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Abstract

Wound healing is a dynamic process comprising multiple events, such as inflamma-

tion, re‐epithelialization, and tissue remodeling. Re‐epithelialization phase is

characterized by the engagement of several cell populations, mainly of keratinocytes

that sequentially go through cycles of migration, proliferation, and differentiation to

restore skin functions. Troubles can arise during the re‐epithelialization phase of skin

wound healing particularly in keratinocyte migration, resulting in chronic non‐healing
lesions, which represent a serious clinical problem. Over the last decades, the efforts

aimed to find new pharmacological approaches for wound care were made, yet almost

all current therapeutic strategies used remain inadequate or even ineffective. As

such, it is crucial to identify new drugs that can enable a proper regeneration of the

epithelium in wounded skin. Here, we have investigated the effects of the fibrinolytic

drug mesoglycan, a glycosaminoglycans mixture derived from porcine intestinal

mucosa on HaCaT human keratinocytes that were used as in vitro experimental

model of skin re‐epithelialization. We found that mesoglycan induces keratinocyte

migration and early differentiation by triggering the syndecan‐4/PKCα pathway and

that these effects were at least in part, because of the formation of the annexin

A1/S100A11 complex. Our data suggest that mesoglycan may be useful as a new pro‐
healing drug for skin wound care.
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1 | INTRODUCTION

The reinstatement of tissue integrity after skin lesions is the result of

the interaction of diverse extracellular matrix (ECM) components,

including glycosaminoglycans (GAGs) and proteoglycans (PGs), such

as syndecans (SDCs), that play a significant role in each stage of the

skin wound healing process (Alexopoulou, Multhaupt, & Couchman,

2007; Fears & Woods, 2006; Gurtner, Werner, Barrandon, &

Longaker, 2008).

GAGs are long, linear polysaccharides, composed of alternate

monosaccharide residues. They differ in saccharide arrangement,

glycosidic bond, and chemical modification of the subunits, such

as sulphatation. On the basis of the latter, GAGs can be

distinguished in non‐sulfated (hyaluronic acid) and sulfated GAGs

(heparin and heparan sulfate [HS], chondroitin sulfate, dermatan

sulfate, and keratan sulfate; Lindahl, Couchman, Kimata, &

Esko, 2017). Thanks to their biological properties, GAGs are

currently used in the treatment of vascular diseases, such as
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increased blood clotting, atherogenesis, and atherosclerosis

(Tufano, 2010).

SDCs are Type I trans‐membrane glycoproteins belonging the

family of heparan sulfate proteoglycans (HSPGs). They comprise

three distinct domains: An N‐terminal domain where several GAG

chains are connected to the protein core, a single transmembrane

domain, and a C‐terminal cytoplasmic domain. Syndecan‐4 (SDC4),

one of the four members of HSPGs, can modulate the function of

several proteins as well as of ECM components, including those

involved in cell migration and differentiation (Afratis et al., 2017).

Thanks to the presence of several HS chains on its extracellular

domain and to the connection of protein kinase C alpha (PKCα) with

its intracellular domain, SDC4 is able to mediate several cell‐cell and
cell‐matrix interactions and it has been shown to have a crucial role

in wound healing (Salbach et al., 2012).

In addition to ECM components, an injury response involves

various cell types including keratinocytes that undergo marked

changes in their gene expression going from a differentiating to a

migratory phenotype (Elsholz, Harteneck, Muller, & Friedland, 2014).

During the re‐epithelialization phase, the release of several mole-

cules from wound environment and particularly from inflammatory

cells leads to the migration over the wound bed of keratinocytes that

once at the lesion site switch their phenotype from differentiating to

proliferating. Finally, to restore the epidermal barrier, proliferation is

followed by keratinocyte differentiation. These events overlap and

begin with the disengagement of cell interactions followed by cell

migration over the temporary wound matrix (Wikramanayake,

Stojadinovic, & Tomic‐Canic, 2014).
The expression of a wide range of structural proteins and

enzymes strictly regulated keratinocyte migration, proliferation, and

differentiation until the formation of the stratum corneum, the

outermost layer of the skin (Elsholz et al., 2014). Some of the proteins

identified as contributors to keratinocyte activation and differentia-

tion include annexin A1 (ANXA1) and S100A11 (Robinson, Lapic,

Welter, & Eckert, 1997).

ANXA1 is a member of a family of Ca2+‐dependent phospholipid‐
binding proteins (Belvedere et al., 2016) and is involved in a wide

range of physiopathological processes, including cell motility and

differentiation (Babbin et al., 2006; Bizzarro et al., 2010; Bizzarro

et al., 2017). ANXA1 has a cytoplasmic localization in basal layer

keratinocytes, whereas as Ca2+ levels increase in differentiating cells,

the protein can move as a complex with S100A11 to the inner

membrane surface (Robinson et al., 1997). S100A11 is a member of

the EF‐hand Ca2+‐binding family activated by increased Ca2+

concentrations and able to mediate Ca2+‐signaling pathways by

binding to and regulating target proteins (Howell et al., 2008). The

ANXA1/S100A11 complex is thought to mediate several biological

processes including early epidermal differentiation as it could help to

retain involucrin and other scaffold proteins at the membrane of

differentiating keratinocytes during early phases of cornified envelop

synthesis (Réty et al., 2000; Robinson et al., 1997).

We have recently reported that mesoglycan, a GAG mixture of

HS, dermatan sulfate, slow‐moving heparin, and chondroitin sulfate

may contribute to the re‐epithelialization phase by the activation of

different cell populations, including keratinocytes (Belvedere,

Bizzarro, Parente, Petrella, & Petrella, 2017a, Belvedere, Bizzarro,

Parente, Petrella, & Petrella, 2017b). Mesoglycan is a compound

extracted from porcine intestinal mucosa with several effects on the

antithrombotic and pro‐fibrinolytic pathways, as such it is commer-

cially available in some European countries, both in parenteral and

oral form. Mesoglycan is usually prescribed to treat vascular

disorders and could be effective in the treatment of patients with

cerebral vascular disease, with chronic venous ulcers and with

peripheral artery disease (Valvano et al., 2015). Despite the existence

of several promising studies suggesting mesoglycan beneficial effects,

the basic mechanisms of its action have not been fully explored

to date.

In this study, the effects of mesoglycan on keratinocyte fate and

behavior focusing on defining reparative biochemical mechanisms

have been investigated. We show that mesoglycan is able to induce

keratinocyte migration and early differentiation by activation of the

SDC4 pathway and by ensuing formation of ANXA1/S100A11

complex.

2 | RESULTS

2.1 | Mesoglycan induces Ca2+ mobilization and
PKCα activation in HaCaT keratinocytes

In wound repair, Ca2+ is predominantly involved in the hemostatic

phase, but it is expected to be required in all stages of healing. In

particular, during the re‐epithelialization phase, intracellular Ca2+

levels rise (Lansdown, 2002) modulating events, such as keratinocyte

migration, proliferation, and differentiation. Our previous studies

have suggested that mesoglycan may support the re‐epithelialization
phase by enhancing cell motility (Belvedere et al., 2017a), therefore,

we analyzed its effects on Ca2+ mobilization in HaCaT cell line.

Mesoglycan was added at a dose of 300 μg/ml after dose‐effect curve
experiments performed in our previous works (Belvedere et al.,

2017a, Belvedere et al., 2017b).

Ca2+ mobilization in HaCaT keratinocytes was then analyzed with

or without mesoglycan treatment. As shown in Figure 1a, mesoglycan

induced a rapid and huge increase of intracellular Ca2+ levels,

detected with a fluorescent readout.

The increase in intracellular Ca2+ levels is accompanied by the

activation of several signaling molecules, such as phospholipase C

gamma (PLCγ) and extracellular signal‐regulated kinase (ERK) that,

in turn, trigger cell growth arrest, cell motility as well as cell

differentiation (Fogh, Multhaupt, & Couchman, 2014; Jerome‐
Morais, Rahn, Tibudan, & Denning, 2009; Kim, Mitchell, Desotell,

Kreeger, & Masters, 2016). Thus, we analyzed the activation of

PLCγ and of ERK proteins at different experimental time points

after mesoglycan administration (from 5 to 60 min). Results

showed that mesoglycan induced ERK phosphorylation and PLCγ

activation starting from 10 and 15 min after treatment, respec-

tively (Figure 1b).
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Although a number of PKC isozymes are regulated during Ca2+‐
induced keratinocyte activation, PKCα plays a necessary role in

mediating this process (Fogh et al., 2014). In the epithelial cells, it

mainly controls the rapid conversion of cell junctions from Ca2+‐
independent to Ca2+‐dependent structures allowing cell‐cell
dissociation.

To verify if mesoglycan was able to induce PKCα activation, we

analyzed the phosphorylation status of the enzyme at different

time points after drug application (from 5 to 60 min and at 48 hr

from treatment). As shown in Figure 1c, mesoglycan induced PKCα

phosphorylation starting from 5 up to 60 min after treatment.

