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Mycosporine-like amino acids stimulate hyaluronan secretion
by up-regulating hyaluronan synthase 2 via activation of the
p38/MSK1/CREB/c-Fos/AP-1 axis
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Hyaluronan (HA) is an extracellular matrix glycosamin-
oglycan that critically supports the physicochemical and
mechanical properties of the skin. Here, we demonstrate that
mycosporine-like amino acids (MAAs), which typically func-
tion as UV-absorbing compounds, can stimulate HA secre-
tion from normal human fibroblasts. MAA-stimulated HA
secretion was associated with significantly increased and
decreased levels of mRNAs encoding HA synthase 2 (HAS2)
and the HA-binding protein involved in HA depolymeriza-
tion (designated HYBID), respectively. Using immunoblot-
ting, we found that MAAs at 10 and at 25 pg/ml stimulate
the phosphorylation of the mitogen-activated protein kinase
(MAPK) p38, extracellular signal-regulated kinase (ERK)/
c-Jun, and mitogen- and stress-activated protein kinase 1
(MSK1) (at Thr-581, Ser-360, and Ser-376, respectively) and
activation of cAMP-responsive element-binding protein
(CREB) and activating transcription factor 2 (ATF2), but not
phosphorylation of JUN N-terminal kinase (JNK) or NF-«kB
(at Ser-276 or Ser-536, respectively), and increased c-Fos pro-
tein levels. Moreover, a p38-specific inhibitor, but not inhib-
itors of MAPK/ERK kinase (MEK), JNK, or NF-«B, signifi-
cantly abrogated the increased expression of HAS2 mRNA,
accompanied by significantly decreased MAA-stimulated
HA secretion. These results suggested that the p38 —-MSK1-
CREB- c-Fos—transcription factor AP-1 (AP-1) or the p38-
ATEF2 signaling cascade is responsible for the MAA-induced
stimulation of HAS2 gene expression. Of note, siRNA-mediated
ATF2 silencing failed to abrogate MAA-stimulated HAS2
expression, and c-Fos silencing abolished the increased expres-
sion of HAS2 mRNA. Our findings suggest that MAAs stimulate
HA secretion by up-regulating HAS2 mRNA levels through acti-
vation of an intracellular signaling cascade consisting of p38,
MSK1, CREB, c-Fos, and AP-1.
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HA? is an important component of the extracellular
microenvironment that supports the typical physicochemical
and mechanical properties of the skin. Thus, HA has important
structural functions via mechanisms by which its high polymer
length and polyanionic charge enable it to bind water, which in
turn supports volume expansion, turgidity, and skin elasticity
(1). In photodamaged skin, there is a marked deficiency of HA
in the dermis (2, 3) in addition to the fragmentation and loss of
type I collagen fibrils due to the up-regulated activity of matrix-
metalloprotease (MMP)-1 (4, 5). Furthermore, the three-di-
mensional configuration of elastic fibers is impaired due to the
up-regulated expression of fibroblast-derived elastase neprily-
sin (6—13). The sum of those effects is associated with the
decreased elasticity of the skin as well as the subsequently
increased incidence of skin wrinkles and sagging. That associ-
ation is consistent with our earlier studies, which demonstrated
that a significant reduction of cutaneous elastic properties is a
prerequisite factor for the initiation of skin wrinkle formation
and that there is a close relationship of impaired skin elasticity
with both the clinical scores and the depth of wrinkles as
revealed by morphometric analysis (14, 15). Consistently, in
clinical studies of human skin, the formation or the ameliora-
tion of facial wrinkles is distinctly accompanied by a marked
loss or recovery of skin elastic properties, respectively (14 —16).
In support of the relationship between HA content in the der-
mis and cutaneous photoaging symptoms, Yoshida et al. (17,
18) recently demonstrated that there is a marked loss of HA in
the papillary dermis of photoaged facial skin, the diminished
level of which is associated with the degree of skin wrinkling
and sagging in the same aged skin. Their studies strongly sug-
gested that a deficiency of HA in photoaged skin contributes to
the formation of skin wrinkles and sagging.

HA is a linear polymer composed of repeating disaccharides
(p-glucuronic acid, 1,3-GlcNAc, and 1,4-GIlcNAc) that is
assembled from activated nucleotide sugars (UDP-glucuronic

2 The abbreviations used are: HA, hyaluronan; MAA, mycosporine-like amino
acid; HDF, human dermal fibroblast; ELISA, enzyme-linked immunosor-
bent assay; qRT, quantitative RT; MTT, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; MEK, MAPK/ERK
kinase; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; CREB, cAMP-responsive element-binding protein; IL, interleu-
kin; HAS, HA synthase; HYAL, hyaluronidase; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.
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acid and UDP-GIcNAc) at the inner plasma membrane by HA
synthases (HAS). Three different isoforms of HAS (HAS],
HAS2, and HAS3) are known to reside in the plasma membrane
and to extrude the growing HA polymer into the extracellular
space (19). Two different isoforms of hyaluronidase (HYAL)
(HYALI1 and HYAL2) are known to cleave HA into discrete
fragments (20), which in turn activates Toll-like receptors 2 and
4 and thereby modulates inflammatory responses (21, 22). A
third isoform of HYAL (HYAL3) is expressed, although its
properties are not well-understood. Nevertheless, Yoshida et al.
(23) recently ruled out the possible roles of HYALs in the deg-
radation of HA by human fibroblasts and indicated that
KIAA1199, a novel HA-binding protein recently designated as
“HYBID” (hyaluronan binding protein involved in HA depoly-
merization), plays a key role in the degradation of HA by fibro-
blasts in normal human skin. Thus, it has become clear that the
balance of HAS and HYBID functions as a key factor in regulat-
ing HA content in the dermis.

