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Abstract
Background

Human platelet lysate (hPL) is clinically used for chronic wound treatment, yet therapeutic responses
remain variable due to the undefined roles of individual platelet-derived components. Serglycin (SRGN) is
abundant in platelet granules, but its function in diabetic wound repair is poorly understood. This study
investigated the bioactivity of recombinant human serglycin (rhSRGN) in an in vitro model of diabetic re-
epithelialization.

Results

SRGN cDNA was amplified from THP-1-derived mRNA, cloned into an expression vector, and transfected
into HEK293T cells for recombinant protein production. Secreted rhSRGN was purified from conditioned
media via immobilized metal affinity chromatography using a C-terminal 6xHis tag. Western blotting
confirmed that rhSRGN carried multiple glycosaminoglycan chains, including heparan sulfate,
chondroitin sulfate, and dermatan sulfate. Functionally, thSRGN (10 ng/mL) significantly enhanced
keratinocyte migration under hyperglycemic conditions in a wound closure assay.

Conclusions

Recombinant serglycin promotes keratinocyte migration in a hyperglycemic microenvironment,
supporting its potential as a defined platelet-derived biologic for bioengineered therapies targeting
diabetic wound healing.

Introduction

Diabetic wounds remain a major clinical challenge worldwide. In Taiwan, where the prevalence of
diabetes mellitus (DM) is high, it has been estimated that approximately 15% of patients with DM
develop diabetic wounds|[1]. This condition is characterized by impaired wound healing, which increases
the risk of infection, limb amputation, and other severe complications. Beyond the substantial burden on
patient quality of life, diabetic wounds also impose high socioeconomic costs on healthcare systems[2].

Clinically, re-epithelialization is considered one of the most critical phases of wound repair, as it restores
the epidermal barrier and prevents microbial invasion. However, in diabetic wounds, this process is often
delayed or incomplete due to multiple pathological factors, including persistent hyperglycemia, chronic
inflammation, impaired angiogenesis, reduced growth factor availability, and dysfunctional keratinocyte
migration[3]. Consequently, promoting re-epithelialization has become a central objective in the
development of diabetic wound therapies.
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Although an enormous number of studies have been published on diabetic wound healing, and several
advanced wound care products are currently available in clinical practice, therapeutic outcomes remain
inconsistent. Many existing treatments provide only partial benefits, and a substantial proportion of
patients still experience non-healing or recurrent ulcers[4]. This variability reflects the complex and
multifactorial nature of diabetic wounds, as well as the limitations of current interventions in effectively
addressing the impaired cellular responses required for tissue regeneration. Therefore, there remains a
continuous and urgent need to develop more effective and mechanistically informed therapeutics that
can reliably promote re-epithelialization in diabetic wound healing.

Human platelet lysate (hPL), a protein-rich solution prepared from platelet lysis, has been widely used
clinically to treat chronic and diabetic wounds, as platelets contain numerous bioactive molecules that
contribute to tissue repair, including growth factors, cytokines, and extracellular matrix—modulating
proteins. hPL therapy has shown promising outcomes in some patients, yet clinical reports have also
indicated limited efficacy in others[5]. Importantly, hPL is a complex mixture, and the biological functions
of many of its individual components remain insufficiently characterized[6]. This incomplete
understanding hinders the optimization and standardization of platelet-derived therapies and may
contribute to variable patient responses.

Serglycin (SRGN) is a proteoglycan abundantly present in platelet granules[7]. A defining feature of SRGN
is the presence of glycosaminoglycan (GAG) chains attached to its protein core, which enable it to bind
and transport multiple growth factors and inflammatory mediators[8]. Upon platelet activation, these
SRGN-associated factors can be released into the wound microenvironment[9], potentially influencing
key processes such as keratinocyte migration, inflammation, and extracellular matrix remodeling.
Despite its abundance in platelets and presence in hPL, the functional role of SRGN in chronic wound
repair, particularly under diabetic conditions, remains largely unknown (Fig. 1).

Given the growing clinical interest in platelet-derived biomaterials, elucidating the contribution of specific
components such as SRGN is important for improving the mechanistic understanding of hPL-based
therapies. Furthermore, identifying previously unrecognized bioactive factors within hPL may support the
development of more targeted, reproducible, and effective therapeutic strategies for diabetic wound
healing.

Thus, this study aimed to evaluate the bioactivity of SRGN using an in vitro model that mimics re-
epithelialization in diabetic wounds. Because SRGN is difficult and costly to purify from natural sources,
recombinant DNA technology was employed to produce recombinant human SRGN (rhSRGN). In
addition, the GAG composition of rhSRGN was characterized, and its bioactivity in promoting
keratinocyte migration under hyperglycemic conditions was investigated.

Materials & Methods
Recombinant Vector Construction
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Total RNA was extracted from human THP-1 monocytes (ATCC, Cat# TIB-202) using the TRIzol

extraction method. After RNA isolation, first-strand cDNA was synthesized using the ProtoScript First
Strand cDNA Synthesis Kit (NEB, Cat# E6300S). Following synthesis according to the manufacturer’s
protocol, the resulting cDNA was subjected to PCR amplification to obtain the SRGN cDNA sequence.