Upon the increase of Ca2+ levels, PKCα translocates from cytosol

to the nucleus to regulate cell cycle, and/or from cytosol to plasma

membrane to modulate focal adhesion formation, lamellipodia

extension and actin organization (Fogh et al., 2014). Interestingly,

we observed that mesoglycan promoted PKCα translocation to the

nucleus starting as early as 5 min after treatment with a peak at 15

min (Figure 1d, panels b–c; for counter‐stained images see Figure S1,

panel a online) whereas induced PKCα membrane localization was

somehow delayed, starting from 30 min and lasting up to 48 hr

(Figure 1d, panels d–f; for counter‐stained images see Figure S1,

panel a online). We also found by F‐actin IF staining a progressive

F IGURE 1 Mesoglycan effects on Ca2+ homeostasis and PKCα activation. (a) Changes in intracellular Ca2+ concentration were monitored

using the fluorescent probe Fluo‐4 a.m. as described in Materials and Methods Section. The fluorescence in each sample was analyzed by a BD
FACSCalibur cytometer using the 530/30 filter. The Ca2+ levels of HaCaT cells in buffers with or without 0.1 mM Ca2+ were recorded and
considered as the baseline of Ca2+ concentrations. The light gray area in the plot is relative to Ca2+ concentration baseline of untreated cells in

0.1 mM Ca2+ buffer whereas the violet bend is relative to Ca2+ concentration baseline of untreated cells in the buffer without Ca2+. The light
blue and orange bends are relative to mesoglycan (300 μg/ml) treated cells resuspended in buffers with or without Ca2+, respectively. The data
are representative of n = 3 independent experiments. (b) Western blot analysis of total protein extracts from cells treated or not with
mesoglycan (300 μg/ml) at different times (from 5 to 60 min) to detect ERK and PLCγ activation. Cropped blots from full‐length gels are

representative of n = 3 independent experiments with similar results using antibodies against p‐ERK, ERK, and PLCγ. The blots were exposed to
Las4000 (GE Healthcare Life Sciences) and normalized on β‐actin levels. (c) Western blot analysis of total protein extracts from cells treated or
not with mesoglycan (300 μg/ml) at different times (from 5 min to 48 hr) to identify PKCα phosphorylation. Cropped blots from full‐length gels

are representative of n = 3 independent experiments with similar results using antibodies against p‐PKCα. The blots were exposed to Las4000
(GE Healthcare Life Sciences) and normalized on β‐actin levels. (d) Immunofluorescence analysis of mesoglycan‐treated (300 μg/ml; from 5 min
up to 48 hr) HaCaT keratinocytes. The cells were fixed and labeled with an antibody against p‐PKCα (red). Yellow arrows in panels b and c show

p‐PKCα nuclear translocation (5 and 15 min after treatment); yellow arrows in panel f show peripheral p‐PKCα translocation. Magnification 63
× 1.4 NA. Bar = 20 μm. All images are representative fields of n = 3 experiments with similar results. ERK: extracellular signal‐regulated kinase;
PLCγ: phospholipase C gamma; PKCα: protein kinase C alpha [Color figure can be viewed at wileyonlinelibrary.com]
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appearance of stress fibers and a broad reorganization of cytoske-

letal structure (Figure S1, panel b online).

2.2 | Mesoglycan activates the SDC4 pathway

PKCα participates in a broad range of biological activities including

adhesion‐mediated cytoskeletal organization, and its activation has

been thought to be downstream of initial receptor‐ligand interactions

(Fogh et al., 2014). PKCα sub‐cellular localization is predominantly

cytosolic but as previously reported, it could differ among cell lines

and stimuli and could represent a crucial step for its specific

functions.

A connection was established between SDC4 and PKCα

mobilization/activation. Specifically, SDC4 contains a unique binding

site for phosphatidylinositol 4,5‐bisphosphate (PIP2) involved in

PKCα activation/multimerization and membrane translocation, in

particular to cell adhesion sites (Oh, Woods, & Couchman, 1997). To

evaluate if mesoglycan‐related PKCα membrane translocation was

mediated by SDC4 activation, we next investigated SDC4 expression

and localization at different time points after mesoglycan adminis-

tration by western blot and the immunofluorescences analysis (from

5 to 60 min and at 48 hr from treatment). SDC4 expression was

overall unaffected by mesoglycan treatment (Figure S2, panel a

online). However, mesoglycan addition altered SDC4 sub‐cellular
localization starting at 5 min from the treatment when the

coreceptor appeared more expressed in the perinuclear areas if

compared with untreated cells (Figure 2a, panel b; for counter‐
stained images see Figure S2, panel b online). Interestingly, after

15 min from mesoglycan addition SDC4 was massively located in the

nuclei of treated cells similar to what we observed in the case of

PKCα, as well as in the perinuclear zones where it seemed to persist

up to 48 hr since mesoglycan addition (Figure 2a, panels d,e; for

counter‐stained images see Figure S2, panel b online).

On the basis of these results suggesting that the activation of the

SDC4 pathway could mediate mesoglycan effects on keratinocytes,

we next performed loss of function experiments in HaCaT cells with

small interfering RNAs (siRNAs) against SDC4 (siSDC4s), in presence

or absence of mesoglycan, and analyzed specific protein readouts

downstream the SDC4 pathway. This set of experiments confirmed

that mesoglycan did not significantly affect the expression of SDC4

(Figure 2b, panel b; Figure 2c; for counter‐stained images see Figure

S2, panel c online) whereas siSDC4s strongly reduced its expression

(Figure 2b, panel c; Figure 2c; for counter‐stained images see

Figure S2, panel c online). When SDC4 was knocked down, PKCα was

less phosphorylated (Figure 2c; for counter‐stained images see

Figure S2, panel c online) losing significantly its ability to translocate

to cell periphery even upon mesoglycan application (Figure 2b, panels

e–h; for counter‐stained images see Figure S2, panel c online).

Direct or indirect interactions of SDC4 with integrin hetero-

dimers have been described. In particular, integrin β1 requires SDC4

to mediate PKCα activation, which triggers focal adhesion formation

and cell migration (Thodeti et al., 2003). Integrin β1 expression and

localization in HaCaT cells in the presence or absence of both

mesoglycan and siSDC4s were investigated. While mesoglycan

triggered integrin β1 membrane clustering (Figure 2b, panel j; for

counter‐stained images see Figure S2, panel c online) this response

was inhibited by SDC4 knockdown (Figure 2b, panels k,l; for counter‐
stained images see Figure S2, panel c online). Moreover, western blot

analysis showed a mesoglycan‐induced increase of integrin β1

expression, which returned to basal levels when HaCaT cells were

knocked down for SDC4 (Figure 2c; for counter‐stained images see

Figure S2, panel c online).

At the leading edge of active migrating cells, actin polymerizes to

form emerging adhesions. These are very small structures containing

talin, paxillin, and phosphorylated proteins able to monitor the ECM

and to develop into focal complexes, once receiving a migratory

signal. The major focal adhesion adapter protein paxillin, may be

directly or indirectly phosphorylated by PKCα at adhesion sites to

induce focal adhesion disassembly and cell migration (Tu, Chou,

Chen, & Yeh, 2001). We evaluated if mesoglycan triggered paxillin

phosphorylation and found that it induced a strong thickening of

paxillin expression in emerging adhesion sites (Figure 2b, panel n; for

counter‐stained images see Figure S2, panel c online) whereas no

phosphorylation signal was detected in untreated cells or cells

treated with mesoglycan but knockdown for SDC4 (Figure 2b, panels

o, p; for counter‐stained images see Figure S2, panel c online).

Several kinases including PKCα, are able to phosphorylate ERM

proteins (ezrin, radixin, and moesin) to induce their translocation to

sub‐cellular structures, such as cell adhesion sites (Prag et al., 2007).

As it is also shown that ezrin is a downstream effector of pro‐
migratory effects of PKCα‐integrin β1 complex, we next evaluated if

mesoglycan induced ezrin translocation to plasma membranes and if

this event was mediated by SDC4. Notably, mesoglycan led

membrane localization of ezrin (Figure 2b, panel r; for counter‐
stained images see Figure S2, panel c online) and this event was

clearly reverted in SDC4 knockdown cells (Figure 2b, panels s, t; for

counter‐stained images see Figure S2, panel c online). Moreover,

mesoglycan induced a moderate increase of ezrin expression and the

treatment of keratinocytes with the siSDC4s reverted this occur-

rence (Figure 2c; for counter‐stained images see Figure S2, panel c

online).