We considered that if percutaneously-permeable natural
compounds with small molecular weights exist that have the
potential to stimulate the secretion of HA by human fibroblasts,
they would be good candidates for ameliorating or preventing
the loss of skin elastic properties as prerequisite factors of wrin-
kles and sagging formation in photoaged skin. Under this
expectation, in a screening for natural compounds that could
stimulate the secretion of HA by human fibroblasts, we now
report for the first time that mycosporine-like amino acids
(MAAs) have a significant potential to stimulate the secretion
of HA by normal human fibroblasts without any cytotoxic
effect on cellular viability.

MAAs are generally defined as amino acids with cyclo-
hexanone or cyclohexenimine in their basic structure. MAAs
are present as small secondary metabolites in different organ-
isms such as aquatic yeasts (24), cyanobacteria (25), marine
dinoflagellates (26), and some Antarctic diatoms (27), all of
which live in environments with high exposure to sunlight, usu-
ally marine environments. The number of compounds within
this class of natural products has been discovered, to date, to be
around 30 (28, 29). Because the basic cyclohexanone or cyclo-
hexenimine structures act as chromophores responsible for UV
absorbance, MAAs are well-known as UV-absorbing com-
pounds, and their filter capacities are similar to synthetic UVA
sunscreens such as Parsol® 1789 (e molar 40,000) and Mexoryl®
SX (e molar 45,000) (30). MAAs have also recently been shown
to act as antioxidants (31) by increasing the ratio of reduced
(GSH) to oxidized GSH (GSSG) in UV-exposed cells (32) and as
anti-apoptotic agents by abrogating UV-induced increases in
active caspase-3 protein (33). However, there have been no
reports showing the stimulatory effect of MAAs on HA secre-
tion by any type of mammalian cell in culture.

In this study, using human dermal fibroblasts (HDFs), we
characterized the stimulatory effect of MAAs in terms of its
biological mechanism as well as the signaling mechanisms
involved in the stimulation. Here, we show for the first time that
MAAs have a significant potential to stimulate HA secretion by
up-regulating HAS2 mRNA levels in HDFs, which results from
activation of the intercellular signaling cascade consisting of
the p38/MSK1/CREB/c-Fos/AP-1 axis.
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Figure 1. Chemical structures of porphyra-334 and shinorine.

Results and discussion
Purification of MAAs and HPLC/LC-mass analysis

MAAs were extracted and purified as detailed under sup-
porting “Experimental procedures” and were identified as por-
phyra-334 and shinorine (Fig. 1) by HPLC/LC-mass analysis
(Figs. S1-S6) as described under supporting Results. The con-
tents of porphyra-334-and shinorine in MA As used in this study
were calculated as 88.8 and 11.2%, respectively.

Effects of MAAs on the functional properties of HDFs

When HDFs were cultured for 72 h in the presence or
absence of MAAs at 1, 10, or 25 ug/ml to HDFs in culture, the
secretion levels of HA in the medium increased significantly in
the presence of 10 or 25 ug/ml MAAs compared with untreated
control HDFs (Fig. 24).

To determine whether MAAs are cytotoxic to HDFs, we cul-
tured HDFs for 72 h in the absence or presence of MAAs at 10
and 25 pg/ml, and their viability was evaluated by cellular mor-
phology and by the MTT assay. The results showed that there
were no morphological changes in HDFs treated with 10 or 25
png/ml MAAs (data not shown), and there was actually a signif-
icant increase in cell viability of HDFs treated with 10 and 25
pg/ml MAAs compared with untreated controls (Fig. 2B).

To determine the effects of MAAs on the functional proper-
ties of HDFs, i.e. DNA synthesis and production of collagen 1
and elastin, we cultured HDFs for 72 h in the absence or pres-
ence of 10 or 25 ug/ml MAAs. The results showed that MAAs
did not stimulate DNA synthesis or expression levels of colla-
gen 1 and elastin mRNAs at 10 or 25 pg/ml (Fig. 2, C-E).

The sum of those findings indicates that MA As stimulate the
secretion of HA by HDFs without any cytotoxic effect on cell
viability and that the stimulatory effect is not accompanied by
increased levels of other cellular functions of fibroblasts such as
the synthesis of collagen 1, elastin, and DNA.

Effects of MAAs on HAS and HYBID mRNA levels in HDFs

Because the secretion of HA by HDFs is regulated by HASI,
HAS2, and HAS3 and by the HA degradative protein HYBID
(23), we then determined the effects of MAAs on the gene
expression levels of HAS1, HAS2, and HAS3 and on the gene
and protein expression levels of HYBID. When HDFs were
treated with MAAs at 25 ug/ml, the gene expression levels of
HAS2 (Fig. 3A) and HYBID (Fig. 3C) were significantly
increased or decreased, respectively, at 3—12 h post-treatment,
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Figure 2. A: effects of MAAs on the secretion level of HA by HDFs in culture. MAAs at 0, 1, 10, or 25 ug/ml were added to cultures of HDFs for 72 h as noted, and
the conditioned medium was measured for HA levels by ELISA. Data represent means = S.D., n = 4; **, p < 0.01 versus control (0 wg/ml). B: effects of MAAs on
the viability of HDFs in culture. HDFs were cultured for 72 h in the presence of MAAs at the indicated concentrations, and their viability was evaluated using the
MTT assay. **, p < 0.01 versus control (0 ug/ml). Data represent means = S.D. n = 4. C-: effects of MAAs on DNA synthesis (C) and collagen 1 (D), and elastin (E)
mRNA levels in HDFs. DNA synthesis was measured 48 h after incubation with MAAs at the indicated concentrations using a cell proliferation ELISA kit. Collagen
and elastin mRNA levels were measured by qRT-PCR 3 h after incubation with MAAs at the indicated concentrations. Data represent means = S.D., n = 4.