PCR amplification was performed using the Promega PCR Master Mix (Promega, Cat# M7502). Reaction
mixtures were prepared according to the manufacturer’s instructions, with primers targeting the
serglycin (SRGN) gene of interest (GOI) added as follows: forward primer, 5-
ATGGATCCACCATGATGCAGAAGCTACTCAAATGC-3'; and reverse primer, 5
ATGAATTCTAACATAAAATCCTCTTCTAATCCATGT-3'. The SRGN cDNA fragment was amplified using a
PCR thermal cycler (Turbocycler Lite, Blue-Ray Biotech Corp., Taiwan), yielding a 477-bp product
(Supplementary Fig. 1).

The forward primer contained a Pmel restriction site, while the reverse primer contained a BamHI
restriction site. This design enabled the SRGN cDNA to incorporate a Pmel site at its 5" end and a BamHI
site at its 3' end. The SRGN cDNA was digested with the restriction enzymes Pmel (NEB, Cat. # R0560S)
and BamHI (NEB, Cat. # R0136S), and subsequently cloned into the expression vector pcDNA4/myc-HisA
(a gift from Yu-Ting Yan, Academia Sinica) using T4 DNA ligase (NEB, Cat. # M0202). The resulting
recombinant plasmid was designated as pcDNA4/SRGN-HisA.

Recombinant Vector Expressions and Mammalian Cell Transfection

The pcDNA4/SRGN-HisA vector was transformed into E.coli JM109 competent cells for amplification of
the recombinant plasmid. Subsequently, the transformed bacteria were plated onto agar plates
containing ampicillin for selection. Cells that did not carry the plasmid were unable to survive, whereas
plasmid-containing colonies grew under antibiotic pressure. Surviving colonies were picked and cultured
in LB broth at 37°C. Plasmid DNA was then extracted in large quantities using the GeneDireX Plasmid
MiniPREP Kit (Cat. # NA005-0100). Successful cloning of the SRGN cDNA insert into the expression
vector was confirmed by agarose gel electrophoresis (1% agarose), and the sequence was further
verified by DNA sequencing.

For recombinant human serglycin (rhSRGN) expression, pcDNA4/SRGN-HisA was transfected into
HEK293T cells (ATCC, Cat# CRL-3216). Cells were cultured in high-glucose DMEM (Gibco, Cat. #
11965092) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin (P/S) until
reaching approximately 80% confluence. Transfection complexes were prepared according to the
manufacturer’s protocol. Briefly, Lipofectamine 3000 reagent (Thermo Fisher Scientific) was diluted in
Opti-MEM medium (Thermo Fisher, Cat. # 31985062). In parallel, plasmid DNA was diluted in Opti-MEM
and mixed with P3000 reagent. The diluted DNA solution was then combined with diluted Lipofectamine
3000 at a 1:1 ratio to form DNA-lipid complexes.
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The complexes were added to HEK293T cells and incubated for 10—15 min at room temperature. Cells
were then cultured overnight at 37°C. Transfected cells were selected using 400 ug/mL zeocin (Thermo
Fisher, Cat. # R25001). The resulting stable cell line was designated as HEK293T-SRGN.

Purification of Recombinant Human Serglycin

Recombinant human serglycin (rhSRGN) secreted into the conditioned medium of HEK293T-SRGN cells
was purified according to a previously published method[10]. Briefly, conditioned medium containing
rhSRGN was loaded onto a nickel-chelate affinity column (Merck, Cat. # GE17-5248-02) and allowed to
circulate through the column overnight at 4°C. The following day, unbound proteins were removed by
washing with at least 10 column volumes of binding buffer (0.5 M NaCl, 0.04 M imidazole, 0.02 M
sodium phosphate, pH 7.4). Bound proteins were then eluted using elution buffer (0.5 M NaCl, 0.5 M
imidazole, 0.02 M sodium phosphate, pH 7.4).

The eluate was collected and dialyzed against saline buffers. The rhSRGN-containing solution was
further enriched by anion exchange chromatography using a diethylaminoethyl (DEAE) column (Merck,
Cat. # GE17-5154-01). The DEAE column was equilibrated with running buffer (250 mM NacCl, 20 mM
Tris, 10 mM EDTA, pH 7.5) before sample loading. After loading, the column was washed with 10 column
volumes of running buffer, and rhSRGN was eluted with elution buffer (1 M NaCl, 20 mM Tris, 10 mM
EDTA, pH 7.5). The eluted protein was subsequently concentrated by dialysis. Finally, rhSRGN
concentration was quantified using a human serglycin ELISA kit (ABclonal, Cat. # RK09141) according to
the manufacturer’s instructions.

Cell culture.

Human keratinocyte HaCaT cells (Cat. # 300493, CLS) were cultured under normoglycemic conditions in
low-glucose DMEM (Cat. # 11885084, Gibco) supplemented with 1% fetal bovine serum (FBS; Cat. #
10437028, Gibco) and 1% penicillin—streptomycin (P/S; Cat. # 15140122, Gibco). For hyperglycemic
conditions, HaCaT cells were cultured in high-glucose DMEM (Cat. # 11965092, Gibco) containing 1%
FBS and 1% P/S.

In vitro wound healing assay.

The Ibidi stage top incubation system (Cat. # 10720, Ibidi) was used for live-cell imaging of HaCaT
migration. Cells were first seeded into a 2-well culture insert (Cat. # 80209, Ibidi) in low-glucose medium
and cultured overnight. The following day, the culture insert was removed, and HaCaT cells were imaged
under either low- or high-glucose conditions, with or without 10 ng/mL rhSRGN.