2.3 | SDC4 mediates mesoglycan‐induced
migration and invasion of HaCaT keratinocytes

Cell migration requires reorganization of the actin cytoskeleton,

activation of integrins, formation of stress fibers, and focal

adhesions (Thodeti et al., 2003). Thanks to the activation of the

SDC4/PKCα pathway, we found that mesoglycan induced a switch

of keratinocyte phenotype from differentiating to activated/

migratory, we next analyzed the effects of SDC4 blockade and/

or downregulation on Ca2+ mobilization in HaCaT cells in the

presence of mesoglycan. The inhibition of SDC4 functions by

the use of an anti‐SDC4 blocking antibody and of siSDC4s

reverted mesoglycan effects on Ca2+ mobilization in keratinocytes

(Figure 3a,b).
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FIGURE 2 Continued.
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Subsequently, migration and invasion assays were performed, to

define the role of SDC4 in mediating mesoglycan effects on HaCaT

cell motility. As shown in Figure 3 (panels c–f), functional experi-

ments confirmed that both migration and invasion were significantly

affected by SDC4 loss of functions in mesoglycan treated keratino-

cytes confirming that its effects on cell motility mainly depend on the

activation of SDC4 (Figure 3, panels c–f).

2.4 | Mesoglycan triggers early differentiation of
human keratinocytes in vitro

Cell spreading is a fundamental cellular process required for cell

survival, proliferation, and differentiation. At~8–24 hr after wound-

ing, keratinocytes at the wound edge migrate to the injured areas

where they undergo a rapid proliferation phase that cover the wound

by forming a cell monolayer. Finally, a cell cycle arrest and the launch

of the differentiation process occur (Wikramanayake et al., 2014).

To evaluate the mesoglycan late effects on keratinocyte activa-

tion process, we next performed haemocytometric cell counting

analysis of cell growth and flow cytometry analysis of cell cycle

profile by PI stoichiometric quantification of the DNA content of

keratinocytes at 24, 48, and 72 hr after mesoglycan treatment. We

observed a significant reduction of cell growth starting from 48 hr of

mesoglycan application (300 μg/ml; (Figure 4a), a significant increase

of G1 phase cell number at 72 hr from treatment (Figure 4b; for

exemplificative histograms see also Figure S3, panel a online).

To better define in which cell cycle phase were mesoglycan

treated cells, we also performed the immunofluorescence analysis of

the expression and localization of Ki67, a protein strictly associated

with cell proliferation that is expressed during all active phases of the

cell, but is missing in resting cells (G0). A strong reduction of Ki67

nuclear expression in cells treated by mesoglycan for 48 hr

(Figure 4c; for counter‐stained images see Figure S3, panel b online)

was observed suggesting that the drug could increase the number of

G0 phase cells.

To migrate over the lesion site and then differentiate, keratino-

cytes must disengage from the junctions they form with other cells

and with the surrounding substrates and must lose their epithelial

phenotype. E‐cadherin, one of the protein with a crucial role in the

regulation of keratinocyte cell‐cell and cell‐substrate interactions, is

broadly expressed by both basal and terminally differentiated cells,

whereas is weakly expressed by migrating and transit amplifying

keratinocytes (Le, Yap, & Stow, 1999; Thiery, 2003). We observed

that after mesoglycan treatment, expression of E‐cadherin, a protein

essential for normal cell adhesion and junction stability, slightly

decreased and interestingly, it formed diffuse clusters in the cells

(Figure 4d; for counter‐stained images see Figure S3, panel b online)

suggesting a more activated phenotype of mesoglycan‐treated
keratinocytes.

Keratinocyte differentiation usually starts at approximately 48 hr

after wounding when activated keratinocytes expressing keratins 6,

16, and 17 underwent a switch of keratin expression back to K5/K14

in basal and K1/K10 in suprabasal layers (Wikramanayake et al.,

2014). HaCaT keratinocytes recapitulate in vitro a specific pattern of

keratin synthesis corresponding to the non‐differentiated basal cell

layer of epithelia (Valvano et al., 2015). Therefore, we also

investigated the expression of keratins 6 and 10 (CK6 and CK10)

that are among the earliest proteins to be expressed during the

differentiation process. As shown in Figure 4e,f, the expression of

both keratins significantly increased in HaCaT cells after 48 hr of

mesoglycan treatment (for counter‐stained images see Figure S3,

panel b online). E‐cadherin, CK6, and CK10 expression was also

assessed by western blot analysis at both early and late time points

after mesoglycan treatment (Figure S3, panel c online).

2.5 | Mesoglycan exerts its effects on the
triggering of HaCaT differentiation via SDC4
coreceptor

We next evaluated if inhibition of the SDC4 pathway altered

mesoglycan effects on keratinocyte early differentiation starting

from 48 hr after treatment. As shown in Figure 5, the confocal

microscopy analysis established that the differentiation process

triggered by mesoglycan was reduced by the downregulation of

SDC4 (through our validated siRNA approach) since the expres-

sion of E‐cadherin (Figure 5a, panels a–d; Figure 5b, relative

expression histogram; for counter‐stained images see Figure S4

online), CK6 (Figure 5a, panels e–h; Figure 5b, relative expression

histogram; for counter‐stained images see Figure S4 online) and

CK10 (Figure 5a, panels i–l; Figure 5b, relative expression

histogram; for counter‐stained images see Figure S4 online) were

comparable to untreated cells when SDC4 coreceptor was

knocked down. These results were confirmed by western blot

analysis (Figure 5c).

F IGURE 2 Analysis of mesoglycan‐related activation of the SDC4 pathway. (a) Immunofluorescence analysis of mesoglycan treated (300 μg/
ml; from 5 min up to 48 hr) HaCaT keratinocytes. The cells were fixed and labeled with antibody against SDC4 (green). Yellow arrows in panels

b and c show SDC4 nuclear translocation (5 and 15 min after treatment). Magnification 63 × 1.4 NA. Bar = 20 μm. All images are representative
fields of n = 3 experiments with similar results. (b) The immunofluorescence analysis of control (siRNA Oligo‐Scrambled), siSDC4 (100 nM; 72
hr) and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. After incubations, the cells were fixed and labeled with antibodies

against SDC4 (blue; panels a–d), p‐PKCα (red; panels e–h), integrin β1 (cyan; panels i–l), p‐paxillin (yellow; panels m–p) and ezrin (magenta;
panels q–t). Magnification 63 × 1.4 NA. Bar = 20 μm (panels a–p) and 10 μm (panels q–t). All images are representative fields of n = 5
experiments with similar results. (c) Western blot analysis of total protein extracts from control (siRNA Oligo‐Scrambled), siSDC4 (100 nM; 72
hr), and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. Cropped blots from full‐length gels are representative of n = 3

independent experiments with similar results using antibodies against SDC4, p‐PKCα, integrin β1, and ezrin. The blots were exposed to Las4000
(GE Healthcare Life Sciences) and normalized on β‐actin levels. PKCα: protein kinase C alpha; SDC4: syndecan‐4 [Color figure can be viewed at
wileyonlinelibrary.com]
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2.6 | Mesoglycan induces S100A11/ANXA1
complex formation through SDC4 activation

HSPGs regulate numerous aspects of cell behavior, but the molecular

basis of their signaling is largely unresolved (Gopal et al., 2015).

Among others, ANXA1 may be one of the proteins essential in

mediating keratinocyte dynamics, including cell migration (Babbin

et al., 2006; Ma & Ozers, 1996; Robinson et al., 1997). Moreover,

ANXA1 is a protein overexpressed and released by differentiating

cells (Bizzarro et al., 2010). As we found that mesoglycan triggered

HaCaT cell early differentiation, ANXA1 localization in these settings

F IGURE 3 Effects of mesoglycan/SDC4 interaction on HaCaT cell motility. (a,b) Changes in intracellular Ca2+ concentration were monitored using
the probe Fluo‐4 a.m. as previously described. Before the addition of mesoglycan (300 μg/ml) and then the measurements of fluorescence by flow

cytometry, HaCaT cells were treated or not with SDC4 blocking antibody (mouse monoclonal; 1:100; 15 min; a) and/or siSDC4s (100 nM, 48 hr; b). The
fluorescence in each sample was analyzed by a BD FACSCalibur cytometer using the 530/30 filter. The Ca2+ levels of untreated and/or mouse pre‐
immune IgG treated HaCaT cells (a; 1:100; 15 min) and/or cells treated with siRNA Oligo‐Scrambled (ctrl; b) in buffers with 0.1 mM Ca2+ were recorded

and considered as the baseline of Ca2+ concentrations. The light gray area in the plot (a) is relative to Ca2+ concentration baseline of mouse pre‐immune
IgG‐treated cells; the dark gray area in the plot (b) is relative to Ca2+ concentration baseline of siRNA Oligo‐Scrambled treated cells (ctrl). The data are
representative of n = 3 independent experiments. (c,d) Results of the Scratch Wound Healing Assay on HaCaT cells treated or not with SDC4 blocking
antibody (mouse monoclonal; 1:100; 24 hr of treatment; panel c), siSDC4s (100 nM; 48 hr of treatment; panel d), mesoglycan (300 μg/ml; 48 hr of

treatment; panels c,d) *p < 0.05, **p < 0.005, and ***p < 0.0005 versus controls; °°°p < 0.0005 versus mesoglycan treated cells. The migration rate was
determined by measuring the distances covered by individual cells from the initial time to the selected time‐point (24 hr; bar of distance tool, Leica ASF
software). The data are representative of n = 3 independent experiments ± SD. (e,f) Results of the Invasion Assay on HaCaT keratinocytes treated or not

with SDC4 blocking antibody (mouse monoclonal; 1:100; 24 hr of treatment; panel e), siSDC4s (100 nM; 48 hr of treatment; panel f), mesoglycan (300
μg/ml; 48 hr of treatment; panels e,f). The data represent mean cell counts of 15 separate fields per well ± SD of n = 3 independent experiments.
*p < 0.05, **p < 0.005 and ***p < 0.0005 versus controls; °°p < 0.005 and °°°p < 0.0005 versus mesoglycan treated cells. SDC4: syndecan‐4; siRNA: small

interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]

