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Thrombospondin-4 (THBS4) is a non-structural extracellular matrix molecule associated
with tissue regeneration and a variety of pathological processes characterized by
increased cell proliferation and migration. However, the mechanisms of how THBS4
regulates cell behavior as well as the pathways contributing to its effects have remained
largely unexplored. In the present study we investigated the role of THBS4 in skin
regeneration both in vitro and in vivo. We found that THBS4 expression was upregulated
in the dermal compartment of healing skin wounds in humans as well as in mice.
Application of recombinant THBS4 protein promoted cutaneous wound healing in mice
and selectively stimulated migration of primary fibroblasts as well as proliferation of
keratinocytes in vitro. By using a combined proteotranscriptomic pathway analysis
approach we discovered that β-catenin acted as a hub for THBS4-dependent cell
signaling and likely plays a key role in promoting its downstream effects. Our results
suggest that THBS4 is an important contributor to wound healing and its incorporation
into novel wound healing therapies may be a promising strategy for treatment of
cutaneous wounds.

Keywords: skin regeneration, wound healing, burns, thrombospondin-4, fibroblasts, psoriasis

INTRODUCTION

Cutaneous wound healing is a multifactorial process which involves both dermal and epidermal
components that have important roles in restoring the full integrity of skin (Eming et al., 2014;
Rousselle et al., 2019). The progressing steps of wound repair involve not only skin-resident cells
but also circulating blood cells, controlled layers of cell-to-cell signaling and secretion of soluble
factors and extracellular matrix (ECM) components that all play crucial roles in skin regeneration
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(Takeo et al., 2015; Rousselle et al., 2019). We have previously
shown that changes in human skin regeneration patterns that
cause alterations in the molecular composition of the recovered
areas could be detected even within a year after healing of
full thickness cutaneous wounds (Lagus et al., 2019). ECM
proteins have a substantial role in this multi-step process,
particularly in the proliferative phase of skin repair as they
form a substrate for the migrating cells and support re-
epithelialization (Rousselle et al., 2019). Matricellular proteins
are ECM components that do not possess a structural role but
regulate tissue homeostasis and wound healing. In line with
this, several matricellular components such as thrombospondins,
osteopontin, and tenascin are expressed at higher levels in healing
wounds (Bornstein and Sage, 2002).

Thrombospondin-4 (THBS4) is a member of the
thrombospondin family, which in turn belongs to the larger
family of Ca-binding extracellular matrix proteins (Adams
and Lawler, 2011). In general, thrombospondins are important
regulators of multiple biological processes including cell-cell
interactions (Adams, 2001), adhesion, embryonic development
(O’Shea et al., 1990), synaptogenesis (Risher and Eroglu, 2012),
tissue regeneration and remodeling (Adams and Lawler, 2011).
THBS4 expression is normally very low in adult tissues but has
been reported to massively increase after tissue damage and
subsequent tissue repair and regeneration. Furthermore, high
levels of THBS4 protein have been found in several pathological
processes such as cancers (Singh et al., 2002; Ma et al., 2004; Lu
et al., 2008; D’Errico et al., 2009; Cho et al., 2011; Curtis et al.,
2012), cardiovascular damage and remodeling (Tan et al., 2002;
Mustonen et al., 2008; Cingolani et al., 2011; Frolova et al., 2012;
Lynch et al., 2012) as well as liver regeneration (Klaas et al.,
2016). In addition to its matricellular role, THBS4 is expressed
in the central nervous system and found in blood serum (Gan
and Sudhof, 2019; Yang et al., 2021). It can act on neurons as a
synaptogenic factor (Gan and Sudhof, 2019) to protect from the
loss of long-term memory (Yang et al., 2021).