To silence CD44 expression in HaCaT cells, cells were transfected with CD44 siRNA (Thermo Fisher
Scientific, Cat. # 4390771). Results were compared with those from cells transfected with a negative
control siRNA (Thermo Fisher Scientific, Cat. # 4390843). Either CD44 siRNA or negative control siRNA
was delivered into cells using Lipofectamine RNAIMAX (Thermo Fisher Scientific, Cat. # 13778030).
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Cells were seeded into the 2-well insert at a density of 4 x 10° cells/mL. The next day, the transfection
mixture was prepared by diluting Lipofectamine RNAIMAX reagent in Opti-MEM. In parallel, siRNA was
diluted in Opti-MEM. The diluted Lipofectamine and siRNA solutions were then combined and incubated
at room temperature for 20 min to allow complex formation. The complexes were subsequently added to
the cells in the 2-well insert. After transfection, the insert was removed, and the cells were placed in the
Ibidi Stage Top Incubator for live-cell imaging experiments.

Dodecyl Sulfate Polyacrylamide Electrophoresis (SDS-PAGE) and Western Blotting. 4%—12% SDS-
polyacrylamide gels (Cat. # HC2040, Thermo Fisher Scientific) were prepared according to the
manufacturer’s protocol using the Mini-PROTEAN® Tetra Handcast System (Cat. # 1658000FC, Bio-Rad).
Samples were electrophoresed at 100 V at room temperature until the dye front reached the bottom of
the gel. Proteins were subsequently transferred onto a polyvinylidene fluoride (PVDF) membrane (0.45
pm; Cat. # IPVH00010, Merck Millipore).

After blocking overnight at 4°C, membranes were incubated with primary antibodies at 4°C with gentle
shaking overnight. The membranes were then washed with 0.1% TBST and incubated with secondary
antibodies for 1 h at room temperature with shaking. Following additional washes with 0.1% TBST,
immunoreactive signals were detected using ECL Plus reagent (Cat. # WBKLS0500, Merck Millipore).

Human platelet lysates were bought from a commercial supplier (Mill Creek, Cat # PLTGold). Anti-human
serglycin antibody (Cat. # A6951) was purchased from ABclonal. Anti-chondroitin sulfate antibody (Cat.
# SAB4200696), anti-heparan sulfate antibody (Cat. # MAB2040), and anti-dermatan sulfate antibody
(Cat. # MABT819) were purchased from Merck Millipore. Anti-human TGFB1 (Cat. # GTX130023), anti-
human ERK1/2 (Cat. # GTX134462), anti-phospho-p38 MAPK (Cat. # GTX110720), anti-phospho-AKT
(Ser473) (Cat. # GTX128414), and anti-human B-actin (Cat. # GTX109639) were purchased from
GeneTex. Peroxidase AffiniPure goat anti-rabbit IgG (Cat. # 111-035-144) and Peroxidase AffiniPure goat
anti-mouse IgG (Cat. # 115-035-003) were purchased from Jackson ImmunoResearch Laboratories.

Statistical analysis.

One-way analysis of variance test and then Tukey post-hoc test were used to compare the statistical
significance between treatments under test conditions. A P value of less than 0.05 was considered
significant.

Results
Construction of pcDNA4/SRGN-HisA Vectors

Monocytes share a common hematopoietic lineage with platelets[11]; therefore, total RNA extracted

from human THP-1 monocytes was used as the template for amplification of the serglycin (SRGN) gene

of interest (GOI, Supplementary Fig. 1). After successful amplification, the SRGN cDNA fragment was

cloned into the pcDNA4/myc-HisA expression vector using Pmel and BamHI restriction digestion. The
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resulting recombinant plasmid was subsequently transformed into E. coli JM109 for vector
amplification.

Prior to transfection into HEK293T cells for recombinant protein production, successful insertion of the
SRGN GOl into the pcDNA4/HisA vector was confirmed by agarose gel electrophoresis (Fig. 2a). The
undigested pcDNA4/HisA vector appeared as a high—molecular-weight band (> 10,000 bp), likely due to
plasmid supercoiling and aggregation. After linearization with Pmel and BamHl], the expected vector size
was observed at approximately 5,000 bp.

In contrast, the undigested recombinant pcDNA4/SRGN-HisA plasmid displayed two bands, one above
10,000 bp and another around 6,000 bp. Importantly, double digestion of pcDNA4/SRGN-HisA produced
two distinct bands: one at approximately 5,000 bp corresponding to the vector backbone, and another at
approximately 500 bp corresponding to the inserted SRGN GOI. These results confirm that the
recombinant expression vector was successfully constructed.

Mammalian Expressions of rhSRGN

The rhSRGN cDNA construct included its native signal peptide sequence, enabling the recombinant
protein to be secreted into the conditioned medium by HEK293T-SRGN cells[12]. In addition, rhSRGN
carried a C-terminal 6xHis tag, which allowed purification from the conditioned medium using a nickel-
chelate affinity column. Furthermore, the negatively charged glycosaminoglycan (GAG) chains attached
to the serglycin core protein enabled additional purification by anion exchange chromatography[13]. The
amount of rhSRGN purified from each batch was quantified, and the differences among batches were
negligible (Supplementary Table 1).