BIZZARRO ET AL. | 7



F IGURE 4 Mesoglycan effects on priming of HaCaT cell differentiation. (a) Haemocytometer cell counts of HaCaT keratinocytes at 24, 48, and 72 hr
mesoglycan treatment (300 μg/ml). The drug was added to the cells after 12 hr of serum starvation. *p < 0.05 versus untreated control (ctrl 48 hr);
°°p < 0.005 versus untreated control (ctrl 72 hr). (b) Cell cycle phase distributions of keratinocytes analyzed by ModFit LT software at 24, 48, and 72 hr

after treatment with mesoglycan (300 μg/ml). (c) After 48 hr of mesoglycan treatment (300 μg/ml) cells were fixed and labeled with an antibody against
Ki67 (red) to detect G1 phase cells. The images are representative fields of n = 3 independent experiments. Magnification 63 × 1.4 NA. Bar = 20 μm. (d–f)
After 48 hr of mesoglycan treatment (300 μg/ml), the cells were harvested to obtain total protein extracts. Cropped blots from full‐length gels are

displayed in d, e, and f. Western blot analysis images are representative of experiments with similar results using antibodies against E‐cadherin (d), CK6
(e), and CK10 (f). The blots were exposed to Las4000 (GE Healthcare Life Sciences, MA) and normalized on β‐actin levels. The relative protein expression
was determined using ImageQuant software (GE Healthcare Life Sciences). Statistical analysis was performed using GraphPad software (Version 5.0,

GraphPad Software) considering the ratio of the optical density (OD) means. The results were reported in the graphs as % of the protein/β‐actin OD
mean ratio ± SD from n = 3 independent experiments. *p < 0.05, **p < 0.005, and ***p < 0.0005 versus untreated controls. For immunofluorescence
analysis, after 48 hr of mesoglycan treatment (300 μg/ml) HaCaT cells were fixed and labeled with antibodies against E‐cadherin (magenta), CK6 (yellow)

and CK10 (cyan). Magnification 63 × 1.4 NA. Bar = 20 μm. All images are representative fields of n = 3 experiments with similar results [Color figure can
be viewed at wileyonlinelibrary.com]
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was investigated. As shown in Figure 6a (panels a–f) 48 hr of

mesoglycan treatment led to a moderate increase of ANXA1

expression and to its straightforward translocation to the inner

cytoplasmic surface of keratinocytes. These data were confirmed by

western blot analysis by which we also observed ANXA1 release in

the extracellular environments (Figure 6b, supernatants lanes) where

the protein appears at different molecular weights.

When keratinocytes start to differentiate and Ca2+ levels rise,

ANXA1 as a complex with S100A11 protein moves to the plasma

membrane and binds to its inner surface (Réty et al., 2000). Thus,

S100A11/ANXA1 co‐immunoprecipitation experiments were performed.

As shown in Figure 6c, the proteins co‐precipitated in mesoglycan

treated but not in untreated HaCaT cells suggesting that the treatment

induced the formation of the S100A11/ANXA1 complex.

We also carried out the double staining confocal microscopy analysis

of the sub‐cellular localization of S100A11 and ANXA1. Interestingly, we

found that similar to what occurred to ANXA1 (Figure 6a, panels a–f;

Figure 6d, panels a,b) mesoglycan induced a significant change of

S100A11 cellular localization from a diffuse cytosolic to a peripheral

expression pattern following 48 hr of treatment (Figure 6d, panels e,f).

Moreover, in mesoglycan‐treated cells, ANXA1 and S100A11 seemed to

mainly interact close to the plasma membranes (blue arrows; Figure 6d,

panel j; for counter‐stained images see Figure S5 online) confirming the

co‐immunoprecipitation results.

F IGURE 5 The analysis of the effects of mesoglycan/SDC4 interaction on HaCaT cell differentiation. (a) The immunofluorescence analysis of control
(siRNA Oligo‐Scrambled), siSDC4 (100 nM; 72 hr), and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. After incubations, the cells were

fixed and labeled with antibodies against E‐cadherin (magenta; panels a–d), CK6 (yellow; panels e–h), and CK10 (cyan; panels i–l). Magnification 63 × 1.4
NA. Bar = 20 μm. All images are representative fields of n = 5 experiments with similar results. (b) Fluorescence intensity for E‐cadherin, CK6 and CK10
signals (Arbitrary Units, A.U.) was obtained by the ImageJ software. The analysis was performed on at least 100 cells for each considered protein (five
field images from a single coverslip randomly selected and registered for each experimental condition identifying five distinct cells by Hoechst 33342

nuclear staining). Then, the individual cell total area was selected using area selection tool and fluorescence intensity value was measured (the ImageJ
software Arbitrary Units; A.U.) subtracting background. The obtained mean value was used to compare experimental groups. The results are ± SD from
n = 3 independent experiments. **p < 0.05 and ***p < 0.005 versus untreated controls. (c) Western blot analysis of total protein extracts from control

(siRNA Oligo‐Scrambled), siSDC4 (100 nM; 72 hr), and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. Cropped blots from full‐length
gels are representative of n = 3 independent experiments with similar results using antibodies against SDC4, E‐cadherin, CK6, and CK10. The blots were
exposed to Las4000 (GE Healthcare Life Sciences) and normalized on β‐actin levels. SDC4: syndecan‐4; siRNA: small interfering RNA [Color figure can be

viewed at wileyonlinelibrary.com]
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Inhibition of the SDC4 pathway by siSDC4s altered mesoglycan

effects on S100A11/ANXA1 interaction. As reported in Figure 6d, the

confocal microscopy analysis established that blockade of SDC4

functions inhibited the formation of ANXA1/S100A11 complex (Figure

6d, panels k,l; for counter‐stained images see Figure S5 online). No

differences were found with respect to ANXA1 and S100A11 relative

expressions in siSDC4 cells irrespective of the treatment, as shown by

western blot analysis (Figure 6e).

2.7 | Mesoglycan‐activated SDC4 induces HaCaT
cell migration and invasion in ANXA1‐dependent
manner

Although a role for the formation of ANXA1‐S100A11 complex has

been previously proposed (Sakaguchi et al., 2007), its biological

relevance remain to be clarified. To gain functional evidence for the

mobilization of ANXA1, we applied siANXA1s in a wound healing

migration assay, which was accomplished on a cellular monolayer of

F IGURE 6 The analysis of the formation of ANXA1/S100A11 complex in response to mesoglycan administration. (a) The

immunofluorescence analysis of control and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. After incubation, the cells were
fixed and labeled with an antibody against ANXA1 (red). Nuclei were stained using Hoechst 33342 (blue). Magnification 63 × 1.4 NA. Bar = 20
μm. All images are representative fields of n = 5 experiments with similar results. (b) Whole, membrane, cytosol, and extracellular expression of

ANXA1 in HaCaT cells was analyzed by Western blot with an anti‐ANXA1 antibody. Protein extracts from cellular compartments were obtained
as described in Materials and Methods Section. Cropped blots from full‐length gels are shown. Protein normalization was performed on β‐actin
levels. (c) The detection of ANXA1/S100A11 complex was performed by immunoprecipitation experiments (IP). HaCaT cells were treated or not

with mesoglycan (300 μg/ml; 48 hr) and cell lysates were made. An amount of 200 μg for each protein lysate was incubated with monoclonal
anti‐S100A11 (2 μg) or polyclonal anti‐ANXA1 (2 μg) antibodies. Mouse (IgGM; 2 μg) and rabbit (IgGR; 2 μg) IgGs were also used as controls.
The blots were incubated with antibodies against S100A11 (1:1,000) or ANXA1 (1:100). Blot images are representative of n = 3 independent

experiments. (d) The immunofluorescence analysis of control and/or mesoglycan treated (300 μg/ml; 48 hr) HaCaT keratinocytes. After
incubations, the cells were fixed and labeled with an antibody against ANXA1 (red) and S100A11 (green). The light blue arrows point to ANXA1/
S100A11 overlapping signals in the merged images (panels i–l). Magnification 63 × 1.4 NA. Bar = 20 μm. All images are representative fields of
n = 5 experiments with similar results. (e) Cropped blots from full‐length gels of Western blot analysis of ANXA1 and S100A11 expression in

HaCaT cells treated or with mesoglycan (300 μg/ml; 48 hr) and/or siSDC4s (100 nM; 72 hr) to knock down SDC4 expression. Blot images are
representative of n = 3 experiments with similar results. SDC4: syndecan‐4 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Continued.
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both control and mesoglycan treated keratinocytes. As shown in

Figure 7a, siANXA1s were able to knock down about the 70% of the

protein whereas mesoglycan addition was able to partially

revert siANXA1‐mediated protein silencing. Once ANXA1 protein

was downregulated (24 hr from siANXA1 transfection), we produced

a wound on HaCaT cell monolayer and monitored wound closure by

time‐lapse video‐microscopy in mesoglycan‐treated and untreated

cells (24 hr of treatment). The results showed that siANXA1s were

able to considerably inhibit keratinocyte migration rate (Figure 7b,c)

also in mesoglycan‐treated cells that lost their enhanced motile

potential (Figure 7b,c).