Experiments with THBS4−/− mice have shown that THBS4
promotes angiogenesis and skin wound healing by promoting
endothelial cell adhesion, migration and proliferation (Muppala
et al., 2015). Nevertheless, the regulation of THBS4 expression
and the effects of THBS4 on cell behavior are rather poorly
understood. TGF-β signaling has been proposed to mediate
the angiogenetic properties of THBS4 (Muppala et al., 2017),
however, the downstream signaling induced by THBS4 has
received limited attention. TGF-β signaling targeted to THBS4
has been shown to be mediated by Smad3 (Muppala et al., 2017)
and p38-MAPK, which proposedly increase THBS4 expression
via a positive feedback loop (Qian et al., 2018). Recent studies
with bladder cancer cells have shown that THBS4 is able to
promote cancer progression by enhancing cell proliferation,
migration and invasion by activating the AKT signaling pathway
(Chou et al., 2021; Shi et al., 2021). THBS4 was also shown to
bind integrin α2 to induce phosphorylation of heat shock factor
1, which increases TGF-β1 expression and promotes its paracrine
signaling cascade (Shi et al., 2021).

Here we investigated the role of THBS4 in skin regeneration
and elucidated its effects on cellular responses. We show that

THBS4 expression is upregulated in healing skin wounds in
humans and in mice. Using in vitro and in vivo methods, we
demonstrate that application of recombinant THBS4 protein
promotes wound healing and epithelialization. Furthermore,
through proteotranscriptomic pathway analysis we demonstrate
that THBS4 activates β-catenin signaling, which likely plays the
key roles in promoting keratinocyte proliferation and fibroblast
migration. Our results thus suggest that activating THBS4
signaling, for example by incorporating recombinant THBS4 into
advanced wound care modalities, can offer new opportunities for
the treatment of cutaneous wounds.

MATERIALS AND METHODS

Mouse Wound Healing Experiments
Male 8-week-old C57/BL6 mice were used in the experiments.
General anesthesia was induced by using 2–3% isoflurane in
100% oxygen (flow rate 1 L/min) and was maintained using
1% isoflurane. A 6-mm biopsy punch (Kai Medical, Solingen,
Germany) was used to create full-thickness dermal wounds in
the dorsal skin of mice; the skin removed by this method was
considered as day 0 (healthy control) in this study. To avoid
wound contraction, a silicone splint (2–3 mm wide, with an
inner diameter of 6 mm) cut from a 0.5 mm thick silicone sheet
(Grace Bio-Labs, Bend, OR, United States) was applied around
the wound and fixed using a cyanoacrylate adhesive and surgical
stitches. The wounds were covered with a transparent occlusive
dressing (Tegaderm, 3M, Maplewood, MN, United States).
In experiments testing the effect of THBS4 protein on the
wound healing process, 1 µg of purified recombinant mouse
THBS4 protein (R&D Systems, Minneapolis, MN, United States),
product code 7860-TH-050) dissolved in 10 µl of phosphate
buffered saline (PBS) was applied daily on the wounds. Equal
volumes of PBS vehicle were applied to the wounds of the
animals in the control group. The wounds were measured daily
throughout the experiment. The mice were sacrificed at the
specified time points and the skin samples from the healing
wounds were embedded in O.C.T compound (Tissue-Tek, Sakura
Finetek Europe B.V., Alphen aan den Rijn, the Netherlands) and
stored at –80◦C for further analysis. 10 µm-thick frozen sections
were cut for immunofluorescence. All procedures involving
animals were conducted according to the guidelines approved by
the Commission of Laboratory Animal License at the Estonian
Ministry of Agriculture (license no 180).

Skin Burn Samples
The study involving burn injury patients was conducted
according to Declaration of Helsinki principles and it has
been approved by the Research Ethics Committee of the
Helsinki University Hospital (DNro 101/E6/2000). Informed
consent was obtained for all participants. Briefly, samples
of 10 patients (age range 19–58 years), with large (total
burn surface area range 22–45%) deep third-degree burns
were used for immunofluorescence analysis. 3 mm punch
biopsy samples were collected from the study area at 3,
14, and 21 days after the wound excision. Healthy normal
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skin was collected from healthy volunteers from similar
locations that were not exposed to the sun. The samples
were formalin-fixed and then embedded in paraffin. The
paraffin-embedded tissue blocks were cut on microtome into
4.5-µm-thick sections that were mounted on Superfrost Plus
slides (Thermo Fisher Scientific, Braunschweig, Germany).
Deparaffinization and heat-induced antigen retrieval in
10 mM sodium citrate buffer, pH 6.0, were performed before
immunofluorescence analysis.