The yield of secreted rhSRGN in the conditioned medium on each day post-transfection was also
quantified (Supplementary Fig. 2). Four independent batches of conditioned medium were analyzed, and
only small, non-significant variations in rhSRGN concentration were observed among the batches. Batch
A consistently produced the highest yield of rhSRGN throughout the 6-day culture period, followed by
Batch D, Batch B, and Batch C. These differences occurred despite the use of the same transfection
protocol to establish clones in all four batches. Similar variability has been reported in other recombinant
protein production studies, as lipofection-based transfection cannot precisely control the number of
plasmid copies delivered into each cell[14]. Therefore, it is likely that HEK293T-SRGN cells in Batches B-
D incorporated fewer pcDNA4/SRGN-HisA vectors during the initial transfection process compared with
Batch A, resulting in lower rhSRGN production in those batches.

Characterizations of rhSRGN

To determine whether the rhSRGN structurally resembled native serglycin (SRGN), rhSRGN purified from
all four batches was characterized by Western blotting and compared with endogenous SRGN detected
in THP-1 cell lysate (Supplementary Fig. 3). When probed with anti-human serglycin antibodies, SRGN in
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THP-1 lysate appeared as multiple distinct bands at various molecular weights, accompanied by a faint
background smear. In contrast, no immunoreactivity was observed in the lane loaded with HEK293T cell
lysate. Notably, rhSRGN from all four batches exhibited similar banding patterns to one another and
closely resembled SRGN detected in THP-1 lysate. However, the smear pattern in the rhSRGN lanes was
more pronounced than that observed in THP-1 lysate, suggesting that rhSRGN may contain a higher
degree of glycosylation and/or more extensively decorated GAG chains[15].

rhSRGN purified from Batch A was used for subsequent experiments. To further confirm that rhSRGN
exhibited structural features similar to native SRGN, additional Western blot analyses were performed to
examine the GAG composition of rhSRGN. The results were compared with SRGN present in
commercially available human platelet lysate (hPL) (Fig. 2b). In these experiments, protein samples were
heated at 60°C for 20 min before electrophoresis to improve epitope accessibility for anti-GAG
antibodies.

When probed with anti-SRGN antibodies, rhSRGN displayed a blotting pattern similar to SRGN in THP-1
lysate, with strong signals ranging from approximately 25 kDa to 180 kDa. In addition, a band at ~ 15 kDa
was detected in both samples, likely corresponding to the serglycin core protein. In contrast, hPL
exhibited a broader smear pattern from ~ 35 kDa to ~ 180 kDa, suggesting that SRGN in hPL may carry a
lower degree of GAG glycosylation compared with rhSRGN. Consistent with previous results[16],
HEK293T lysate showed no reactivity with anti-SRGN antibodies.

Since chondroitin sulfate (CS) is the predominant GAG type associated with SRGN in monocytes and
hPL[17], anti-CS antibodies were used to assess CS decoration on rhSRGN. Anti-CS probing produced
smear patterns in THP-1 lysate, hPL, and rhSRGN, although the molecular weight distributions differed
among the samples. Strong CS signals were observed in THP-1 lysate between ~ 35 kDa and ~ 60 kDa.
In hPL, distinct bands were detected at ~ 140 kDa, ~ 60 kDa, and ~ 35 kDa, with a faint smear between
these regions. rhSRGN exhibited anti-CS reactivity from ~ 35 kDa to ~ 140 kDa, indicating a distinct CS
modification profile compared with THP-1 SRGN and hPL-derived SRGN. As expected, HEK293T lysate
showed no anti-CS reactivity.

Probing with anti-dermatan sulfate (DS) antibodies produced a smear pattern from ~ 35 kDa to ~ 140
kDa in both THP-1 lysate and rhSRGN. In hPL, DS reactivity appeared as a smear extending from ~ 60
kDa to ~ 180 kDa, along with a distinct band at ~ 35 kDa and a faint smear between ~ 35 kDa and ~ 60
kDa. Similarly, anti-heparan sulfate (HS) antibodies detected strong signals in THP-1 lysate spanning ~
15 kDa to ~ 100 kDa, whereas rhSRGN showed strong HS reactivity from ~ 35 kDa to ~ 140 kDa. In hPL,
HS-associated signals were observed from ~ 60 kDa to ~ 180 kDa, together with a distinct band at ~ 35
kDa.

Collectively, these results confirm that rhSRGN was successfully expressed and secreted by HEK293T-

SRGN cells transfected with pcDNA4/SRGN-HisA. rhSRGN reacted strongly with anti-SRGN antibodies

and exhibited banding patterns comparable to SRGN detected in THP-1 lysate and hPL. Furthermore,

rhSRGN was shown to be decorated with multiple GAG types, including CS, DS, and HS. Although the
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precise arrangement of these GAG chains on individual rhSRGN molecules remains unclear, the
detection of multiple GAG species suggests that rhSRGN exists as a heterogeneous population with
variable GAG modifications (Fig. 2c).

