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HYBID (alias KIAA1199/CEMIP) and hyaluronan synthase
coordinately regulate hyaluronan metabolism in histamine-

stimulated skin fibroblasts
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The immune-regulatory compound histamine is involved in
the metabolism of the essential skin component hyaluronan
(HA). We previously reported that histamine up-regulates the
expression of HYBID (hyaluronan-binding protein involved in
hyaluronan depolymerization, also called CEMIP or KIAA1199),
which plays a key role in HA degradation. However, no information
isavailable about histamine’s effects on HA synthase (HAS) expres-
sion, the molecular sizes of HA species produced, and histamine
receptors and their signaling pathways in skin fibroblasts. More-
over, histamine’s effects on photoaged skin remain elusive. Here,
we show that histamine increases HA degradation by up-regulating
HYBID and down-regulating HAS2 in human skin fibroblasts in a
dose- and time-dependent manner and thereby decreases the total
amounts and sizes of newly produced HA. Histamine H1 blocker
abrogated the histamine effects on HYBID up-regulation, HAS2
suppression, and HA degradation. Histamine H1 agonist exhibited
effects on HA levels, composition, and breakdown similar to those
of histamine. Of note, blockade of protein kinase Co or PI3K-Akt
signaling abolished histamine-mediated HYBID stimulation and
HAS2 suppression, respectively. Immunohistochemical experi-
ments revealed a significant ~2-fold increase in tryptase-positive
mast cells in photoaged skin, where HYBID and HAS2 expression
levels were increased and decreased, respectively, compared with
photoprotected skin. These results indicate that histamine con-
trols HA metabolism by up-regulating HYBID and down-regulat-
ing HAS2 via distinct signaling pathways downstream of histamine
receptor H1. They further suggest that histamine may contribute
to photoaged skin damage by skewing HA metabolism toward
degradation.

Histamine is an important mediator of many physiological
and pathological processes such as gastric acid secretion, neu-
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romodulation, cell proliferation and differentiation, inflamma-
tion, and regulation of immune function (1). Mast cells store
histamine in the granules and release it upon their activation,
i.e. degranulation of mast cells (1). Increased numbers of mast
cells are commonly observed in various tissues under patholog-
ical conditions such as tumors and inflammation (2). One
example of these conditions is photoaged skin, which is induced
by chronic exposure to sun light. This is characterized clinically
by wrinkle formation of the skin and histologically by mild infil-
trations of inflammatory cells composed of lymphocytes,
macrophages and mast cells and degenerated extracellular
matrix (ECM)? molecules such as hyaluronan (HA), collagen,
and elastin (3). In photoaged skin, mast cells are often located
close to fibroblasts, suggesting that fibroblasts stimulated by
mast cell-derived mediators may contribute to dermal changes
of the photoaged skin (4).

HA, a nonsulfated linear glycosaminoglycan composed of
repeating disaccharide units of 8-(1,3)-linked p-glucuronic acid
and -(1,4)-linked N-acetyl-pD-glucosamine, is distributed in
the dermis as an essential component of the skin and contrib-
utes to hydration of the skin and regulation of cell proliferation
and migration in the dermis (5). Although HA is synthesized by
three different HA synthases, i.e. HASI, HAS2, and HAS3 (6),
our previous study demonstrated that among them, HASI and
HAS?2 play a key role in HA production in normal human skin
fibroblasts (7). In addition, we have disclosed that HYBID (hya-
luronan-binding protein involved in hyaluronan depolymeriza-
tion), alias CEMIP and KIAA1199, plays an essential role in HA
degradation in skin fibroblasts independently of HYAL2 (hya-
luronidase 2) and a cell-surface HA receptor CD44 (8, 9).
Because HYBID was identified by microarray analysis among
the genes that were up-regulated by histamine and down-reg-
ulated by transforming growth factor B1 (TGF-f1), histamine
is known to enhance HA degradation by up-regulating the
HYBID expression in skin fibroblasts (8, 9). However, there
have been no studies about the effect of histamine on the HA
synthesis by HAS1, HAS2, and/or HAS3. Histamine effects are

3 The abbreviations used are: ECM, extracellular matrix; FA, fluoresceinamine-
labeled; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HA, hyalu-
ronan; HAS, hyaluronan synthase; HR, histamine receptor; HYAL2, hyalu-
ronidase 2; PKC, protein kinase C; TGF, transforming growth factor; TMEM2,
transmembrane protein 2.
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mediated by four types of histamine receptors, i.e. HRH1,
HRH2, HRH3, and HRH4, all of which belong to the G protein—
coupled receptors (1). Little information is available for the his-
tamine receptors and their downstream signaling pathways
involved in the expression of HYBID and HAS genes in skin
fibroblasts. We recently reported that in the photoaged skin of
Japanese and Caucasian women, reduction in content and
molecular size of HA in the dermis caused by HYBID overex-
pression and decreased expression of HAS1/2is related to facial
skin wrinkling (10, 11). However, involvement of mast cells
and/or histamine in the expression of HYBID and HAS genes in
photoaged skin remains elusive.