but there was no change in the HAS3 mRNA level (Fig. 3B); the
level of HAS1 mRNA was undetectable (data not shown). Anal-
ysis of the effects of MAAs on mRNA levels of HAS2 revealed
that MAAs significantly up-regulated the gene expression level
of HAS2 in a dose-dependent fashion at concentrations of
25-50 pg/ml (Fig. 3D). Western blotting using an anti-HYBID
antibody revealed that MAAs at 1, 10, and 25 pg/ml did not
affect the level of HYBID protein at 6 or 24 h post-treatment
(Fig. 3E).

HAS2 enzyme produces HA with a high molecular mass
(1,000 -10,000 kDa) (34), whereas HYBID is associated with the
depolymerization of HA from a high molecular mass to >35
kDa (23). Because the ELISA used in this study detects only HA
with >35 kDa (35) and because the expression of HYBID pro-
tein is not affected by the treatment with MAAs, the MAA-
induced increase in the secretion of HA is predominantly
attributed to the increased synthesis of HA, which results from
the increased expression of HAS2.

To test that possibility, we determined the effects of trans-
fecting HAS2 siRNA on the MAA-increased secretions of HA.
The results indicated that the HAS2 siRNA significantly abol-
ished the secretion of HA both in MAA-treated and -non-
treated fibroblasts (Fig. 4). Because the up-regulated gene
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expression level of HAS2 is mainly responsible for the increased
secretion of HA elicited by treatment with MA As, we next char-
acterized which intracellular signaling cascades are activated by
MAAs that result in the up-regulated gene expression level of
HAS2.

Effects of MAAs on intracellular signaling cascades in HDFs

It has been reported that HA secretion and synthesis are up-
regulated in concert with the increased gene expression level of
HAS2 by several chemicals or stimuli via different signaling
pathways depending on the cell species and chemicals used.
20-0O-B-p-Glucopyranosyl-20(S)-protopanaxadiol enhances
the expression of HAS2 in human keratinocytes via the activa-
tion of ERK and Akt signaling, which is mediated by Src but not
the JNK, p38, EGF receptor, or the Ca®> " -related signaling path-
ways (36). The stimulation of HAS2 expression by transforming
growth factor—f1 in human skin fibroblasts is abrogated by
blocking MAPK and/or Smad signaling and phosphatidylinosi-
tol 3-kinase—Akt signaling (37). All-trans-retinoic acid stimu-
lates HA synthesis in normal human tracheobronchial epithe-
lial cells by activating CREB1 in a nonclassical, retinoic acid
receptor—independent fashion via the protein kinase C or the
ERK/RSK/CREB cascades (38). UTP specifically up-regulates
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Figure 3. Effects of MAAs on levels of HAS2 mRNA (A/D), HAS3 mRNA (B), HYBID mRNA (C), and protein (E) in HDFs. HDFs were cultured in the presence
or absence of MAAs at 25 ug/ml (A-C) or at 0-50 ng/ml (D and E) for the indicated times (A-C) or 3 h (D) and were then subjected to gRT-PCR analysis for HAS2,
HAS3, and HYBID mRNA levels or to Western blotting for HYBID protein levels. Representative immunoblots from three independent experiments are shown
(E). Data represent means = S.D.A:n = 3;B:n =6;C:n = 5;D:n = 4; E:n = 3; %, p < 0.05; **, p < 0.01 versus the nontreated control (0 ng/ml).
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Figure 4. Effects of transfecting a HAS2 siRNA on the MAA-increased secretion of HA in HDFs. A: effects on HAS2 mRNA levels. B: effects on HA secretion
levels. After transfection of HAS2 siRNA, HDFs were cultured in the presence or absence of MAAs at 25 ug/ml for 72 h and then were subjected to qRT-PCR
analysis for mRNA levels of HAS2. The conditioned medium was measured at 72 h post-treatment for HA levels by ELISA. Data represent means + S.D.n = 4;

*,p < 0.05; **, p < 0.01 versus control (0 wg/ml) or negative siRNA.

HAS2 expression among the three HAS genes through the UTP
receptor P2Y2, which is accompanied by the increased phos-
phorylation of p38, ERK, CREB, and STAT3 and by the induced
nuclear translocation of pCaMKII, whose inhibitors (for PKC/
p38/ERK/CaMKII/STAT3/CREB) partially block the stimula-
tion of HAS2 expression (39). The UDP-glucose—induced up-
regulation of HAS2 mRNA levels in human immortalized
epidermal keratinocytes is mediated via the JAK2/ERK/STAT3
signaling pathway (40). A neutral sphingomyelinase inhibitor
or its deficiency in mouse fibroblast cell lines stimulates HAS2
gene expression via the Akt/mechanistic target of rapamycin
pathway (41). Low-dose UVB exposure of rat keratinocytes
enhances HA secretion accompanied by the increased expres-
sion level of HAS2 mRNA, which is mediated by p38 signaling
(42). In contrast, methyl-B-cyclodextrin suppresses HA synthe-
sis by down-regulating HAS2 through the inhibition of Akt
(43). It is known that transcription factors that primarily target
the HAS2 gene include retinoic acid receptor (44), STAT3, SP1
(45, 46), NF-kB (47), and CREB (48) in a variety of cells.