Thereafter, we examined the effects of ANXA1 downregulation

on mesoglycan‐induced HaCaT cell invasiveness carrying out func-

tional assays as previously described (O’Toole, 2001).

As shown in Figure 7e, HaCaT showed a huge increase of their

invasion rate in the presence of mesoglycan (+187.6%) whereas

ANXA1 knockdown significantly inhibited keratinocyte invasiveness

(−40.6%), as further reported in Figure 7d representing bright field

pictures. Notably, mesoglycan administration in ANXA1 knockdown

HaCaT keratinocytes had no effects on cell invasiveness (Figure 7e).

2.8 | ANXA1 mediates mesoglycan effects on
HaCaT cell early differentiation

Finally, to verify if ANXA1 altered expression and sub‐cellular
delocalization were functionally linked to the differentiation priming

of mesoglycan‐treated keratinocytes, ANXA1 expression was down-

regulated by siRNAs (siANXA1s) followed by western blot analyses

and immunofluorescence. As expected, ANXA1 downregulation

(Figure 8a, panels c,d; for counter‐stained images see Figure S6

online) was able to arrest E‐cadherin clustering and decrease (Figure

8a, panels g,h; for counter‐stained images see Figure S6 online) and

notably, to slow down the initiation of the differentiation process by

inhibition of CK6 and CK10 expression increase (Figure 8a, panels k,l

and o,p; for counter‐stained images see Figure S6 online), all induced

in HaCaT cells by mesoglycan administration. The unaffected

E‐cadherin expression and the block of CK increase were confirmed

through western blot analysis by which we showed that all the

proteins altered by mesoglycan administration (Figure 4 panels d, e,

and f), were unaffected in siANXA1/mesoglycan treated keratino-

cytes (Figure 8b,c).

3 | DISCUSSION

The re‐epithelialization is the most critical phase of the wound

healing process and its failure in chronic non‐healing wounds is a

significant clinical problem. This is the phase in which a wound bed

could be resurfaced by the formation of a temporary ECM, by the

migration of cells from the rim of the wound and their cycling

proliferation and differentiation to supply the advancing epithelial

front by the stratification of the new epithelium in parallel with the

restructuring of the ECM (Gurtner et al., 2008; O’Toole, 2001; Shaw

& Martin, 2009).

Re‐epithelialization is mediated by key ECM proteins, such as

GAGs and PGs or through enzymes able to modify ECM (Watt &

Fujiwara, 2011). In particular, keratinocytes could interact and

respond to the ECM components that, in turn, can mediate signaling

for cell maintenance, proper mobilization, and differentiation (El

Ghalbzouri, Jonkman, Dijkman, & Ponec, 2005).

On account of this, synthetic or natural GAG mixtures, such as

mesoglycan, are of special interest as they mimic several of the

effects exerted by ECM on cellular homeostasis and tissue

regeneration (Tufano, 2010).

In this study, we found that mesoglycan, a GAG mixture drug

prescribed as fibrinolytic in clinical practice, induced HaCaT human

keratinocyte migration and early differentiation through activation of

the SDC4/PKCα pathway.

The re‐epithelialization phase generally begins with the migration

of keratinocytes over the wounded skin (Gurtner et al., 2008).

Keratinocytes are thought to migrate in a directional manner in

response to a variety of extracellular environmental factors, such as

Ca2+ levels. Early in the wound healing process, the concentration of

Ca2+ in the wound fluid changes (Elsholz et al., 2014) inducing inter

alia the migration of activated cells. As our previous works suggested

a role for mesoglycan in supporting the re‐epithelialization phase by

enhancing cell motility (Belvedere et al., 2017a), we first measured

the changes of intracellular Ca2+ levels in response to mesoglycan

administration. A marked increase of Ca2+ levels in mesoglycan‐
treated keratinocytes associated with the activation of PLCγ and the

phosphorylation of ERK was observed.

Although downstream PKCα activation cannot explain all the effects

of Ca2+ on keratinocyte activation, it clearly plays a key role. It is of note

that when PKCα production is reduced, the ability of Ca2+ to induce

F IGURE 7 The analysis of the ANXA1‐mediated effects of mesoglycan on HaCaT cell motility. (a) Western blot analysis of total protein
extract from HaCaT keratinocytes treated or not with siRNA Oligo‐Scrambled (ctrl; 100 nM; 72 hr), mesoglycan (300 μg/ml; 48 hr), and
siANXA1s (100 nM; 72 hr). The shown blots are representative of n = 3 experiments with similar results. (b) Representative bright field images

captured by Time Lapse microscope (Leica AF‐6000 LX; Leica Microsystems) of HaCaT cells at 0 and 24 hr from produced wounds (24 hr from
siANXA1s transfection). Magnification 10×. Bar = 100 μm. (c) Results from the Scratch Wound Healing Assay on HaCaT cells treated or not with
siRNA Oligo‐Scrambled (ctrl; 100 nM; 72 hr), mesoglycan (300 μg/ml; 48 hr), and siANXA1s (100 nM; 72 hr). ***p < 0.0005 versus untreated

controls; ##p < 0.005 versus mesoglycan treated cells. The migration rate was determined by measuring the distances covered by individual cells
from the initial time to the selected time points (bar of distance tool, Leica ASF software). The data are representative of n = 3 independent
experiments ± SEM. (d) Representative images of analyzed fields of the Invasion Assay. Magnification 20×. Bar = 150 μm. (e) Results of the
Invasion Assay on HaCaT cells treated or not with siRNA Oligo‐Scrambled (ctrl; 100 nM; 72 hr), mesoglycan (300 μg/ml; 48 hr), and siANXA1s

(100 nM; 72 hr). The data represent mean cell counts of 15 separate fields per well ± SD of n = 3 experiments. **p < 0.005 and ***p < 0.0005
versus untreated controls; #p < 0.05 and ###p < 0.0005 versus mesoglycan treated cells. siRNA: small interfering RNA [Color figure can be
viewed at wileyonlinelibrary.com]
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keratinocyte phenotypic switch and to increase the expression of

differentiation proteins is substantially reduced (Lee, Choi, Feingold,

Jiang, & Ahn, 1998). Our results showed that mesoglycan was able to

induce early PKCα phosphorylation in HaCaT treated cells.

In a canonical process for PKCα activation, second messengers

are produced by the binding of specific ligands to their cognate

receptors, with downstream activation of PLCγ (Parekh, Ziegler, &

Parker, 2000). After the Ca2+ switch, PKCα translocates from the

cytosol to the membrane in parallel with the induction of cell

adhesion disturbance (Wallis et al., 2000). Interestingly, we found

that mesoglycan drives PKCα sub‐cellular translocation first to the

nucleus where it likely induces cell growth arrest, and later to cell

periphery where because of the activity of the PLCγ as a focal

adhesion component, PKCα may act as point of convergence of

growth factor/tyrosine kinase signaling with the integrin activity.

Besides the Ca2+ level increase, an additional mechanism of PKCα

activation has been reported (Lim, Longley, Couchman, & Woods,

2003; Oh et al., 1997). The HSPG SDC4 is frequently associated with

the Ca2+‐independent activation of PKCα (Oh, Woods, Lim, Theibert,

& Couchman, 1998) in combination with PIP2.

SDC4 acts as a coreceptor in cell adhesion to many ECM ligands,

regulating the integrin‐mediated responses (Thodeti et al., 2003).

Notably, its expression significantly increases during tissue repair in

the human skin, localizing to sites of injury (Gallo, Kim, Kokenyesi,

Adzick, & Bernfield, 1996) whereas SDC4 deficient mice show

delayed wound healing (Echtermeyer et al., 2001).