In the present study, we tested dose- and time-dependent
effects of histamine on the expression of the HYBID and HAS
genes and studied the newly synthesized HA species in human
skin fibroblasts under stimulation with different concentra-
tions of histamine. We also investigated the histamine recep-
tors and their downstream signaling pathways responsible
for the histamine-induced HYBID and HAS expression. In addi-
tion, we examined distribution of tryptase-positive mast cells, a
major source of histamine, and HYBID-positive cells in the
photoaged skin samples, which showed HYBID overexpression
and HAS2 down-regulation as compared with the photopro-
tected skin. Our data in the present study provide, to the best of
our knowledge, the first evidence that histamine contributes to
the production of lower-molecular-weight HA through up-reg-
ulation of HYBID and down-regulation of HAS2 in skin fibro-
blasts and suggest that mast cell- derived histamine may play a
role in aberrant HA metabolism in photoaged skin.

Results

Dose- and time-dependent expression of HYBID and HAS in
human skin fibroblasts under stimulation with histamine

We first examined the dose- and time-dependent effects of
histamine on the HYBID expression in normal human embry-
onic skin fibroblasts (Detroit 551 cells). As shown in Fig. 1 (A
and B), histamine dose-dependently enhanced the HYBID
expression, showing the highest up-regulation at a concentra-
tion of 10 uM, i.e. 2.9- and 3.0-fold increases in the mRNA and
protein expression, respectively. Time-course experiments
showed that histamine-induced up-regulation of the HYBID
mRNA and protein expression begins at 8 h, reaches maximum
levels at 24 h, and remains increased at 48 h after the stimula-
tion (Fig. 1, A and C). HYBID protein was detected only in the
cell lysates, but a negligible amount of HYBID was present in
conditioned medium from control or histamine-treated
Detroit 551 cells (Fig. 1D). In accordance with the HYBID up-
regulation by histamine, degradation activity of high-molecu-
lar-weight [’H]HA was dose-dependently increased (Fig. 1E).
When fluoresceinamine-labeled HA (FA-HA) was added to the
culture media of control or histamine-treated Detroit 551 cells,
FA-HA was almost completely recovered in the media without
intracellular accumulation (Table 1). These results suggest that
histamine-stimulated HA depolymerization occurs in a cell-
associated manner, and HA fragments are released from the
cells to extracellular milieu.
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Previous studies reported that two hyaluronidases HYAL2
and transmembrane protein 2 (TMEM?2) and a cell-surface HA
receptor CD44 play a role in HA degradation (12, 13). Thus, we
examined their mRNA expression in histamine-treated Detroit
551 cells and found that they are significantly down-regulated
by histamine at 24 h after stimulation (Fig. 24). To further study
whether HYBID is directly involved in the histamine-mediated
production of low-molecular-weight HA, we assessed HA
degrading activity in siRNA-mediated HYBID knocked-down
cells. As shown in Fig. 2B, knockdown of HYBID expression
abrogated production of low-molecular-weight HA in Detroit
551 cells under either stimulated or unstimulated conditions.
The data suggest that the histamine-mediated production of
low-molecular-weight HA is derived from the action of up-reg-
ulated HYBID by histamine.

We next examined the expression of HAS1, HAS2, and HAS3
in Detroit 551 cells and found that HAS2 and HAS3 are
expressed, whereas HASI mRNA expression is negligible under
both basal and histamine-stimulated conditions (Fig. 3, A—C).
As shown in Fig. 3B, histamine dose-dependently down-regu-
lated the HAS2 mRNA expression, and its maximal effect was
exerted at a dose of 10 um, showing down-regulation up to 46%
of the original level at 24 h after the treatment. Differently from
the HYBID mRNA expression, a significant decrease in the
HAS2 mRNA expression was detected at 24 h, but not at 8 h,
after histamine treatment (Fig. 38). HAS3 mRNA expression
was dose-dependently down-regulated by histamine at 8 h after
the treatment, but the down-regulation was not maintained at
24 and 48 h (Fig. 3C). HA production levels were slightly but
significantly reduced in the cells treated with 0.1, 1.0, or 10 um
histamine compared with the control cells without histamine
treatment (Fig. 3D).

Similar expression profiles of HYBID and HASI-3 were
observed with normal human neonatal skin fibroblasts (HS27
cells) (Fig. S1). Histamine significantly ~2-fold up-regulated
the mRNA and protein expression of HYBID (Fig. S1, A and B)
and down-regulated the HAS2 mRNA expression to ~65% of
the original level in HS27 cells (Fig. S1D). However, no changes
were seen in the HAS3 mRNA expression (Fig. S1E). HA pro-
duction was significantly reduced by the histamine treatment
(Fig. S1F). Normal human adult skin fibroblasts (NHDF-Ad
cells) also showed the up-regulation of mRNA and protein
expression of HYBID, up to an ~2-fold increase compared with
the original level, after treatment with histamine (Fig. S2, A and
B), whereas neither down-regulation of the HAS2 and HAS3
expression nor HA production was seen by histamine treat-
ment (Fig. S2, D—F). These data suggest that histamine com-
monly up-regulates HYBID expression, but histamine-medi-
ated HAS down-regulation may be cell type—specific.