Thus, we first examined the potential effects of MAAs on
p38 signaling. Western blot analysis of p38 phosphorylation
revealed that MAAs at 25 ug/ml significantly activate p38 in
HDFs at 15 and 30 min post-stimulation (Fig. 54), which sug-
gests that MA A-activated signaling occurs in a similar fashion
to UVB-activated signaling (42).

In UVB-exposed human or rat keratinocytes (44, 49, 50) or
human melanocytes (51), the activation of the front line of
stress-activated signaling factors occurs at p38, INK, and ERK
by which their downstream signaling factors such as MSK1 for
p38 and ERK (52, 53), MAPK-APK?2 for p38 (54), CK2/i-kB/
NEF-«B for p38 (55), and ATF2 for p38 (56) as well as c-Jun and
c-Fos for ERK (57, 58) are subjected to subsequent and sequen-
tial signaling activation. During these downstream cascades,
further signaling factors such as CREB for MSK1 (59), NF-«B
(Ser-276) for MSK1 (60, 61), and c-Fos for CREB (62) are
continuously and sequentially activated. Several functional
proteins that are highly expressed in UVB-exposed human
keratinocytes or human melanocytes, such as cyclooxygenase
(COX)2 (50), interleukin (IL)-8 (50), transglutaminasel (49) (in
human keratinocytes), endothelin B receptor (51, 63), and stem
cell factor receptor c-KIT (in human melanocytes) (63, 64), uti-
lize their characteristic and specific signaling cascades to elicit
their increased gene expression.
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Therefore, based on the known UVB-activated intracellular
signaling pathway (49, 51), we characterized the activating or
nonactivating effects of MAAs on the front line of stress-acti-
vated signaling, JNK and ERK other than p38. Western blot
analysis of the phosphorylation of ERK (Fig. 5B) and JNK (Fig.
5C) revealed that MAAs at 10 and/or 25 ug/ml have a signifi-
cant potential to activate ERK but not JNK at 15 or 30 min
post-treatment in HDFs. We next characterized the activating
or nonactivating effects of MAAs on downstream signaling fac-
tors, MSK1(Thr-581/Ser-360) for p38 and ERK and ATF?2 for
p38. Western blot analysis of the phosphorylation patterns
demonstrated that MAAs at 10 and/or 25 pg/ml have a signif-
icant potential to activate ATF2 (Fig. 5D) and MSK1 (Thr-581/
Ser-360/Ser-376, the latter of which is an autophosphorylation
site after MSK1 phosphorylation at Thr-581/Ser-360) (Fig. 5,
E-@G) at 15 or 30 min post-treatment. As for the activating or
nonactivating effects of MAAs on downstream signaling fac-
tors, c-Jun for ERK, NF-«B(Ser-276) for MSK1, NF-kB(Ser-
536) for ERK/IKK, and IkB (Ser-32/36) for CK2 or IKK, West-
ern blot analysis of the phosphorylation patterns demonstrated
that MAAs at 10 and 25 ug/ml do not have any potential to
activate c-Jun (Fig. 5H) or NF-kB(Ser-276/Ser-536) (Fig. 5, 1
and /) at 15 and 30 min post-treatment in HDFs. Similarly, the
phosphorylation of IkB(Ser-32/36) was not stimulated by
MAAs at 10 or 25 pg/ml in contrast to their stimulated phos-
phorylation by IL-1« (Fig. 5K) in which the IxB protein used as
a loading control became undetectable probably because of a
rapid degradation of phosphorylated IkB.

Finally, we examined the activating or nonactivating effects
of MAAs on downstream signaling factors, CREB for MSK1
and c-Fos for CREB. Western blot analysis of the phosphoryla-
tion patterns and protein levels demonstrated that MAAs at 10
and/or 25 pg/ml have a significant potential to stimulate CREB
phosphorylation (Fig. 5L) and to increase c-Fos protein levels at
15 and 30 min and 2 h post-treatment, respectively, in HDFs
(Fig. 5M).

Thus, our intracellular signaling analysis for the phosphory-
lation and protein levels of various signaling factors revealed
that MAAs at 10 and/or 25 ug/ml initiate the activation at the
front line of the stress-activated signaling cascade, including
ERK and p38, which contribute sequentially to the activation of
MSK1(Thr-581/Ser-360/Ser-376) via their downstream lin-
eages. The activation of MSKI1 results predominantly in the

SASBMB



SASBMB

p-p38

15 min after treatment

50kDa
< P-P38(Thri80/Try182)
37kDa| 43kDa
50kDa
37kDa s

A

(phospho-p38/p38)
Relative band intensity
(phospho-p38/p38)