Cell Proliferation and Viability Analyses

Before performing functional assays with rhSRGN, its effects on keratinocyte proliferation and viability
were evaluated. Human keratinocytes (HaCaT) were cultured in either normal-glucose (NG, 5.5 mM) or
high-glucose (HG, 25 mM) medium, with or without 10 ng/mL rhSRGN, and cell morphology was
examined by light microscopy (Fig. 3a). A concentration of 10 ng/mL was selected for subsequent cell-
based assays, as it is commonly used to assess the bioactivity of purified recombinant proteins[18]. To
minimize potential interference from serum components and preserve rhSRGN bioactivity, all HaCaT
assays were performed in medium containing 1% FBS.

Distinct morphological differences were observed between HaCaT cells cultured under NG and HG
conditions. At Days 1 and 3, cells cultured in HG exhibited smaller colony sizes and fewer colonies
compared with those cultured in NG. By Day 5, high cell confluence was observed in both glucose
conditions. Interestingly, supplementation with rhSRGN resulted in the formation of smaller colonies in
both NG- and HG-treated groups.

Over the 5-day culture period, HaCaT cells cultured in NG medium exhibited the highest proliferation rate
among all groups (Fig. 3b). Glucose concentration significantly affected cell proliferation, as HaCaT cells
cultured in HG displayed significantly reduced cell numbers compared with those cultured in NG.
Notably, the addition of rhSRGN in NG medium led to a significant decrease in cell number, suggesting
that rhSRGN may inhibit keratinocyte proliferation under normoglycemic conditions. In contrast, rhSRGN
supplementation in HG medium did not significantly affect HaCaT proliferation throughout the culture
period.

Cell viability was also assessed over the 5-day culture period (Fig. 3c). Although glucose concentration
significantly influenced proliferation, no corresponding differences were observed in cell viability. No
significant differences in viability were detected among the four experimental groups, indicating that
elevated glucose levels did not induce substantial cytotoxicity. Importantly, rhSRGN treatment did not
result in increased cell death under either NG or HG conditions.

Keratinocyte migration with or without the rhSRGN

To investigate the therapeutic potential of rhSRGN in a chronic wound setting, an in vitro wound-healing
model that mimics re-epithelialization under hyperglycemic conditions was established (Fig. 4a). Human
keratinocytes (HaCaT) were cultured in a 2-well insert system, in which the gap between the cell
monolayers represented the “wound.” Cell migration toward the center of the gap, reflecting wound
closure, was monitored using an Ibidi Stage Top Incubator coupled with a live-cell imaging system,
followed by Western blot analysis.

Page 9/26



Under normoglycemic (NG) conditions, HaCaT cells effectively closed the gap after 20 h of incubation. In
contrast, the gap remained visible in HaCaT cultures maintained in high-glucose (HG) medium after the
same period. Interestingly, hSRGN supplementation reduced the ability of cells to close the gap under
NG conditions, whereas the same treatment enhanced cell migration under HG conditions.

Quantitatively, no significant differences in migration rates were observed among the four groups during
the first 4 h of the assay (Fig. 4b). However, at 12 h, HaCaT cells cultured in HG medium supplemented
with rhSRGN migrated significantly faster than those in the other three groups. This enhanced migration
persisted at 16 h. As expected, HaCaT cells cultured in NG medium migrated significantly faster than
those cultured in HG medium, as well as those cultured in NG medium supplemented with rhSRGN. By
20 h, no significant difference was observed between cells cultured in NG medium and those cultured in
HG medium with rhSRGN, although a smaller residual gap was still present in the latter group.

To further analyze the effects of glucose concentration and rhSRGN treatment on keratinocyte migration,
cell lysates were collected at the end of the migration experiments and subjected to Western blot
analysis. The expression of four migration-associated protein markers was examined (Fig. 5a), and
protein levels were normalized to B-actin expression (Fig. 5b). Phosphorylated p38 MAPK (p-p38 MAPK),
phosphorylated Akt (p-Akt), phosphorylated Erk1/2 (p-Erk1/2), and TGFB1 are known to play important
roles in cell migration[19].

HaCaT cells cultured under NG conditions exhibited significantly higher expression levels of all four
proteins compared with those cultured in HG medium. In NG medium supplemented with rhSRGN, p-p38
MAPK expression was slightly reduced compared with NG alone, although this difference was not
statistically significant. In contrast, p-Akt, p-Erk1/2, and TGFB1 levels were significantly higher in NG
cultures treated with rhSRGN compared with untreated NG controls. Notably, under HG conditions,
rhSRGN supplementation resulted in significantly increased expression of all four migration-related
markers compared with HG medium alone.

Keratinocyte migration following CD44 silencing in the
presence or absence of rhSRGN

Previous studies have reported that serglycin can promote cancer cell migration through interactions
with CD44 membrane receptors[20]. Therefore, we investigated whether the bioactivity of rhSRGN in
HaCaT keratinocytes would be attenuated following CD44 silencing. HaCaT cells cultured in the 2-well
insert system were transfected with CD44 siRNA and incubated overnight at 37°C. To confirm the
specificity of CD44 knockdown, a parallel culture of HaCaT cells was transfected with a negative control
siRNA, consisting of RNA sequences that do not target any known mRNA.