To evaluate if mesoglycan‐related PKCα membrane translocation

was mediated by SDC4 activation, we investigated SDC4 expression

and localization at different time points after mesoglycan adminis-

tration. SDC4 was massively located in the nuclei of treated cells in

F IGURE 8 Involvement of ANXA1 in mediating mesoglycan‐driven effects on HaCaT activation. (a) The immunofluorescence analysis of
ANXA1 (red; panels a–d), E‐cadherin (magenta; panels e–h), CK6 (yellow; panels i–l), and CK10 (cyan; panels m–p) protein expression and
localization in HaCaT keratinocytes treated or not with siRNA Oligo‐Scrambled (ctrl; 100 nM; 72 hr), siANXA1s (100 nM; 72 hr), and

mesoglycan (300 μg/ml; 48 hr). Magnification 63 × 1.4 NA. Bar = 20 μm. All images are representative fields of n = 3 experiments with similar
results. (b) After the selected times of treatment, the cells were harvested to obtain total protein extracts. Cropped blots from full‐length gels
are representative of n = 3 experiments with similar results using antibodies against ANXA1, E‐cadherin, CK6, and CK10. The blots were

exposed to Las4000 (GE Healthcare Life Sciences) and normalized on β‐actin levels. (c) The densitometric analysis of relative protein expression
was performed using ImageQuant software (GE Healthcare Life Sciences). Statistical analysis was carried out using GraphPad software (Version
5.0, GraphPad Software) considering the ratio of the optical density (OD) means. The results were reported in the graphs as % of the protein/β‐
actin OD mean ratio ± SD from n = 3 independent experiments. *p < 0.05, **p < 0.005 and, ***p < 0.0005 versus controls [Color figure can be

viewed at wileyonlinelibrary.com]
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the early phases of keratinocyte activation (approximately at 15 min

from the treatment) similar to what we observed in the case of PKCα,

suggesting that mesoglycan was able to induce the activation of

SDC4 coreceptor.

Recently, nuclear localization of SDCs was shown to increase in

some cell populations under conditions associated with an injured

state. Although the functions linked with nuclear translocation of

SDCs remain, to date, not understood (Kovalszky, Hjerpe, & Dobra,

2014), one possible role for this nuclear localization may be to

function as a shuttle for the nuclear transport of heparin‐binding
growth factors that might directly modulate cell functions.

Thus, the hypothesis that mesoglycan exerted its effects on

keratinocytes through the SDC4/PKCα pathway was thus investi-

gated focusing on some PKCα target proteins. In this way, we

established that mesoglycan was able to (a) induce the activation and

the accumulation of integrin β1 on cell surface, (b) trigger paxillin

phosphorylation and (c) drive ezrin translocation beneath the plasma

membranes, all events reported as SDC4/PKCα‐mediated during

focal adhesion assembly and cell migration (Bass et al., 2007a; Ng

et al., 2001; Thodeti et al., 2003; Woods & Couchman, 2001).

Ca2+ signals are known to coordinate cell migration, with cell

migration relying on the precise temporal and spatial regulation of

intracellular Ca2+ concentrations.

Although the precise role of SDC4‐dependent PKCα activation is

still far from clear, co‐localization of these proteins in focal contacts

suggests a role in cytoskeletal reorganization, stress fibers formation,

and cell spreading (Echtermeyer et al., 2001). In addition, we found

that the block of the SDC4 pathway, by means of both siSDC4s and a

SDC4 neutralizing antibody, was able to inhibit mesoglycan effects

on Ca2+ homeostasis, confirming that the SDC4 coreceptor is a target

of mesoglycan.

Further evidence that the mesoglycan effects on HaCaT cells

were mediated via SDC4/PKCα was that cell migration and invasion

induced by mesoglycan at 24 hr from the treatment could be

completely inhibited by both SDC4 knockdown and a specific SDC4

neutralizing antibody.

The differentiation program begins as activated keratinocytes

move from the basal layer towards the outer surface of the skin. This

event is accompanied by cell cycle arrest and by changes in cell

interactions allowing cell movements (Fogh et al., 2014; Owens,

Brunton, Parkinson, & Frame, 2000). We found that mesoglycan

induced cell growth arrest together with the exit of HaCaT

keratinocytes from the cell cycle at about 48 hr of treatment. We

also observed the occurrence of a prominent E‐cadherin clustering in

the cell periphery, consistent with the loss of the canonical basal cell

interactions and the acquisition of a motile phenotype, which is a

crucial event in the differentiating program.

The regulation of keratinocyte activation by Ca2+ stimulates a

number of signaling pathways. Among others, the transcriptional

regulation of keratins involves Ca2+ homeostasis (Loschke, Homberg,

& Magin, 2016).

Upon acute skin injury, keratinocyte activated phenotype is

marked by changes in the cytoskeleton network and cell surface

receptors. In particular, wound healing keratinocytes are character-

ized by a transient drop of the adhesive strength accompanied by an

increased expression of CK6/CK10/CK17 first and of CK1/CK10

keratins after, allowing keratinocytes to migrate into the wound to

repair the lesion (Werner & Munz, 2000).

The induction of the differentiation program was then estab-

lished by the evaluation of the keratins CK6 and CK10 that were

indeed upregulated in mesoglycan treated cells, as a feature of an

activated phenotype. More importantly, in SDC4 knockdown

keratinocytes, mesoglycan effects on the PKCα pathway as well as

on cell differentiation were almost nullified, suggesting that

mesoglycan effects are mediated by SDC4.

Basal keratinocytes differentiate expressing characteristic genes

at each differentiation stage (Afratis et al., 2017). One of the proteins

that have been identified as the actor of keratinocyte early

differentiation as a substrate of transglutaminase is ANXA1 (Moss,

1992). Its biological functions are linked to the sub‐cellular
localization and many processes that are affected by ANXA1 loss

are often linked to Ca2+ signaling (Bizzarro et al., 2012ba), including

cell differentiation (Babbin et al., 2006).

Here, we found that mesoglycan induced both a moderate

increase of ANXA1 expression and marked translocation to the inner

surface of the plasma membrane followed by secretion in the

extracellular environments. Moreover, ANXA1 knockdown signifi-

cantly reduced the expression of the early differentiation markers

CK6 and CK10, and increased that of the E‐cadherin, cellular

responses that occurred independently of mesoglycan treatment.

Although none of the annexins carry signal sequences for the

classical export pathway, numerous studies aiming to characterize

the ANXA1 membrane translocation and externalization reported

that they could occur through different mechanisms. Among others,

the protein S100A11 may function as chaperone. Interestingly, a

moderate Ca2+ increase is sufficient for redistribution of both

S100A11 and ANXA1 to the cell periphery of keratinocytes without

any evident change in their expression (Sakaguchi & Huh, 2011).

Our results show that mesoglycan was able to induce the

formation of ANXA1/S100A11 complex at the inner surface of the

plasma membrane, and that this event was mediated by the

activation of the SDC4 pathway. This quick relocalization is

consistent with the notion that these Ca2+‐binding proteins can form

a membrane‐associated complex at the early stages of the

keratinocyte differentiation process (Broome & Eckert, 2004) In

addition, ANXA1 and S100A11 have been both proposed as targets

of PKCα (Sakaguchi & Huh, 2011; Varticovski et al., 1988) although

the biological significance of their interaction requires further

investigations. Noteworthy, ANXA1 binding to GAGs, such as HS,

has been implicated in mediating protein attachment to cell surfaces

and in modulating its function (Horlacher et al., 2011). Although the

biological role of this interaction remains elusive, it is likely that

GAGs are involved in ANXA1 anchoring to cells possibly directing

protein distribution and functions and favoring its interaction with

other molecules or membrane receptors in the extracellular

environments.
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Finally, ANXA1 plays a crucial role in cytoskeletal dynamics and

cell motility in several conditions (Belvedere et al., 2016; Bizzarro

et al., 2012b; Robinson et al., 1997) whereas the way by which

engaged SDC4 can regulate cell migration is still debated (Bass et al.,

2007b). We suggest a role for ANXA1 in mesoglycan‐induced
keratinocyte motility as both migration and invasion could be

strongly inhibited by ANXA1 knockdown in mesoglycan treated

cells. This is consistent with the notion that ANXA1 may act in an

autocrine or paracrine/juxtacrine manner by possible interaction

with formyl peptide receptors (Perretti, 2003). Moreover, mesogly-

can could be able, as it does with other factors, to mediate ANXA1

extracellular interactions. However, the exact function of these

ANXA1‐GAG interactions will be addressed in further investigations.

Although remarkable achievements have been reached in

characterizing the countless factors involved in normal and patho-

logical tissue repair, these findings have not led to substantial

advances in patient care and in the development of novel therapeutic

approaches. Nevertheless, in this study, we show a new molecular

mechanism for the fibrinolytic drug mesoglycan that is able to

activate the SDC4 pathway and to trigger migration and early

differentiation in human keratinocytes. In addition, we found a novel

downstream side road to act of SDC4 by stimulation of the formation

of ANXA1/S100A11 complex. This latter is in turn involved in HaCaT

cell activation, cytoskeletal reorganization, and cell motility. We

suggest that the use of mesoglycan may be considered as a novel

therapeutic strategy for skin wound treatment and care.

4 | MATERIALS AND METHODS

4.1 | Cell cultures

HaCaT cell line (human immortalized keratinocytes) was purchased

from CLS Cell Lines Service GmbH (Germany) and was maintained in

Dulbeccoʼs modified Eagleʼs medium (DMEM; Lonza, NJ) with 10%

fetal bovine serum (FBS; Lonza, NJ) as previously reported in

Boukamp et al. (1988). The medium was supplemented with

antibiotics (10,000 U/ml penicillin and 10 mg/ml streptomycin;

Lonza, NJ); the cells were maintained at 37°C in 5% CO2 −95% air

humidified atmosphere and were serially passed at 70–80%

confluence.