Production of lower-molecular-weight HA by skin fibroblasts
under stimulation with histamine

We then analyzed molecular weight distribution of newly
produced HA in Detroit 551 cells under stimulation with dif-
ferent concentrations of histamine. The cells were cultured
with [?H]glucosamine in the presence of histamine (0, 0.1, 1.0,
or 10 uM) for 48 h, and metabolically labeled HA in the media
was subjected to the gel filtration chromatography. As shown in
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Figure 1. Effects of histamine on the expression of HYBID in human normal skin fibroblasts (Detroit 551 cells). A, the dose-dependent and time-course
expression of the HYBID mRNA. Detroit 551 cells were treated with histamine (0, 0.1, 1, or 10 um), and the mRNA levels were measured by quantitative real-time
PCR at 8, 24, or 48 h after the histamine treatment. The values are expressed as means = S.D. (n = 3) and shown as fold increases in mRNA expression relative

to control cells. Control, cells treated with vehicle alone. The Williams’ test wa

expression of HYBID protein in Detroit 551 cells. They were treated with 0, 0.1,

s used for statistical analysis. ***, p < 0.001; **, p < 0.01. B, the dose-dependent
1, 0or 10 um of histamine for 24 h, and the extracted proteins were subjected to

immunoblotting with anti-HYBID antibody. GAPDH, loading control. C, the time-course expression of the HYBID protein. Detroit 551 cells were treated with
histamine (0 or 10 um) for 0, 8, 24, or 48 h, and the proteins extracted were analyzed by immunoblotting using anti-HYBID antibody. D, HYBID protein in the cell

lysates and conditioned media from Detroit 551 cells treated with histamine

(0 or 10 um) for 24 h. They were subjected to immunoblotting with antibodies

against HYBID or GAPDH. GAPDH, loading control for the cell lysates. £, HA depolymerization in Detroit 551 cells treated with histamine. The cells in culture were

treated with 0,0.1, 1, or 10 um of histamine in the presence of [
by size-exclusion chromatography.

Table 1

Distribution of FA-HA in extracellular and cell-associated compart-
ments after addition to histamine-stimulated Detroit 551 cells

FA-HA was incubated with Detroit 551 cells for 24 h, and fluorescence activity in the
extracellular and cell-associated fractions was measured as described under “Exper-
imental procedures.” Recovery is expressed as percentages of the total fluorescence
activity. The values represent means = S.D. (n = 3).

24 h
Extracellular Cell-associated
Control 99.52 +2.95 0.48 =0.42
Histamine 99.47 +4.30 0.53 £0.10

Fig. 4A, nonstimulated cells produced HA species with two
main fractions: i.e. high-molecular-weight [PHJHA of >1000
kDa and lower-molecular-weight [PH]JHA of 10-100 kDa.
Because HAS2 protein synthesizes only high-molecular-weight
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3HIHA for 24 h (open circle) or 48 h (closed circle), and HA fragments in the media were examined

HA (6), lower-molecular-weight [*H]HA was considered to be a
degradation product from high-molecular-weight [*H]HA. By
contrast, treatment with histamine dose-dependently
decreased high-molecular-weight [PH]HA and increased low-
er-molecular-weight [*H]HA (Fig. 4, B-D). These data suggest
that histamine stimulation leads to the accumulation of lower-
molecular-weight HA via increase in HYBID-mediated HA
degradation and decrease in HAS2-mediated HA production.

Identification of histamine receptor(s) for the regulation of
HYBID and HAS2 expression in skin fibroblasts under
stimulation with histamine

All four histamine receptors, i.e. HRH1, HRH2, HRH3, and
HRH4, are expressed in normal human brain (1, 14). Therefore,

J. Biol. Chem. (2020) 295(8) 2483-2494 2485
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Figure 2. Effects of histamine on the expression of HYAL2, TMEM2, and CD44 in human normal skin fibroblasts (Detroit 551 cells) and HA degradation
by HYBID knocked-down Detroit 551 cells stimulated with histamine. A, expression levels of HYAL2, TMEM2, and CD44 mRNA. Detroit 551 cells were treated
with histamine (0 or 10 um), and the mRNA levels were measured by quantitative real-time PCR at 8 or 24 h after the histamine treatment. The values are
expressed as means = S.D. (n = 3) and shown as fold increases in mRNA expression relative to control cells. Control, cells treated with vehicle alone. The
Student'’s t test was used for statistical analysis. ***, p < 0.001; **, p < 0.01. B, HA depolymerization in HYBID knocked-down Detroit 551 cells treated with
histamine. HYBID was knocked down by treating Detroit 551 cells with siRNAs to HYBID. As for controls, the cells were transfected with control nonsilencing
siRNA (Control siRNA). The expression levels of HYBID protein in control or HYBID knocked-down cells stimulated with 0 or 1 um of histamine at 24 h after the
stimulation were evaluated by immunoblotting. GAPDH was used as a loading control. Representative data for two siRNAs are shown. HA-degrading activity
in control (circles) or HYBID (triangles) siRNA-treated Detroit 551 cells was detected by size-exclusion chromatography. siRNA-treated Detroit 551 cells were
stimulated with 0 (open) or 1 um (closed) of histamine in the presence of fluoresceinamine-labeled HA H1 for 48 h, and HA fragments in the media were

subjected to chromatography.

