1 (left) and day3
(right). The nuclei were counterstained with DAPI. Bars, 25 pum.
Lower, quantification of relative number of TJs on day 1 and 3.
Average numbers of TJs from three line scan assays (n = 3 for
each category, as shown in Figs. 1 and 3) were calculated and
relative numbers to those of dayl are shown. TJs induced by
SP600125 appeared to be stable, whereas those by GK2 were
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almost disrupted on day 3. Bars, 50 pm. b Comparative diagram
of TJ-formed cell populations in HaCaT keratinocytes treated
with SP600125 and GK2. Cells treated with GK2 construct
double cell layers and only upper cells formed TJs (see Figs. 1
and 3). ¢ Schema of the effect of GK2 on HaCaT cells that
produce an inflammatory mediator HMGB1. GK2 abrogates the
inflammatory action of HMGBI, leading to restoration of the
differentiation potential and of the TJ formation program
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disrupted in the subsequent horny layer (Basler and
Brandner 2017). Thus, HMGBI signal could dysreg-
ulate spatio-temporal TJ dynamics, even though
multicellular stratification into three or more layers
did not occur in HaCaT cells treated with GK2.

Conclusion

In conclusion, GK2-induced TJ formation may be
involved in restoration of the differentiation program
that has been perturbed, at least in part, by HMGBI in
HaCaT cells. Thus, the disruption of secreted
HMGB1-signals might be an important element for
cultivation of HaCaT cells as undifferentiated ker-
atinocyte model cells (Fig. 4c). Given that the effect of
GK?2 is reminiscent of ameliorating inflammation in
the skin epidermis, our results may also provide new
insight on the anti-inflammatory effects of GK2 in the
skin. Analyses of molecular elements to identify the
functional link between HMGB1-induced inflamma-
tion and defects in differentiation/TJ formation are
now underway.
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