4.2 | Preparation and seeding of mesoglycan

Powder of sodium salt mesoglycan is composed of heparin (40% low

molecular weight from 6.5 to 10.5 kDa and 60% less than 12 kDa,

sulphurylation degree 2.2–2.6), HS (UFH‐unfranctioned heparin‐
from 12 to 18 kDa up to 40 kDa; sulphurylation degree 2.6),

dermatan sulfate deriving from epimerization of glucuronic acid of

chondroitin sulfate (molecular weight 18–30 kDa, sulphurylation

degree 1.3) with a total sulphurylation degree of 9.1. The

manufacturing of the drug complied with the pharmaceutical quality

standard required for active substances of biological origin approved

in the EU, including those concerned with viral and BSE safety. It was

kindly provided by Mediolanum Farmaceutici S.p.a. (Milan, Italy) and

dissolved in the cell medium at an initial concentration of 1 mg/ml.

After dose‐effect curve results performed in our previous works

(Belvedere et al., 2017a, Belvedere et al., 2017b), mesoglycan

administration was established in a dose of 300 μg/ml for all

performed experiments.

4.3 | Haemocytometer counting

HaCaT cells were seeded in a 12‐well‐plate in a number of 2 × 104

cells/well. After 12 hr of serum starvation to obtained cell cycle

synchronization, the cells were harvested at 24, 48, and 72 hr from

mesoglycan addition. Equal volumes of 0.4% trypan blue (Sigma‐
Aldrich, St. Louis, MO) stain and of the cell suspension were mixed.

Approximately 10 μl of trypan blue/cell mix was put at the edge of

the coverslip of the Burker chamber and the hemocytometer grid

was visualized under the optical microscope Axiovert 40 CFL (Carl

Zeiss MicroImaging GmbH, Jena, Germany). To calculate the viable

cells/ml, the average number of cells in one large square has been

multiplied by the dilution factor (2) and then by 104.

4.4 | Cell cycle analysis

Cell cycle was analyzed as reported in Belvedere et al. (2016)

(Robinson et al., 1997). Briefly, after 12 hr of serum starvation,

HaCaT cells were grown in a complemented medium for 24, 48, and

72 hr with or without sodium mesoglycan 300 μg/ml. Cell cycle

profiles were evaluated by DNA staining with propidium iodide (PI)

solution (Sigma‐Aldrich) using a BD FACSCalibur cytometer (BD

Biosciences, San Jose, CA, USA) by means of Cell Quest evaluation

program (BD Biosciences). The distinct cell cycle phases were

determinate using ModFit LT version 3.3 analysis software (BD

Biosciences).

4.5 | Confocal microscopy

After the specific time of incubation, HaCaT cells were fixed in

p‐formaldehyde (4% v/v with PBS; Sigma‐Aldrich) for 5 min,

permeabilized in Triton X‐100 (0.5% v/v in PBS; Sigma‐Aldrich) for
5 min, and then incubated in goat serum (20% v/v PBS; Lonza, NJ)

for 30 min. Then, the cells were incubated with anti‐Ki67 (rabbit

polyclonal; 1:500; ab15580, Abcam, CA), anti‐E‐cadherin antibody

(mouse monoclonal; clone 36; 1:500, 610,181, BD Transduction

Laboratories, San Jose, CA), anti‐CK6 (rabbit polyclonal; 1:500;

CSB‐PA012561LA01HU, Flarebio Biotech LLC., MD), anti‐CK10
(rabbit polyclonal; 1:500; CSB‐PA012504LA01HU, Flarebio Bio-

tech LLC.), anti‐phospho PKCα (rabbit polyclonal; 1:100; 44–962

G, Thermo Fisher Scientific, IL), anti‐SDC4 (rabbit polyclonal;

1:100; 36–3,100, Thermo Fisher Scientific), anti‐integrin β1

(mouse monoclonal; 1:250; clone P5D2; SC‐13590, Santa Cruz

Biotechnologies, CA), anti‐phospho paxillin (mouse monoclonal;

1:100; clone A5; sc‐365020, Santa Cruz Biotechnologies), anti‐
ezrin (mouse monoclonal, clone 6A84, sc‐71082, 1:100, Santa Cruz
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Biotechnologies), anti‐ANXA1 (rabbit polyclonal; 1:100; 71–3,400;

Invitrogen Thermo Fisher Scientific), anti‐S100A11 (mouse mono-

clonal; 1:100; clone B5; sc‐390250, Santa Cruz Biotechnologies)

overnight at 4°C. After two washing steps, the cells were

incubated with antirabbit and/or antimouse DyLight (488‐ and/or
550‐conjugate; 1:1,000; ImmunoReagents Inc., NC) for 2 hr at RT.

To detect nucleus, Hoechst 33342 nucleic acid stain (1:5,000;

H1399, Molecular Probes, Thermo Fisher Scientific) was used and

samples were excited with a 458 nm Ar laser. A 488 nm Ar or a

555 nm He‐Ne laser was used to detect emission signals from

target stains. The samples were vertically scanned from the

bottom of the coverslip with a total depth of 5 μm and a 63 ×

(1.40 NA) Plan‐Apochromat oil‐immersion objective. Images and

scale bars were generated with Zeiss ZEN Confocal Software (Carl

Zeiss MicroImaging GmbH, Jena, Germany). For immunofluores-

cence analysis and quantification, final images were generated

using Adobe Photoshop CS4, version 11.0. If suitable, quantifica-

tions were performed from multichannel images obtained using a

63 × 1.4 NA objective and using the ImageJ software (NIH,

Bethesda, MD), as follows. Briefly, 10 field images from a single

coverslip from n = 3 biological repetitions were randomly selected

and registered for each experimental condition identifying 10

distinct cells by Hoechst 33342 nuclear staining. Then, the

individual cell total area was selected using the area selection

tool, the fluorescence intensity value was measured and expressed

as Arbitrary Unit (A.U.; the ImageJ software) subtracting back-

ground. The obtained mean value was used to compare experi-

mental groups.

4.6 | Western blot

Protein expression was examined by sodium dodecyl sulfate‐
polyacrylamide gel electrophoresis (SDS‐PAGE), as previously de-

scribed (Bizzarro et al., 2010). Briefly, total intracellular proteins

were extracted from the cells by freeze/thawing in lysis buffer

containing protease inhibitors (Sigma‐Aldrich). Protein content was

estimated by Bradford protein assay according to manufacturers’

recommendations (Bio‐rad Laboratories Inc., CA).

Samples (20–100 μg protein) were loaded onto 10–15%

denaturing polyacrylamide gel (Bio‐rad Laboratories Inc.) and

separated by SDS‐PAGE. The separated proteins were then

transferred electrophoretically to nitrocellulose membranes (Amer-

sham Protran, Thermo Fisher Scientific). Membranes were blocked

with 5% nonfat dry milk in TBS‐Tween 20 (0.1% v/v; Bio‐rad
Laboratories Inc.) and then incubated overnight at 4°C with primary

polyclonal antibodies as described above and with anti‐β actin

(mouse monoclonal; 1:1,000; clone AC15; A5441, Sigma‐Aldrich), and
then at RT with an appropriate secondary rabbit (1:5,000, A0545,

Sigma‐Aldrich) or mouse antibody (1:5,000; A9309; Sigma‐Aldrich).
Immunoreactive protein bands were detected using enhanced

chemiluminescence reagents (Excellent Chemiluminescent Substrate,

ECL; Elabscience, TX), the blots were exposed and analyzed to

Las4000 (GE Healthcare Life Sciences, MA).

4.7 | Fluo‐4 a.m. flow cytometry assay for
detection of Ca2+ mobilization

Changes in intracellular Ca2+ concentration were monitored using

the fluorescent probe Fluo‐4 a.m. (Molecular Probes, Thermo Fisher

Scientific), as previously described (Vines, McBean, & Blanco‐
Fernández, 2010) with minor revisions. Fluo‐4 a.m. is a high‐affinity
Ca2+ indicator with an λex 470–490 nm and an λem 520–540 nm.

Stock solutions (1 mM) of the AM‐ester form was made using a

solution of 20% (w/v) of pluronic acid F‐127 in absolute dimethyl

sulphoxide (DMSO) (Sigma‐Aldrich). HaCaT cells were trypsinized,

washed, and placed in 1.5 ml tubes at 1 × 106/ml and then incubated

with 2.5 μM of Fluo‐4 a.m. in 3% DMSO (final concentration of

DMSO in each assay, 0.06%) at 37 C° for 45 min with complete

DMEMmedium (Lonza, NJ). After de‐esterification of Fluo‐4 a.m., the

cells were washed three times with PBS containing or not 0.1 mM

Ca2+ (Sigma‐Aldrich) by centrifugation (1 min at 300g). The cells were

then resuspended in PBS containing or not 0.1 mM Ca2+. The

fluorescence in each sample was analyzed by a BD FACSCalibur

cytometer using the 530/30 filter. Following the addition of

mesoglycan (300 μg/ml) or of the other compounds, rapid kinetic

measurement of fluorescence was performed by flow cytometry;

Ca2+‐ionophore (ionomycin 1 mM; Sigma‐Aldrich) and the chelating

agent EGTA (3 mM, 15 min; Sigma‐Aldrich) served as the positive and

negative control, respectively. The Ca2+ levels of HaCaT cells in PBS

with or without 0.1 mM Ca2+ were recorded and considered as the

baseline of Ca2+ concentrations.