On the following day, cells transfected with either negative control siRNA or CD44 siRNA were subjected
to an in vitro wound-healing assay overnight. Cell lysates were then harvested, and CD44 expression
levels were examined (Supplementary Fig. 4).
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Western blot analysis using anti-human CD44 antibodies revealed that HaCaT cells transfected with
CD44 siRNA exhibited minimal CD44 expression, whereas strong CD44 expression was detected in cells
transfected with negative control siRNA. These results confirmed that CD44 siRNA effectively silenced
CD44 expression in HaCaT cells. To further demonstrate the specificity of the knockdown, the
expression of another membrane protein, syndecan-1, was assessed. Syndecan-1 expression remained
strong and comparable between cells transfected with negative control siRNA and those transfected
with CD44 siRNA. Collectively, these findings indicate that CD44 silencing was specific and did not
broadly affect membrane protein expression.

After successful validation of CD44 knockdown under normoglycemic conditions, HaCaT cells were
subjected to an in vitro wound-healing assay to evaluate the effects of rhSRGN treatment (Fig. 6a). Under
normoglycemia, CD44-silenced HaCaT cells migrated more slowly than cells transfected with negative
control siRNA. Notably, the motility of CD44-silenced HaCaT cells in NG medium increased in the
presence of rhSRGN. In contrast, CD44-silenced HaCaT cells cultured in HG medium exhibited migration
rates similar to those of negative control cells. The addition of rhSRGN to HG medium also appeared to
enhance the migration of CD44-silenced HaCaT cells after 20 h of incubation.

To determine whether the differences observed in the time-lapse images were statistically significant,
the experiments were repeated three times for each group, followed by quantitative analysis (Fig. 6b).
During the first 4 h of the assay, HaCaT cells cultured in NG medium displayed significantly higher
migration rates than all other groups. At 12, 16, and 20 h, HaCaT cells cultured in NG medium continued
to migrate significantly faster than CD44-silenced HaCaT cells under NG conditions. Migration was also
significantly enhanced when rhSRGN was added to CD44-silenced HaCaT cells in NG medium, indicating
that rhSRGN partially restored migration despite CD44 knockdown.

In contrast, no significant differences were observed among the HG groups until 20 h. At 20 h, rhSRGN
significantly enhanced the migration rate of CD44-silenced HaCaT cells cultured in HG medium
compared with untreated CD44-silenced cells. The untreated CD44-silenced cells in HG medium also
migrated significantly more slowly than HaCaT cells cultured in HG medium without knockdown.
However, the difference between HaCaT cells cultured in HG medium and CD44-silenced HaCaT cells
cultured in HG medium with rhSRGN was not statistically significant.

To further evaluate the impact of CD44 silencing on migration-related signaling under different glucose
conditions, cell lysates were collected at the end of the wound-healing assay and analyzed by Western
blotting. The expression levels of p-p38 MAPK, p-Akt, p-Erk1/2, and TGFB1 were examined (Fig. 7a). In
the absence of rhSRGN, these four markers were barely detectable in migrating HaCaT cells under either
NG or HG conditions. In contrast, rhSRGN treatment significantly elevated the expression of all four
proteins in cells cultured in both glucose conditions (Fig. 7b).

Collectively, these results suggest that CD44 silencing significantly attenuated the ability of rhSRGN to
promote HaCaT migration under hyperglycemic conditions. Meanwhile, CD44 knockdown reversed the
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inhibitory effect of rhSRGN under normoglycemia, as migration rates were enhanced compared with non-
silenced HaCaT cells treated with rhSRGN in NG medium.

Discussion

Human platelet lysates (hPL) have been widely explored as therapeutic formulations for chronic diabetic
wounds due to their rich composition of growth factors, cytokines, and extracellular matrix—associated
proteins. However, clinical outcomes remain variable, in part because hPL is intrinsically heterogeneous
and subject to donor-to-donor variability, differences in preparation protocols, and risks of contamination
during processing[21]. These challenges highlight an ongoing need in biological engineering to move
toward defined, standardized, and scalable platelet-derived biologics, rather than relying on complex and
poorly controlled mixtures[22].

Serglycin is a proteoglycan known to regulate the storage and extracellular activity of multiple growth
factors in platelet granules, including VEGF and PDGF[23]. Historically, serglycin has been characterized
primarily as a molecular carrier that facilitates intracellular packaging and extracellular delivery of
signaling proteins. In the absence of serglycin, growth factor secretion and activity can be impaired,
which may compromise the wound-healing cascade [24]. However, whether serglycin itself possesses
independent therapeutic activity after dissociation from its binding partners has remained unclear. In this
study, recombinant human serglycin (rhSRGN) was produced using recombinant DNA technology and
evaluated as a defined bioactive component that modulates keratinocyte behavior under hyperglycemic
conditions. This work supports the broader concept that engineered platelet-derived proteoglycans may
represent an emerging class of biologics for chronic wound repair.

Engineering and Structural Characterization of rhSRGN

Western blot analysis confirmed that rhSRGN production resulted from the successful transfection of
pcDNA4/SRGN-HisA into HEK293T cells, as serglycin was not detected in non-transfected controls.
Importantly, proteoglycans such as serglycin exhibit substantial heterogeneity in GAG chain length and
sulfation, which typically manifests as a smear pattern on Western blots[25]. The broad molecular
weight distribution observed for rhSRGN and THP-1-derived serglycin suggests variable glycosylation
states, whereas the narrower distribution observed in hPL may reflect a less diverse serglycin population
within platelet-derived preparations.