Relative band intensity

S
MAAsgimL) 0 10 25

S0kDa

37kDa

soma._
37kDa- <= p33
43xDa

MAAs stimulate the secretion of HA via HAS2

30 min after treatment

-‘- P-P38{Thr130/Try182)
43xDa

* K

0
MAAs(ug/mL) 0 10 25

B p-ERK
15 min after treatment 30 min after treatment
50kDa p-ERK 50kDa p-ERK
44xDa 44xDa
37kDa 42x02 37kDa wale
50kDa ] 50kDa
ERK ERK
44%0. 44xDa
€ o, 37kDa-‘= 4240
*
34 34 :
x>
£ 2e
s 2 5 4
. ] - +
- b~
cu w
i i
g5 " g8 v =
S8 .g.
gs SS
0 T T T 0 T T T
MAAs(ug/mL) 10 25 MAAs(ug/mL) 0 10 25
C p-INK
15 min after treatment 30 min after treatment
P-SAPK/INK(mhraza/Tyr1s3)
sp;:::K/JNK(mmnmss) S0kDa < 500
wos —_—— e
37kDa =
SAPK/INK
ml(n/mk 50kDa 54xDa
46kDa
46kDa
37kDa
2+ 2
gg 2o
[}
H £2
E E
E E- 14 2 E 1
g 5 5s R
% 3 ald o7
2 g2
e ze
0 ! ; 0
MAAswgmL) o0 10 25 MAAs(ugmL) 0 10 25

Figure 5—conitnued

J. Biol. Chem. (2020) 295(21) 72747288

7279



MAAs stimulate the secretion of HA via HAS2

D p-ATF
15 min after treatment 30 min after treatment
100kDa-= 100kDa-+= —————
TR0 e o T2 T OO . — o PATF2TNT1)
70%Da 70xDa
50kDa~ 50kDa-= |
100kDa 100kDa
75k|:)a- s o - G5
65-75xDa 65-75%Da
50kDa S0kDa
34 * 34 x
*
a N
i i
Sa 2 Sa 2
EN E g Ala
b=
2% —I— § <
E-3 F-3-]
® -5 ﬁ' @5 ®le
2 14 % 2 7] 1
Be Be
ge gs
PR ' ' masspoml) &t %
MAAs(ug/mL) o 10 25

E  p-MSK1(Thr581)

15 min after treatment 30 min after treatment

150kDa

100kDa p-MSK1(Thr581)
75kDa 30%Da

150kDa- 150kDa

100kDa 100kDa MSK1
75kDa 75kDa 30%Da

34 * - 34
i il
28 2- 28 21
5% % 5% =
g% £
ﬁ = oo ° =
29 14 % % 2 1]
LA LA
E g & E..
0 o T T
MAAs(ug/mL) (I) 1'0 2'5 MAAS(ug/mL) 0 10 25
F  p-MSK1(ser360)
15 min after treatment 30 min after treatment

150kDa

150kDa

100kDa p-MsK1(ser360)  100kDa <« p-MSK1(Ser360)
75kDa 90%Da 75kDa 30%Da

150kDa

150kDa-

MSK1

i 100kDa 90%Da

90403 75kDa

100kDa
75kDa-

w
J

w
J
*

s
g

Relative band intensity
(phospho-MSK15¢"60MsK 1)
~N
1
Relative band intensity
(phospho-MSK1***¢9/MSK1)
N
1

0 0
MAAs(ug/mL) 0 10 25 MAAs(ug/mL) o 10 25

Figure 5—conitnued

7280 . Biol. Chem. (2020) 295(21) 72747288 SASBMB



G p-MSK1(ser376)

15 min after treatment

MAAs stimulate the secretion of HA via HAS2

30 min after treatment

150kDa 150kDa

100kDa p-MSK1(Ser376) 100kDa- p-MSK1(Ser376)
75kDa 90kDa 75kDa 90kDa

150kDa: - - 150kDa|

100kDa: « MSK1 100kDa: MSK1
75kDa 30xDa 75kDa 30x0a

<
7]
ET
BX 2 e
2@
a 2
2 °
&
g2
g

11 -
0 T T T
MAAs(ug/mL) o 10 25

H p-c-Jun

15 min after treatment

S0kDa
p-c-Jun(ser73)
37kDa 48xDa

50kDa
c-Jun
37k[)a- e

2+

i

0
MAAsgimL) 0 10 25

I pNF-kB(ser276)

Relative band intensity
(phospho-cJun/Jun)

15 min after treatment

65kDa

150kDa

100kDa

75kDa NEia
65xDa

i

0
MAAs(ug/mL) 0 10 25

)
iy
2
22
2%
€2

150kDa-I— = 150kDa 5 P —
100kDa- 100kDa = =
75kDa- o+ p-NF-kB[ser27S)75kDa= - a T

T
J[Eape

0 T T T
MAAs(pg/mL) 0 10 25

Relative band Intensity
(phospho-MSK15°* 76 MsK1)
N
1

30 min after treatment

S0kDa
<4 p-c-Jun(ser73)

37kDa b

S0kDa
< cJun
48%Da

37kDa

(phospho-cJun/Jun)

Relative band intensity

0
MAAs(ug/mL) 0 10 25

30 min after treatment

p-NF-kB(ser276)
. dns 65%Da
150kDa
100kDa
75kDa < NF4B

65kDa

=

T T T

MAAs(ug/imL) 0 10 25

Relative band intensity
(phospho-NF-kB2'8/NF-kB)
~N
1

Figure 5—conitnued

SASBMB

J. Biol. Chem. (2020) 295(21) 7274-7288 7281



MAAs stimulate the secretion of HA via HAS2

J  pNF-kB(ser536)

15 min after treatment

150kDass

100kDa=
TSkDaHNEED S s —

— — w— g P-NF-kB(ser536)
65kDa

150kDa

100kDa
75kDa
<= NF-kB

65kDa

30 min after treatment

150kDa

100kDa:

75kDa

4~ P-NF-kB(ser536)
65%Da

150kDa:
100kDa:

75kDa

NF-kB
65xDa

o~ 2+ g 2

2% 20

§2 §2 .

£8 =] &
'g@ . am T .