using the brain tissue as a positive control, we examined mRNA
expression of the receptors in Detroit 551 cells. As shown in Fig.
5A, HRHI mRNA was abundantly expressed in Detroit 551
cells, whereas only low-level expression of HRH2 mRNA and
negligible or no expression of HRH3 and HRH4 mRNA were
seen. Therefore, we then examined the involvement of HRH1
and HRH2 in the HYBID and HAS2 expression by using phar-
macological histamine receptor antagonists and agonists. As
shown in Fig. 5 (B—D), HRH1 antagonist (H1 blocker; chlorphe-
niramine maleate) completely abrogated the histamine-medi-
ated up-regulation of HYBID mRNA and protein expression
and the down-regulation of HAS2 mRNA expression. However,
HRH2 antagonist (H2 blocker; cimetidine) exhibited no effects
on the histamine-mediated HYBID or HAS2 expression (Fig. 5,
B-D). Consistent with the results of HYBID expression, H1
blocker attenuated the histamine-mediated HA degradation,
whereas H2 blocker showed no similar effect (Fig. 5E). We also
studied the effects of HRH1 and HRH2 agonists on the expres-
sion of HYBID and HAS2. As shown in Fig. 6 (A-C), HRH1
agonist (2-pyridylethylamine dihydrochloride) up-regulated
mRNA and protein expression of HYBID and down-regulated

2486 J. Biol. Chem. (2020) 295(8) 2483-2494

the HAS2 expression, whereas HRH2 agonist (amthamine dihy-
drobromide) showed no changes in the expression of HYBID or
HAS2. In agreement with these results, HRH1 agonist up-reg-
ulated HA degradation activity at a similar level to that of his-
tamine, but HA degradation activity was not altered by HRH2
agonist (Fig. 6D). All these data strongly suggest that among the
four histamine receptors, HRH1 is responsible for the action of
histamine on the regulation of HYBID and HAS?2 expression in
skin fibroblasts.

Differential regulation of HYBID and HAS2 gene expression by
histamine through the protein kinase Co (PKC®) or PI3K-Akt
pathway in skin fibroblasts

We further investigated the signaling pathways downstream
of HRH1 for histamine-mediated HYBID and HAS2 expression
in skin fibroblasts (Detroit 551 cells) and found that rottlerin, a
protein kinase C& inhibitor, completely suppresses the hista-
mine-mediated up-regulation of HYBID but not the basal
HYBID expression (Fig. 7A). Akt inhibitor V significantly atten-
uated the histamine-mediated down-regulation of HAS2 but
not the basal HAS2 expression (Fig. 7B). These results suggest

SASBMB
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Figure 3. Effects of histamine on the expression of the HAS7-3 mRNA and HA production in human normal skin fibroblast Detroit 551 cells. A-C, the
dose-dependent and time-course expression of the HAST (A), HAS2 (B), and HAS3 (C) mRNA. Detroit 551 cells were treated with histamine (0, 0.1, 1, or 10 um),
and the mRNA levels were measured by quantitative real-time PCR at 8, 24, or 48 h after the histamine treatment. The values are expressed as means = S.D. (n =
3) and shown as fold increases in mRNA expression relative to control cells. Control, cells treated with vehicle alone. The Williams’ test was used for statistical
analysis. ***, p < 0.001; *, p < 0.05. D, HA content in the culture media of Detroit 551 cells stimulated with histamine. The cells were cultured in the presence
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Figure 4. Effect of histamine on the size distribution of newly produced
HA. A-D, detroit 551 cells were metabolically labeled with 10 pCi/ml of
[*Hlglucosamine in the presence of 0 (A), 0.1 (B), 1 (C), or 10 (D) um of hista-
mine for 48 h. The radiolabeled HA was isolated from the conditioned media
and subjected to size-exclusion chromatography.

that the histamine-mediated gene expression of HYBID and
HAS2 is regulated by distinct signaling pathways via the PKC8
pathway for HYBID and the PI3K—Akt signaling pathway for
HAS2.

Increased number of mast cells in the dermis of photoaged
skin that is characterized by enhanced HYBID and decreased
HAS2 expression

Real-time PCR analysis of the photoaged and photoprotected
skin samples indicated that the expression of HYBID and HAS2
is significantly enhanced and reduced, respectively, in the pho-
toaged skin compared with the photoprotected skin (Fig. 84),
confirming our previous data (11). Because mast cells are a
major source of histamine, we performed immunohistochem-
istry using an antibody specific to tryptase, a selective marker of
mast cells, in the skin specimens. As shown in Fig. 8B, many
tryptase-positive mast cells were observed in the dermis of the
photoaged skin, whereas they were sparsely present in the pho-
toprotected skin. Negligible staining was obtained with control
nonimmune IgG (Fig. 8B). By counting numbers of tryptase-
positive mast cells, we demonstrated that the mean number of
mast cells is significantly ~2-fold higher in the photoaged skin
than in the photoprotected skin (Fig. 8C). Interestingly, mast
cells in the photoaged skin occasionally showed weak diffuse
staining around mast cells, which suggests degranulation (15)
(Fig. 8B, insets). Immunofluorescence staining of HYBID or
tryptase in serial sections of the photoaged skin tissue demon-
strated that HYBID is positively immunostained in the area
where many tryptase-positive mast cells are present (Fig. 8D).
Negligible staining was obtained with control nonimmune IgG
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(Fig. 8D). These data suggest that histamine produced by the
increased mast cells may be involved in increased HYBID
expression and decreased HAS2 expression in photoaged skin.