A ~ 15 kDa band detected in THP-1 lysates and rhSRGN samples likely corresponds to the serglycin core
protein. Although the theoretical molecular weight is ~ 18 kDa, reported values vary widely (~ 26 kDa to
~ 8kDa) due to post-translational modifications[7]. The absence of this band in hPL may be attributable
to platelet biology, as platelets lack transcriptional machinery and acquire serglycin from
megakaryocytes during thrombopoiesis rather than synthesizing it directly[26].

Notably, rhSRGN was found to carry CS, DS, and HS chains. In native monocytes and platelets, serglycin
is typically decorated with CS and DS[17], whereas HS signals in THP-1 lysates may partly originate from
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syndecan-1, an HS proteoglycan expressed in monocytes and platelets[27]. Recombinant expression
systems such as HEK293T are known to generate proteoglycans with altered or expanded GAG profiles
compared with native cells[16]. Therefore, rhSRGN likely represents a heterogeneous population with
variable GAG composition and charge density. Since GAG identity strongly influences binding
interactions with growth factors (HS > CS > DS in negative charge density), structural heterogeneity may
directly impact biological function[28]. From a bioengineering standpoint, these findings emphasize that
glycoengineering and molecular standardization will be critical considerations in the future development
of serglycin-based therapeutics.

Functional Effects Under Hyperglycemic Wound Conditions

The therapeutic value of the rhSRGN as a bioactive was demonstrated in an in vitro assay that studied
keratinocyte migration under hyperglycemia. Although the in vitro model was a 2D culture, the model had
been implicated by others as an excellent assay in evaluating re-epithelization under various
conditions[29]. The assay clearly revealed that when HaCaT cultured in NG media, which contained a
similar glucose level as the blood glucose level (5.5mM) in a healthy person[30], the cells were able to
migrate efficiently towards the center, indicated efficient wound closure rate. In contrast, HaCaT cultured
in the HG media, which contained five times the glucose level (25 mM) as the NG media, displayed a
significantly slower migration rate. Previous studies have indicated that HaCaT cultured in media
containing 25 mM glucose displayed similar pathological responses as keratinocytes in a diabetic
wound[31].

A major functional finding of this study is that rhSRGN significantly enhanced keratinocyte migration
under hyperglycemic conditions, consistent with a chronic diabetic wound microenvironment. This effect
was supported by elevated activation of migration-associated signaling markers, including p-p38 MAPK,
p-Akt, p-Erk1/2, and TGFB1. These pathways have been widely implicated in epithelial motility and wound
closure dynamics[32]. Interestingly, rhSRGN exhibited an opposite effect under normoglycemic
conditions, where keratinocyte migration and proliferation were reduced. A similar trend has been
reported in fibroblasts treated with recombinant decorin, in which reduced cell proliferation was
observed under normoglycemic conditions[33]. Moreover, previous studies linking serglycin to cancer
cell migration were typically conducted under glucose concentrations comparable to the high-glucose
conditions used here[34]. Therefore, the glucose-dependent response observed in this work suggests
that serglycin bioactivity may be context-specific and influenced by metabolic state. This property may
be particularly relevant for engineering wound therapeutics that are preferentially active in pathological
environments.

Clinically, several wound-healing agents have been associated with increased cancer risk due to
excessive stimulation of epithelial proliferation or induction of epithelial-mesenchymal transition under
normal physiological conditions[35]. Because hyperglycemia restricts epithelial plasticity and impairs
wound closure, diabetic wounds often require strong pro-migratory interventions[36]. In this context,
rhSRGN may offer a potentially advantageous profile by enhancing migration under hyperglycemia while
limiting excessive motility under normoglycemia. We previously reported that the therapeutic activity of
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cobalt protoporphyrin, an inducer of heme oxygenase-1, in promoting wound closure is also influenced
by glucose concentration in an in vitro model[37]. These findings suggest that the therapeutic efficacy of
wound-healing agents may be modulated by glucose levels. However, this interpretation remains
preliminary and requires validation in more physiologically representative systems.

Role of CD44 and Mechanistic Considerations

CD44 has been reported as a membrane receptor capable of interacting with serglycin and contributing
to migratory signaling in cancer models[38]. In this study, CD44 silencing attenuated rhSRGN-mediated
migration under hyperglycemia, accompanied by reduced expression of downstream migratory markers
such as TGFB1. These results are consistent with CD44 involvement in rhSRGN-associated signaling;
however, it remains unclear whether rhSRGN directly activates CD44-dependent pathways or whether
additional co-receptors and matrix interactions are required. Further mechanistic investigation will be
necessary to define the receptor-level and intracellular signaling architecture.

CD44 silencing also reduced keratinocyte migration in both normoglycemic and hyperglycemic settings.
Since CD44 has been linked to glucose metabolism and ATP generation pathways [39, 40], metabolic
disruption may partially explain the reduced motility observed. Unexpectedly, rhSRGN enhanced
migration in CD44-silenced cells under normoglycemia, suggesting the possibility of compensatory or
CD44-independent mechanisms. These observations highlight the complexity of proteoglycan-mediated
signaling in epithelial repair.

Taken together, our findings show that recombinant serglycin can be generated as a defined platelet-
associated proteoglycan and selectively regulates keratinocyte migration in a glucose-dependent
manner (Fig. 8). This work supports the broader strategy of using engineered platelet-derived
components, rather than heterogeneous lysate preparations, as scalable and standardized biologics for
diabetic wound repair.