& o Su

IR ER

o o

38 I | -
€2 x 2

= 0 T T T & 0

MAAsigmL) 0 10 25 MAAs(ugml) o 10 25

K p-lkB

15 min after treatment

S0kDa
37kDa kB
39xDa

50kDa- 50kDa
1k
37kDa- plkBiser3236)  37kDa zmz(hnlzsl
40xDa

30 min after treatment

50kDa

kB

37kDa
33%Da

SOkDasmmm ] B-actin
42xDa

S0kDa P o
42xDa a
37kDa- .
x K
—~ 20000~ *x = 20000 —
c
= * K
53 — §3
g & 15000 *x & 15000
E8 E8
= °§
10000 10000
50 59
[ 5
° 2 =3
€ § 5000 g 5000
g g2
s & 0
L ego wpE 242 —

=~ 0-—eooo—EpE Ayt —T—
MAAs(ug/mL) o 10 25 -
IL-1a(pg/mL) - - - 5

L p-CREB

15 min after treatment

50kDa
p-CREB(Ser133)
43xDa

Relative band intensity
(phospho-CREB/CREB)
i

0
MAAs(ug/mL) 0 10 25

MAAs(ug/mL) o 10 25 |
IL-1a(pg/mL) - - - 5

30 min after treatment

50kDa
< P-CREB(ser133)
43xDa
. , ey

Relative band intensity
(phospho-CREB/CREB)

0
MAAs(ug/mL) 0 10 25

Figure 5—conitnued

7282 ) Biol. Chem. (2020) 295(21) 7274-7288

SASBMB



M cFos/B-actin

2 hr after treatment

100kDa
75kDa

cFos
62kDa

B-actin
42xDa

T

Relative band intensity
(cFos/B-actin)
n

0 T T T

MAAs(ug/mL) 0 10 25
Figure 5. Effects of MAAs on intracellular signaling cascades of p38 (A),
ERK (B), JNK (C), ATF2 (D), MSK1(Thr-581/Ser-360/Ser-376) (E-G), c-Jun
(H), NF-kB (Ser-276/Ser-536) (I and J), kB (K), CREB (L), and c-Fos (M) in
HDFs. HDFs were incubated with MAAs or with IL-1« at the indicated con-
centrations and were harvested at 15 and 30 min or 2 h post-treatment and
then immunoblotted with antibodies to B-actin and to phosphorylated or
nonphosphorylated signaling factors. K: -actin was used as a loading control
because of undetectable levels of nonphosphorylated 1B protein in IL-1a—
treated cells. Representative immunoblots from three independent experi-
ments are shown. Data represent means = S.D., n = 3; %, p < 0.05; **, p < 0.01
versus control (0 ug/ml).

activation of CREB but not of NF-«B(Ser-276) in the MAA-
activated signaling cascades. These findings indicate that the
downstream lineage of MSK1 exists as a convergent point dis-
tinct from UVB-activated ones. Thus, it is interesting to note
that whereas activated MSK1 elicits the increased phosphory-
lation of both CREB and NF-«B(Ser-276) in the UVB-activated
signaling cascades (49), the stimulated phosphorylation of
NEF-kB at Ser-276 does not occur downstream of activated
MSK1 in the MA A-activated signaling cascades. The phosphor-
ylation of NF-«B at Ser-536 and IkBa at Ser-32/36, which
simultaneously occurs downstream of IKK/Akt (49, 65), is
known to be essentially involved in the disassociation of the
complex consisting of IkBa and NF-kB, resulting in its subse-
quent degradation and translocation from the cytosol to the
nucleus, respectively (65). Because the phosphorylation of
NEF-kB at Ser-536 and IkB at Ser-32/36 was not stimulated in
MAA-treated HDFs and because MSK1 is known as a nuclear
kinase, functioning only within nuclei (60), it is conceivable that
the failure to activate the downstream lineage of MSK1 for
NEF-kB(Ser-276) in the MA A-activated signaling pathway is due
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to the lack of IkBa phosphorylation and the subsequent trans-
location of NF-kB from the cytosol to the nucleus. However,
because induction of the c-Fos promoter is known to be medi-
ated by CREB binding to CRE and c-Fos activator protein in
UVB-exposed mammalian cells (62), it is likely that the
increased protein level of c-Fos in MAA-treated HDFs is
directly linked to the activation of CREB, which results directly
from the activation of MSK1. The sum of the above findings
indicates that treatment of HDFs with MAAs at 25 ug/ml sig-
nificantly stimulates the signaling cascades of p38/MSK1/
CREB/c-Fos and p38/ATF2, but it does not activate the ERK/c-
Jun, IKK/IkB/NEF-«B, or MSK1/NF-«kB signaling cascades.

Effects of p38, JNK, and MEK inhibitors on MAA-increased gene
expression of HAS2 and the stimulated secretion of HA in HDFs

Further studies to identify the activated signaling cascades
specific for the increased gene expression level of HAS2
revealed that a p38 inhibitor (SB239063) significantly abro-
gated the MAA-elicited increase in HAS2 mRNA level in con-
cert with an abrogating effect on the enhanced secretion of HA
(Fig. 6, A and B). In contrast, inhibitors of JNK (inhibitor II) and
NF-kB (JSH23) did not abolish the MAA-elicited increase in
HAS2 mRNA level (Fig. 6C), which is consistent with the lack of
any substantial activation of the JNK or NF-kB linkages
observed in the MAA-activated signaling pathway. Moreover, a
MEK inhibitor (U0126) did not abrogate the MAA-elicited
increase in HAS2 mRNA levels (Fig. 6D), which strongly sug-
gests there is no involvement of the ERK/c-Jun axis in the
MAA-activated signaling cascade specifically attributable to
the MAA-stimulated expression level of HAS mRNA, which is
consistent with nonstimulated phosphorylation of c-Jun. Thus,
the above detailed analysis of signaling pathways that lead to the
stimulated expression level of HAS2 mRNA suggests the possi-
ble refinement that the MAA-stimulated expression level of
HAS2 mRNA is mediated via either the p38/MSK1/CREB/c-
Fos/AP-1 axis or the p38/ATF2 axis.