Discussion

In the present study, to the best of our knowledge, we have
demonstrated for the first time that histamine decreases total
amount and molecular size of newly produced HA by the
increased HYBID-mediated HA degradation and the sup-
pressed HAS2-mediated HA synthesis in human skin fibro-
blasts. Although we previously reported that histamine up-reg-
ulates the HYBID expression and enhances HA degradation in
human skin fibroblasts (8), the present study has further dem-
onstrated the histamine-induced down-regulation of the HAS2
expression together with HYBID up-regulation in two different
types of fibroblasts. We have also shown that unlike HYBID, the
expression of HYAL2, TMEM?2, and CD44, all of which may be
involved in HA degradation (12, 13), is down-regulated by his-
tamine treatment in Detroit 551 cells and that knockdown of
the HYBID expression abrogates the production of low-molec-
ular-weight HA under stimulation with histamine. Therefore, it
seems likely that HYBID is responsible for histamine-stimu-
lated HA depolymerization in skin fibroblasts.

Several growth factors including TGF-B1, basic fibroblast
growth factor, epidermal growth factor, and platelet-derived
growth factor BB are known to act as up-regulators for HAS2
expression (9). However, limited information is available for
suppressors of the HAS2 expression, and to the best of our
knowledge, only glucocorticoids are reported to suppress the
HAS?2 expression in skin fibroblasts and keratinocytes (16).
Thus, our data in the present study indicate that histamine
should be added to a list of down-regulators of the HAS2 gene
and suggest that newly produced lower-molecular-weight HA
under stimulation with histamine is ascribed to degradation of
high-molecular-weight HA through the action of overex-
pressed HYBID, as we observed with the above-mentioned
growth factors (9).

The diverse biological effects of histamine are mediated
through the interaction with the histamine receptors, i.e.
HRH1, HRH2, HRH3, and HRH4, expressed on the cells within
the tissues (17). Therefore, expression profile of histamine
receptors is considered to be an important determinant for his-
tamine effects. Accumulating lines of evidence have demon-
strated that HRH1 is expressed by a broad range of cell types
such as neurons, smooth muscle cells, endothelial cells, and
inflammatory and immune cells, whereas HRH2 is commonly
co-expressed with HRH1 in most cell types (18). Conversely,
the expression of HRH3 is confined to neural cells in the central
and peripheral nervous system, and HRH4 is expressed mainly
in cells of hematopoietic origin particularly dendritic cells, mast
cells, eosinophils, monocytes, basophils, and T cells (17).
Although information was limited about histamine receptors in
skin fibroblasts (17, 19), our data in the present study have
demonstrated that the effects of histamine on the HYBID and
HAS?2 expression are mediated mainly through HRH1 in skin
fibroblasts.

In various pathophysiological conditions, metabolism of
ECM macromolecules such as collagens and HA is controlled
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Figure 5. Expression of HRH1-4 mRNAs in normal human skin fibroblast Detroit 551 cells and effects of histamine H1 and H2 blockers on the
expression of HYBID and HAS2 mRNA and HA degradation. A, expression levels of HRH1-4 mRNAs in the brain tissue (positive control) and Detroit 551 cells.
The expression levels of HRHT-4 mRNAs in the brain tissue and Detroit 551 cells were measured by quantitative real-time PCR. The values are expressed as
means = S.D. (n = 3). N.D., not detected. B and C, effects of histamine H1 and H2 blockers on the HYBID mRNA and protein expression. Detroit 551 cells were
cultured for 1 h in the absence or presence of 10 um of chlorpheniramine maleate (histamine H1 blocker) or 10 um of cimetidine (histamine H2 blocker) prior
to stimulation with 10 um of histamine for 24 h. The mRNA and protein expression of HYBID was measured by quantitative real-time PCR and immunoblotting,
respectively. The values are expressed as means + S.D. (n = 3) and shown as fold increases in mRNA expression relative to control cells in the absence of
histamine. The Tukey’s test was used for statistical analysis. ***, p < 0.001. D, effects of histamine H1 and H2 blockers on the HAS2 mRNA expression. Detroit 551
cells were treated with 10 um of chlorpheniramine maleate (histamine H1 blocker) or 10 um of cimetidine (histamine H2 blocker) prior to stimulation with 10
um of histamine for 24 h, followed by analysis by quantitative real-time PCR for HAS2 as shown in B. E, HA depolymerization by Detroit 551 cells treated with
histamine blockers. Detroit 551 cells were incubated for 1 h in the absence or presence of 10 um of chlorpheniramine maleate (histamine H1 blocker) (open
triangle) or 10 um of cimetidine (histamine H2 blocker) (closed triangle), followed by additional incubation for 24 h with [?HIHA without (control; open circle) or
with (closed circle) 10 um of histamine, and HA fragments in the culture media were examined by size-exclusion chromatography.