4.8 | siRNAs and transfection

The knockdown of SDC4 and ANXA1 proteins in HaCaT cells was

performed using siRNAs targeting human SDC4 and ANXA1 proteins.

All siRNAs were purchased from IDT (Integrated DNA Technologies

Inc., Coralville, IA). The duplex sequences to target SDC4 were: (a)

sense 5′‐AGA UAA UAA AAC CUG GUA CUU UCT A‐3′ and

antisense 3′‐UUU CUA UUA UUU UGG ACC AUG AAA GAU‐5′; (b)
sense 5′‐CAA UGA GUU CUA CGC GUG AAG CUT G‐3′ and

antisense 3′‐UGG UUA CUC AAG AUG CGC ACU UCG AAC‐5′; (c)
sense 5′‐CCA AGA GAA UCU CAC CCG UUG AAG‐3′ A and

antisense 3′‐GGG GUU CUC UUA GAG UGG GCA ACU UCU‐5′. The
duplex sequences to target ANXA1 were: (a) sense 5′‐GCU AUG AUC

AGA AGA CUU UAA UAA T‐3′ and antisense 3′‐UUC GAU ACU AGU

CUU CUG AAA UUA AUA‐5′; (b) sense 5′‐GUU GUU UUA GCU CUG

CUA AAA ACT C‐3′ and antisense 3′‐UCC AAC AAA AUC GAG ACG

AUU UUU GAG‐5′; (c) sense 5′‐AAG UAC AGU AAG CAU GAC

AUG AAC A‐3′ and antisense 3′‐GGU UCA UGU CAU UCG UAC

UGU ACU UGU‐5′. siRNA Oligo‐Scrambled (Santa Cruz Biotechnol-

ogy) was used as control at the same concentration. HaCaT cells

were initially plated in media containing 10% FBS. After 24 hr, the

cells were washed once with PBS and transfected or not with siRNAs

by TransFectin (Bio‐rad Laboratories Inc.) according to the manu-

facturerʼs instructions. The cells were processed for western blot

analysis and confocal microscopy at 24, 48, and 72 hr after
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transfection. The administration of mesoglycan 300 μg/ml was

performed 24 hr after transfection.

4.9 | Scratch wound healing assay

HaCaT cells were seeded in a 12‐well plastic plate at 5 × 105 cells per

well. After 24 hr incubation, the cells reached 100% confluency and a

wound was produced at the center of the well by gently scraping the

cells with a sterile plastic p10 pipette tip to create a wound area of

about 500 μm. After removing incubation medium and washing with

PBS, cell cultures were incubated in the presence of sodium

mesoglycan 300 μg/ml and/or siSDC4s and/or siANXA1s and/or

the blocking antibody AbSDC4 (mouse monoclonal; 1:100; clone

5G9; sc‐12766, Santa Cruz Biotechnology), and/or mouse pre‐
immune IgGs (1:100; Sigma‐Aldrich) or in growth medium as control.

All experimental points were further treated with mitomycin C (10

mg/ml, Sigma‐Aldrich) to ensure the block of mitosis. The wounded

cells were then incubated at 37°C in a humidified and equilibrated

(5% v/v CO2) incubation chamber of an Integrated Live Cell

Workstation Leica AF‐6000 LX (Leica Microsystems, Wetzlar,

Germany). A 10× phase contrast objective was used to record cell

movements with a frequency of acquisition of 10 min on at least 10

different positions for each experimental condition. The migration

rate of individual cells was determined by measuring the wound

closure from the initial time to the selected time points (bar of

distance tool, Leica ASF software, Leica Microsystems). For each

wound, 10 different positions were registered, and for each position,

10 different cells were randomly selected to measure the migration

distances.

4.10 | Invasion assay

Cell invasiveness was analyzed as reported in Bizzarro et al. (2017).

Briefly, trans‐well cell culture (12‐mm diameter, 8.0‐film pore size)

were purchased from Corning Inc, NY. The chambers were coated

with Type IV collagen (Sigma‐Aldrich) that was diluted with three

volumes of serum‐free medium and stored at 37°C until its gelation.

The cells were plated in 350 ml of serum‐free medium at several 5 ×

104/insert in the upper chamber of the transwell. DMEM (1.4 ml)

with FBS and with or without sodium mesoglycan 300 μg/ml were

put in the lower chamber and the trans‐well was left for 24 hr at

37°C in 5% CO2‐95% air humidified atmosphere. After that, the

medium was removed, the filters were washed twice with PBS and

fixed with 4% p‐formaldehyde (Sigma‐Aldrich) for 10 min, then with

100% methanol (Sigma‐Aldrich) for 20 min. The filters so fixed were

stained with 0.5% crystal violet prepared from stock crystal violet

(powder, Sigma‐Aldrich) by distilled water and 20% methanol, for 15

min. After that, the filters were washed again in PBS and cleaned

with a cotton bud. All experimental points were further treated with

mitomycin C (10 mg/ml, Sigma‐Aldrich) to ensure the block of

mitosis. The number of cells that had migrated to the lower surface

was counted in 15 random fields using EVOS light microscope (10×;

Life Technologies Corporation, CA).

4.11 | Cytosol and membrane extracts

Compartmentalized protein extracts were obtained as reported in

Bizzarro et al. (2017). Briefly, HaCaT cells were washed twice with

PBS, detached with trypsin‐EDTA 1× in PBS, harvested in PBS and

centrifuged for 5 min at 600g at 4°C. After that, the cells were lysed

in 4 ml of buffer A (Tris HCl 20 mM, pH 7.4; sucrose 250 mM; DTT 1

mM; protease inhibitors, EDTA 1 mM in water; all from Sigma‐
Aldrich), sonicated (5 s pulse –9 s pause for 2 min, amplitude 40%)

and then centrifuged at 4°C for 10 min, at 5,000g. The resulting

supernatants were ultra‐centrifuged for 1 hr at 100,000g at 4°C, until

to obtain new supernatants corresponding to cytosol extracts. Each

resultant pellet was dissolved in 4 ml of buffer A and ultra‐
centrifuged for 1 hr at 100,000g at 4°C. The pellets were then

resuspended in 250 μl of buffer B (Tris HCl 20 mM, pH 7.4; DTT 1

mM; EDTA 1 mM; Triton X‐100 1%, in water) and left overnight on

orbital shaker at 4°C. Next, the solution was centrifuged for 30 min

at 50,000g at 4°C: The supernatants represent membrane extracts.

4.12 | Immunoprecipitation

For immunoprecipitation experiments, HaCaT cells were treated or

not with sodium mesoglycan 300 μg/ml for 48 hr. After incubation,

cell lysates were made by washing twice the cells with PBS and then

solubilizing them in lysis buffer (50 mM Tris‐HCl, 150 mM NaCl, 1%

NP‐40; all from Sigma‐Aldrich) with Protease Inhibitor (Roche Life

Sciences, Germany). An equal amount of each protein lysate (200 μg)

was incubated with monoclonal anti‐S100A11 (2 μg; mouse mono-

clonal; clone B5; sc‐390250, Santa Cruz Biotechnologies) and

polyclonal anti‐ANXA1 (2 μg; rabbit polyclonal; 71–3,400; Invitrogen,

Thermo Fisher Scientific) antibodies for 3 hr at RT, followed by 1 hr

incubation with 35 µl of protein A‐Sepharose beads (Sigma‐Aldrich)
previously treated with 1% (w/v in lysis buffer) bovine serum albumin

(BSA; Sigma‐Aldrich) and then equilibrated with lysis sample buffer

according to the manufacturerʼs instructions. Mouse (IgGM; 2 μg)

and rabbit (IgGR; 2 μg) IgGs (Sigma‐Aldrich) were also used as

controls. The beads were then washed, boiled, and the supernatants

were used to immunoblot with antibodies against S100A11 (mouse

monoclonal; 1:1,000; clone B5; sc‐390250; Santa Cruz Biotechnol-

ogies) and ANXA1 (rabbit polyclonal; 1:100; 71–3,400; Invitrogen,

Thermo Fisher Scientific) as previously described in Western blot

Section. All experiments were performed in three independent

experiments.

4.13 | Data collection and statistical analysis

The data and statistical analysis were performed using Graph-

PadPrism software (Version 5.0, GraphPad Software, CA). All

data were presented as mean ± SD from (n) experiments, as

shown in Figure Legends. The optical density of the protein bands

detected by Western blot was normalized against β‐actin levels.

Statistical comparisons between groups were made using the

Mann–Witney U test for independent samples, and ANOVA with
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post hoc testing (Bonferroni post hoc test) as required.

Significance was set at p < 0.05.
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