Effects of transfecting an ATF2 siRNA or a c-Fos siRNA on the
MAA-increased gene expression of HAS2 in HDFs

Although there has been no evidence indicating the involve-
ment of AP-1 or ATF2 as transcription factors regulating HAS2
gene expression, we attempted to use mRNA silencing to iden-
tify the terminal point of the intracellular signaling pathway
leading to the transcriptional process that increases levels of
HAS2 mRNA. In elucidating which transcription factor, AP-1
or ATF2, might be essentially involved in the MAA-stimulated
expression level of HAS2 mRNA, although transfection of
ATF2 siRNA significantly reduced the level of ATF2 protein
and abrogated the MAA-increased phosphorylation level of
ATF2 (Fig. 7A), the ATF2 siRNA failed to abrogate the stimu-
lated expression level of HAS2 mRNA by MAAs (Fig. 7C).
While the transfection of a c-Fos siRNA significantly reduced
the level of c-Fos protein and abrogated the MAA-increased
level of c-Fos protein (Fig. 7B), the c-Fos siRNA significantly
abolished the increased expression level of HAS2 mRNA by
MAAs (Fig. 7C).
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Conclusion

As summarized schematically in Fig. 8, the sum of these find-
ings strongly suggests that MAAs up-regulate the gene expres-
sion level of HAS2 via an activation of the intracellular signaling
cascade consisting of the p38/MSK1/CREB/c-Fos/AP-1 axis
that stimulates the production and secretion of HA by HDFs.

Experimental procedures
Materials

Antibodies to ERK, phospho-ERK, p38, phospho-p38, JNK,
phospho-JNK, I«B, phospho-1«B, NFkBp65, phospho-Ser-276/
Ser-536NF«Bp65, CREB, phospho-Ser-133CREB, c-Fos, ATF2,
phospho-Thr-71ATF2, MSK1, and phospho-Thr-581/Ser-376/
Ser-360MSK1 were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies to B-actin and HYBID (anti-
KIAA1199) were obtained from Sigma.

The NF-kB activation inhibitor II (JSH-23) and the MEK
inhibitor (U0126) were from Calbiochem; the p38 inhibitor
(SB239063) was from Santa Cruz Biotechnology, Inc. (Heidel-
berg, Germany), and the JNK inhibitor (JNK inhibitor II) was
from Merck KGaA (Darmstadt, Germany).

Cell cultures

HDFs derived from human foreskins (Thermo Fisher Scien-
tific, Waltham, MA) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) at
37 °Cin a 95% air, 5% CO, atmosphere.

Cell viability assay

Cell viability assays were performed using a cell proliferation
kit I (MTT assay) (Roche Diagnostics) according to the man-
ufacturer’s instructions. HDFs were cultured for 72 h in the
presence of MAAs, and their viability was evaluated using the
MTT assay.

DNA synthesis

DNA synthesis was measured using a CytoSelect™ BrdU
cell proliferation ELISA kit (Cell Biolabs, Inc., San Diego, CA).

Measurement of HA

HDFs were seeded in DMEM with FBS and were cultured for
12 h. After exchange with fresh DMEM without FBS, HA
secreted into the culture medium was measured at the indi-
cated times of culture using an HA assay kit (R&D Systems, Inc.,
Minneapolis, MN), which can detect HA with molecular mass
=35 kDa according to the instructions of the manufacturer.
Levels of HA are expressed as nanograms/ml.

HA in HDFs. HDFs were incubated with MAAs at 25 wg/ml in the presence or
absence of signaling inhibitors for 3, 6, or 72 h, and cell lysates or the condi-
tioned medium was subjected to RT-PCR analysis or ELISA, respectively. A:
p38 inhibitor/qRT-PCR, 6 h, data represent means * S.D., n =; ¥, p < 0.05; *¥,
p < 0.01, versus MAAs (0 or 25 g/ml). B: p38 inhibitor/ELISA, 72 h, data rep-
resent means * S.D., n = 4;**,p < 0.01 versus MAAs (0 or 25 ug/ml). C: NF-«B
and JNK inhibitors/qRT-PCR, 6 h, data represent means = S.D.,.n = 5;*, p <
0.05; **,p < 0.01. D: MEK inhibitor/qRT-PCR, 3 h, data represent means = S.D.,
n = 4;* p <0.05;**, p <0.01 versus MAAs 0 ng/ml or MEK inhibitor O um.
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Figure 7. Effects of transfecting an ATF2 siRNA or a c-Fos siRNA. A: effect
of transfecting an ATF2 siRNA on the expression of ATF2 protein and its phos-
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MAAs

Figure 8. MAA-activated signaling cascades leading to the increased
secretion of HA.