by the action of factors, e.g grown factors and cytokines.
TGEF-B1 is one of the representative anabolic factors that are
implicated in the overproduction of ECM molecules (20). Con-
cerning the TGF-B1-mediated metabolism of collagens in skin
fibroblasts, TGF-B1 appears to act through the same PI3K—-Akt
signaling pathway to down-regulate the MMP-1 (collagen-
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ase-1) gene and up-regulate the COLIA1/2 (collagen type I, al
and a2 chains) gene (20). However, our previous study indi-
cated that the different signaling pathways are used for TGE-
Bl-induced HA metabolism: the HYBID down-regulation via
the PI3K—Akt signaling pathway and the HAS1/2 up-regulation
through Smad3, ERK1/2, and/or p38-MAPK pathway (9). In
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0.001. B, immunohistochemistry of tryptase in the skin biopsy specimens.
Representative images from the photoprotected and photoaged skin speci-
mens are shown. Frozen skin sections were immunostained with anti-tryp-
tase antibody (Ab) or control mouse IgG and counterstained with methyl-
green. Arrows, purple-stained tryptase-positive cells. Scale bars, 100 um.
Insets, high-power view of boxed areas. C, the numbers of tryptase-positive
cells in the photoprotected and photoaged skin specimens. The values rep-
resent means * S.D. The paired Student’s t test was used for statistical anal-
ysis. **, p < 0.01. D, immunofluorescence staining of HYBID and tryptase.
Representative images from the photoaged skin specimens are shown.
Sequential frozen skin sections were immunofluorescence stained with anti-
HYBID antibody (green) or control rat IgG, and anti-tryptase antibody (red) or
control mouse IgG, followed by counterstaining with DAPI (blue). Boxed areas
are shown at higher magnification to the left. Scale bars, 100 um. Insets, 50

mm.

the present study, we have provided data of the different signal-
ing pathways for histamine-induced HYBID and HAS2 expres-
sion, showing that the histamine/HRHI signal is transduced
through the PKCé& pathway for the HYBID up-regulation and
the PI3BK—Akt pathway for the HAS2 down-regulation. Ligand
binding to G protein— coupled receptors promotes association
of the receptors with G proteins, which consist of «, 3, and vy
subunits and causes activation of the classical and nonclassical
intracellular signaling pathways (18). Histamine binding to
HRH1 activates the Ge, subunit and leads to increased cytoso-
lic calcium levels and generation of diacyl glycerol, both of
which activate PKC in the classical signaling pathway (18). Con-
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versely, the nonclassical pathway by the GB7y subunits of hista-
mine-stimulated HRH1 is known to activate PI3K, leading to
activation of Akt (18, 21). Therefore, both the classical and non-
classical routes through the distinct intracellular signaling
pathways are involved in histamine-induced HA metabolism.
Taken together, our data on HYBID and HAS expression sug-
gest the possibility that the HA metabolism by catabolic and
anabolic enzymes may be regulated by the divergent signaling
pathways of the stimulatory factors, although further detailed
studies are needed to clarify the hypothesis.

The alteration in number of mast cells during photoaging is
controversial, although previous studies suggested that mast
cells are tended to be increased in photoaged skin (4, 22-26). It
seems likely that numbers of mast cells in the dermis are depen-
dent on anatomical locations and severity of photoaging of the
skin examined. In addition, gender, age, and ethnicity of the
subjects may affect numbers of mast cells in photoaged skin. In
the present study, we have shown that number of mast cells
in the dermis is significantly ~2-fold higher in the photoaged
skin (crow’s-foot areas) compared with the photoprotected
skin (inner forearms), both of which were obtained by punch
biopsy from the photoaged and photoprotected areas of the
same Japanese female individuals. As shown in the previous
(11) and present studies, the photoaged skin was characterized
by increased HYBID expression and decreased HAS2 expres-
sion compared with the photoprotective skin. Mast cells in the
photoaged skin are known to commonly localize near fibro-
blasts, showing their frequent contact each other (4). UV irra-
diation of human skin is reported to induce degranulation of
mast cells in the dermis (15), and actually our immunohisto-
chemical study of the photoaged skin specimens showed the
finding suggestive of degranulation. In addition, HYBID-posi-
tive cells and tryptase-positive mast cells were closely located in
the dermis of the photoaged skin. Taken together, it is plausible
to speculate that in the photoaged skin, histamine released from
mast cells stimulates fibroblasts to overexpress HYBID and
down-regulate HAS?2, leading to the reduction in amount and
molecular size of HA in the photoaged skin (11). However,
future experimental work is definitely necessary to demon-
strate these processes.