Conclusions

Collectively, this study demonstrates that recombinant serglycin can be produced as a defined platelet-
associated proteoglycan and can modulate keratinocyte migration in a glucose-dependent manner.
These findings support the concept that engineered platelet-derived components, rather than
heterogeneous lysate mixtures, may serve as scalable and standardized biologics for diabetic wound
repair.

Several limitations of this study should be acknowledged. First, rhSRGN produced in HEK293T cells
exhibited heterogeneous GAG decoration, including heparan sulfate chains that are not typically
associated with platelet-derived serglycin. Future studies should incorporate glycoengineering strategies
or alternative expression platforms to generate serglycin glycoforms that more closely resemble the
native platelet phenotype. Second, the current work relies on an in vitro keratinocyte migration model.
Although this system captures key aspects of re-epithelialization under hyperglycemic conditions,
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validation in more complex wound models, including co-culture systems, engineered skin equivalents,
and in vivo diabetic wound models.

Finally, the therapeutic translation of rhSRGN will depend on effective delivery strategies capable of
achieving sustained localization within chronic wounds. Biomaterial-based approaches, such as
hydrogel encapsulation or extracellular matrix—mimetic scaffolds, may enable controlled release and
enhanced stability, supporting the development of rhSRGN as a next-generation biologic for regenerative
wound engineering.
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Wound healing

serglycin

Figure 1

Schematic illustration of the study motivation. Human platelet lysate (hPL) is widely used in clinical
applications, including wound healing. Although serglycin is a major component of hPL, its role in wound
healing remains unclear.
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Figure 2

Analysis of the pcDNA4/SRGN-HisA recombinant vector and characterization of recombinantly
expressed human serglycin (rhSRGN). (a) Restriction enzyme analysis of pcDNA4/HisA. The undigested
pcDNA4/HisA vector is shown in lane 1, and the vector double-digested with Pmel and BamHI is shown
in lane 2. Restriction analysis was also performed on the recombinant vector pcDNA4/SRGN-HisA using
Pmel and BamHI. The double digest of pcDNA4/SRGN-HisA yielded a band at approximately 500 bp (lane
4, red arrow), in contrast to the undigested vector (lane 3). (b) Western blot analysis of THP-1 cell lysate
(lane 1), hPL (lane 2), HEK293T cell lysate (lane 3), and purified rhSRGN (lane 4) using anti-human
serglycin (SRGN),
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Figure 3

Effect of rhSRGN on HaCaT cell concentration under normoglycemic or hyperglycemic conditions.(a)
HaCaT cells were cultured in medium containing either 5.5 mM glucose (normoglycemic, NG) or 25 mM
glucose (hyperglycemic, HG). Results were compared with those from cultures supplemented with 10
ng/mL rhSRGN. Scale bar, 500 um. (b, c) After imaging, cells from each group were trypsinized and
subjected to cell counting (N = 3). *P < 0.05; n.s., not significant.
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Figure 4

Effect of rhSRGN on HaCaT cell migration under normoglycemic or hyperglycemic conditions. (a)
HaCaT cells were incubated in a Stage Top Incubator at 37°C for 20 h and imaged every 15 min. rhSRGN
(10 ng/mL) was added to the designated groups. Scale bar, 100 um. (b) Statistical analysis of the HaCaT
cell migration rate under normoglycemic or hyperglycemic conditions. N = 3; *P < 0.05; **P< 0.01; ***P <
0.001; n.s., not significant.
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Figure 5

Western blotting analysis of migratory protein expressions in HaCaT that underwent migration in the
absence or presence of rhSRGN. (a) After 20 h of imaging, cell lysates were harvested from cells in all
sample groups and subjected to Western blotting analysis. (b-e) The statistical analysis of the protein
expressions in HaCaT that underwent migration under normoglycemia or hyperglycemia, with or without
rhSRGN (10 ng/mL). N=3; *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant.
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Figure 6

Time-lapse images of CD44 siRNA-treated HaCaT in NG or HG media. (a) HaCaT cells that received
negative control siRNA (NG or HG) or CD44 siRNA (NG or HG CD44 Silenced) underwent cell migration in
NG or HG media, and the results were compared to the cells that received 10 ng/mL rhSRGN (NG or HG
CD44 + rhSRGN). Scale bar, 100 mm. (b) Statistical analysis of the migration rate of HaCaT and CD44
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siRNA-treated HaCaT in either NG or HG media, with or without the addition of rhSRGN. N =3; *, P<0.05;
** P<0.01; ***, P<0.001; n.s., not significant.
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Figure 7

Western blot analysis of migratory protein expression in CD44-silenced HaCaT cells that underwent
migration in the absence or presence of rhSRGN. (a) After 20 h of imaging, cell lysates were harvested
from all the CD44-silenced cells in each sample with or without rhSRGN (10 ng/mL) and subjected to
Western blotting analysis. (b-e) The statistical analysis of protein expression in each analyzed group.
N=3; *** P<0.001 vs NG; ###, P<0.001 vs HG.
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Figure 8

The schematic diagram summarizes the main findings of the present study. Recombinant human
serglycin (rhSRGN) was successfully expressed and demonstrated to have CS, DS, and HS as the GAG
chains. The presence of the rhSRGN could significantly enhance HaCaT migration under hyperglycemia.
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