Real-time qRT-PCR

After exchange with fresh DMEM without FBS, levels of
mRNAs encoding HAS1, HAS2, HAS3, HYBID, collagen 1, and
elastin in HDFs were measured at the indicated times of culture
using real-time qRT-PCR. Total RNA was isolated from HDFs
using a ReliaPrep™ RNA Miniprep System (Promega Corp.,
Madison, W1), followed by reverse transcription to cDNA using
ReverTra Ace® qPCR RT Master Mix (Toyobo Co. Ltd., Osaka,
Japan). Real-time PCRs were analyzed using SYBR Fast qPCR
Mix (Takara Bio, Otsu, Shiga, Japan) and a Light Cycler 96
(Roche Diagnostics). The respective primers are shown in
Table 1. The mRNA expression level was corrected by the
expression level of GAPDH or Ribosomal Protein Lateral Stalk
Subunit PO (RPLPO).

phorylation. HDFs were incubated with or without MAAs at 25 ng/ml. Lysates
were harvested at 15 min post-treatment and were immunoblotted with anti-
bodies to B-actin and to phosphorylated or nonphosphorylated ATF2. Rep-
resentative immunoblots from three independent experiments are shown.
Data represent means = S.D., n = 3; **, p < 0.01. B: effect of transfection of a
c-Fos siRNA on the MAA-stimulated expressions of c-Fos protein. HDFs were
incubated with or without MAAs at 25 ng/ml. Lysates were harvested at 2 h
post-treatment and were immunoblotted with antibodies to B-actin and
c-Fos. Representative immunoblots from three independent experiments are
shown. Data represent means + S.D., n = 3; %, p < 0.05; **, p < 0.01. C: effects
of transfection of an ATF2 siRNA or a c-Fos siRNA on MAA-increased gene
expression of HAS2 in HDFs. After transfection of an ATF2 siRNA or a c-Fos
siRNA, HDFs were cultured in the presence or absence of MAAs at 25 ug/ml
for 3 h and then were subjected to RT-PCR analysis for mRNA levels of HAS2.
Data represent means £ S.D., n = 3;*, p < 0.05; **, p < 0.01.
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Table 1
Primers used in this study
Primer name

Sequence

GAPDH Forward 5’'-GCACCGTCAAGGCGAGAAC-3’
Reverse 5'-TGGTGAAGACGCCAGTGGA-3'

KIAA1199 (HYBID) Forward 5'-CCAGGAATGTTGAATGTCT-3'
Reverse 5’'-ATTGGCTCTTGGTGAATG-3'

HAS1 Forward 5'-ATCCTGCATCAGCGGTCCTC-3'
Reverse 5'-CTGGTTGTACCAGGCCTCAAGAA-3’

HAS2 Forward 5’'-TCGCAACACGTAACGCAAT-3'
Reverse 5'-ACTTCTCTTTTTCCACCCCATTT-3’

HAS3 Forward 5'-AACAAGTACGACTCATGGATTTCCT-3’
Reverse 5’'-GCCCGCTCCACGTTGA-3'

Elastin Forward 5'-AGGTGTATACCCAGGTGGCGTGCT-3’
Reverse 5'-CAACCCCTGTCCCTGTTGGGTAAC-3'

Collagen I Forward 5’'-CTGGTCCCCAAGGCTTCCAAGGTC-3’
Reverse 5'-CCATCATTTCCACGAGCACCAGCA-3’

RPLPO Forward 5'-TTCGACAATGGCAGCATCTACAA-3’
Reverse 5'-CTGCAGACAGACACTGGCAACA-3’

siRNA transfection

HDFs were plated at 6.0 X 10* in wells of 12-well plates and
were cultured for 1 day in DMEM with 5% FBS. On day 1, HDFs
were transfected with a control siRNA (MISSION® siRNA Uni-
versal Negative Control, Sigma), an ATF2 siRNA or a c-Fos
siRNA (Mission siRNA, Sigma), and an HAS2 siRNA using
Lipofectamine RNAIMAX transfection reagent (Invitrogen)
following the manufacturer’s protocol.

Western blotting

After exchange with fresh DMEM without FBS, HDFs were
cultured for the indicated times and were then solubilized in
lysis buffer (50 mm Tris, pH 7.6, 150 mm NaCl, and 1% Triton
X-100) plus protease inhibitors (Complete mini-tablets; Roche
Diagnostics, Mannheim, Germany) and were then centrifuged
at 13,000 rpm for 15 min. The supernatants were harvested and
lysed in 2X loading buffer (125 mm Tris, pH 6.8, 4.6% SDS, 20%
glycerol and 0.04% pyronin Y). The mixture was then boiled for
5 min. Samples were solubilized in SDS sample buffer plus 50
mM DTT and boiled for 5 min. Total proteins from cultures of
HDFs were subjected to Western blotting with antibodies to
various phosphorylated or nonphosphorylated signaling fac-
tors and to B-actin as aloading control. Samples were separated
on SDS-polyacrylamide gels, transferred onto nitrocellulose
membranes, blocked with 5% nonfat dry milk in TBS (TBST),
and probed with the above antibodies at room temperature for
1 h. Membranes were washed three times for 15 min each with
TBST, probed with peroxidase-conjugated secondary antibod-
ies (GE Healthcare), then washed three times for 30 min each in
TBST, and developed by ECL (GE Healthcare). Detection was
performed using an imaging system (WSE-6100 LuminoGraph
I; ATTO Corp., Tokyo, Japan).

Statistics

All data are expressed as means = S.D. as indicated in the
figure legends. Student’s ¢ test was applied for pairwise compar-
isons. For multiple comparisons, data were tested by one-way
ANOVA and were subsequently analyzed using the Tukey mul-
tiple comparison test. p values <0.05 are considered statisti-
cally significant.
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