In summary, we have demonstrated that in human skin fibro-
blasts, histamine contributes to the reduction in molecular
sizes and amounts of newly produced HA by increasing the
HYBID expression and decreasing the HAS2 expression using
different histamine—HRHI1 signaling pathways. We have also
provided data that mast cell- derived histamine may be impli-
cated in enhanced HYBID expression and decreased HAS2
expression in photoaged skin. Although high-molecular-
weight HA is anti-inflammatory, and anti-angiogenic, low-mo-
lecular-weight HA fragments are potently pro-inflammatory
and pro-angiogenic and promote cell migration (27-29).
Therefore, in the photoaged skin, the HA fragments generated
by the action of histamine-induced HYBID may be involved in
angiogenesis and chronic inflammatory cell infiltration, which
are commonly observed in photoaged skin (30). To demon-
strate our hypothesis, however, detailed analyses of the
histamine-HYBID axis in the photoaged skin are definitely
necessary.

J. Biol. Chem. (2020) 295(8) 2483-2494 2491



Regulation of hyaluronan metabolism by histamine

Experimental procedures
Cell cultures

Normal human skin fibroblasts including Detroit 551
(American Type Culture Collection), HS27 (American Type
Culture Collection), and NHDF-Ad (Takara Bio) cells were cul-
tured in Eagle’s minimum essential medium (MP Biomedicals)
supplemented with nonessential amino acids, 1 mm sodium
pyruvate, and 10% (v/v) fetal bovine serum (JRH Biosciences) at
37 °C in a humidified atmosphere containing 5% CO.,.

Quantitative real-time PCR

Total RNA was isolated from skin fibroblasts by the RNeasy
mini kit (Qiagen), and that from normal human brain was pur-
chased from Biochain. They were reverse-transcribed to cDNA
using a high-capacity cDNA archive kit (Applied Biosystems).
Expression of the target mRNAs was quantitatively analyzed
using the cDNA templates in a TagMan real-time PCR assay
(Applied Biosystems; StepOnePlus™ real-time PCR system)
according to the manufacturer’s protocol. The relative quanti-
fication values of HYBID, HASI, HAS2, HAS3, HYAL2,
TMEM?2, CD44, HRH1, HRH2, HRH3, and HRH4 were normal-
ized to endogenous glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for in vitro study or B-actin for in vivo study.

Antibodies

A rat mADb against HYBID was developed and characterized
previously (8). Antibodies against GAPDH and tryptase were
purchased from Santa Cruz Biotechnology and DAKO, respec-
tively. Anti-rat IgG—Alexa Fluor® 594 and anti-mouse IgG—
Alexa Fluor® 647 were purchased from Invitrogen. Control rat
IgG and control mouse IgG were purchased from Thermo Sci-
entific and R&D Systems, respectively.

Immunoblotting

Cell homogenate supernatants and conditioned media were
subjected to SDS—polyacrylamide gel by electrophoresis on
NuPAGE 4-12% Bis-Tris gels (Invitrogen), and the proteins
resolved were transferred onto polyvinylidene difluoride mem-
branes. The membranes were reacted with the antibodies and
then incubated with the horseradish peroxidase—conjugated
secondary antibodies: donkey anti-rat IgG antibody for HYBID
(Jackson ImmunoResearch) and goat anti-rabbit IgG antibody
for GAPDH (DAKO). Immunoreactive bands were detected
using the SuperSignal West Pico chemiluminescent substrate
system (Thermo Scientific).

Assay for cellular depolymerization

High-molecular-weight *H-labeled HA ([*’H]HA) of >1000
kDawaspreparedasdescribedpreviously(8).CellularHA depoly-
merization was assayed by culturing confluent cells in medium
containing [PHJHA (40,000 dpm/ml) and applying the media to
a Sepharose CL-2B (GE Healthcare) column (1 X 60 cm) equil-
ibrated with 0.5 M NaCl. The flow rate was 0.65 ml/min, and
fractions of 2.5 ml were collected. The radioactivity of each
fraction was measured by a scintillation counter (Aloka;
LSC-6100).

Cellular FA-HA H1 (1,760 kDa; peak top kDa) depolymeri-
zation was assayed by culturing confluent cells in medium con-
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taining FA-HA H1 (10 pg/ml) and applying the harvested
media to a Sepharose CL-2B (GE Healthcare) column (1 X 60
cm) equilibrated with 0.5 M NaCl. The flow rate was 0.8 ml/min,
and fractions of 1.6 ml were collected. Depolymerized FA-HA
H1 was detected at an excitation wavelength of 490 nm using an
emission wavelength of 525 nm.

The column was calibrated with the FA-HA species: H1
(1,760 kDa; peak top kDa), M1 (907 kDa), L1 (197 kDa), S1 (56
kDa), T1 (28 kDa), and U1 (9.8 kDa) (PG Research). An excita-
tion wavelength of 490 nm and an emission wavelength of 525
nm were used for the detection of fluoresceinamine.

Assay for HA production

Culture media were harvested at 24 h after culturing skin
fibroblasts in the presence of histamine (0, 0.1, 1, or 10 um)
(WAKO). The HA content in the media was determined using
a QnE HA ELISA (Biotech Trading Partners, Inc.) according to
the manufacturer’s protocol. The assay detected HA molecular
mass forms as small as 20 -30 kDa.

RNA interference

Knockdown experiments were performed using 25-nucleo-
tide siRNA duplexes chemically synthesized for HYBID and
control nonsilencing siRNA by Invitrogen. The siRNA oligonu-
cleotide sequences were as follows: HYBID-1, 5'-AAACAUU-
GAAAUAUUCGCCAUGCUC-3'; and HYBID-2, 5'-UUGAC-
AAGGAGGCCAAGACAGUGGU-3'. These siRNAs were
transfected into cells using Lipofectamine RNAIMAX (Invitro-
gen), and the knocked-down cells were used for the experi-
ments at 24 h after transfection.

Molecular size distribution of synthesized HA

Detroit 551 cells were cultured for 48 h in culture media
containing 10 pCi/ml of p-[1,6-*H(N)]glucosamine hydrochlo-
ride (American Radiolabeled Chemicals) in the presence of his-
tamine (0, 0.1, 1, or 10 um). The harvested culture media were
treated with 30 pug/ml Pronase (Merck) and then divided into
two parts: one was digested with 0.1 unit/ml Streptomyces hya-
luronidase (WAKO) in 0.5 m MES buffer, pH 6.0, containing
0.15 M sodium acetate at 37 °C overnight, whereas the other was
left undigested by the enzyme. They were applied to a PD-10
desalting column equilibrated with 0.5 m NaCl to remove unin-
corporated radiolabel, and each sample was fractionated in a
Sepharose CL-2B (GE Healthcare) column. The chromatogra-
phy profiles depicted only the hyaluronidase-sensitive activity
in each fraction plotted against the fraction number by sub-
tracting the hyaluronidase-resistant counts from the radioac-
tivity of the hyaluronidase-undigested samples.

Determination of extracellular and cell surface-associated HA

Detroit 551 cells were cultured in 6-well plates in the
medium containing FA-HA (10 pg/ml) (PG research) for 24 h
and washed with ice-cold PBS. The medium and wash were
combined and designated as “extracellular” fraction. The cells
were removed from the well by incubation with Accumax™
(Innovative Cell Technologies). The cell suspension was centri-
fuged at 4 °C, and the resulting supernatant was designated as
“cell surface-associated” fraction. An excitation wavelength of
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490 nm and an emission wavelength of 525 nm were used for
the detection of FA.

Chemicals

Histamine H1 receptor antagonist chlorpheniramine male-
ate and H2 receptor antagonist cimetidine were purchased
from WAKO. Histamine H1-receptor agonist 2-pyridylethyl-
amine dihydrochloride and H2-receptor agonist amthamine
dihydrobromide were obtained from R&D Systems and Sigma—
Aldrich, respectively. Rottlerin, a PKCé inhibitor, and Akt
inhibitor V were from Millipore and Merck, respectively.

Human tissue samples

Human skin tissues were taken by punch biopsy (3 mm in
diameter) from the inner arm (photoprotected area) and the
corner of the eye (photoaged area) of 10 Japanese female volun-
teers (age range, 65—72 years; mean, 69.1 years) at Yaesu Nihon-
bashi skin Clinic (Tokyo, Japan). The skin tissue collection was
conducted according to the principles expressed in the Decla-
ration of Helsinki and approved by the Institutional Review
Board of Tokyo-Eki Center-building Clinic (Tokyo, Japan) and
Kao Corporation (Tokyo, Japan), and informed consent was
obtained from all of the volunteers before surgery.

Immunohistochemistry

Tryptase staining was performed on frozen skin sections.
Endogenous peroxidase activity and nonspecific binding were
blocked by incubating them with 0.3% (v/v) H,O, in methanol
for 15 min and 1% (v/v) BSA in PBS for 30 min, respectively.
They were incubated with the mouse mAb against human mast
cell tryptase (DAKO) or control mouse IgG (R&D Systems) for
18 h at 4 °C. After washing in PBS, they were incubated with
EnVision+ Dual Link (DAKO) for 30 min at room temperature.
Color was developed by reacting with the Vector VIP kit (Vec-
tor Laboratories). Tryptase-positive cells were counted in the
dermal areas 500 um below the epidermal—dermal junction
(counting field area, 0.05 mm?) by observing at X200 magnifi-
cation. The quantification of 16 randomly selected areas per
each skin sample was performed.

Immunofluorescence study

Serial frozen sections of the photoaged skin tissue were sub-
jected to immunostained with rat anti-HYBID mAb or control
rat IgG (Thermo Scientific), or mouse anti-tryptase mAb
(DAKO) or control mouse IgG (R&D Systems), followed by
incubation with goat anti-rat IgG—Alexa Fluor® 594 (Invitro-
gen) or goat anti-mouse IgG-Alexa Fluor® 647 (Invitrogen).
The nuclei were stained with DAPI (Vector Laboratories), and
autofluorescence was blocked with Vector® TrueVIEW ™
autofluorescence quenching kit (Vector Laboratories). The
images were obtained with a confocal microscope LSM710
(Zeiss).

Statistics

Statistical significance was assessed by Student’s ¢ test, paired
Student’s ¢ test, analysis of variance, Williams’ test, and Tukey’s
test using EXSUS version 8.0.0 (CAC EXICARE Corporation).
A probability of p < 0.05 was considered significant.
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