Psoriasis Samples
The adult patients with plaque psoriasis were recruited from
the Tartu University Hospital at the Clinic of Dermatology
between 2013 and 2015. This collection of tissue samples
was approved by the Research Ethics Committee of the
University of Tartu (permission number 245/M-18). The
Declaration of Helsinki protocols were followed and
patients gave their informed, written consent. 3 mm punch
biopsies were taken from the well-defined psoriatic lesional
skin from upper arm and torso of psoriasis patients as
well as similar locations that were not exposed to the
sun in controls. Tissue samples were embedded in O.C.T
compound (Tissue-Tek, Sakura Finetek Europe B.V., Alphen
aan den Rijn, the Netherlands) and stored at –80◦C for
further analysis. 10 µm-thick frozen sections were cut for
immunofluorescence.

Immunofluorescence Analysis
Tissue sections and cells grown on coverslips were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100.
After blocking with 5% normal donkey serum (Sigma-Aldrich,
Merck Group, Darmstadt, Germany), the samples were incubated
with primary antibodies overnight at + 4◦C, followed by
incubation with fluorochrome-conjugated secondary antibodies.
Antibodies are listed in Supplementary Table 1. Nuclei were
counterstained with DAPI (0.1 µg/ml, Thermo Fisher Scientific,
Eugene, OR, United States).

Generation of Thrombospondin-4
Expression Vector
To generate THBS4-expression plasmid, human THBS4 sequence
was amplified from ORF cDNA clone expression plasmid
(catalog no HGI8843-UT, Sino Biological, Beijing, China).
Amplified sequence was restricted with HindIII and XhoI
restriction enzymes (Fermentas, Vilnius, Lithuania) and inserted
into pcDNA3.1 expression vector (Thermo Fisher Scientific,
Waltham, MA, United States). The cloning result was determined
by sequencing (Institute of Genomics, University of Tartu,
Tartu, Estonia).

Cell Transfection
Human embryonic kidney cells HEK293 (ATCC #CRL-1573,
obtained from the American Type Culture Collection, Manassas,
VA, United States) were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco, Thermo Fisher Scientific,
Paisley, United Kingdom) supplemented with 10% (v/v)

fetal bovine serum (Corning Incorporated, Corning, NY,
United States) and penicillin-streptomycin solution (Gibco,
Thermo Fisher Scientific, Grand Island, NY, United States)
resulting a final concentration of 100 units/ml penicillin and
100 µg/ml streptomycin. Prior to transfection the full media
was replaced with DMEM containing 1X Insulin-Transferrin-
Selenium supplement (Gibco, Thermo Fisher Scientific, Grand
Island, NY, United States). HEK293 cells were transfected with
10 µg pcDNA3.1Zeo_THBS4 plasmid or empty vector control
by using TurboFect reagent (Thermo Fisher Scientific, Vilnius,
Lithuania) according to the manufacturer’s instructions. 48 h
after the transfection the cells and cell media were collected
for protein expression analysis (Supplementary Figure 1A)
and for further use in cell culture experiments. A series
of four dilutions (in triplicate), spanning the range 0–20
µg/ml, was used to prepare a calibration curve. The THBS4
concentration was calculated according to the regression line
(Supplementary Figure 1B). Purified THBS4 and transfected
HEK293 cell proteins were separated and visualized by Western
blot method. Calibration curve was calculated according to the
signal intensity of the purified THBS4 bands. Calculated THBS4
protein concentration in the 1 ml THBS-conditioned medium
was 12 µg/ml. Since 25% dilution of conditioned medium in
regular growth medium was used for in vitro experiments, the
final concentration of THBS4 protein was 3 µg/ml.

Fibroblast Culture
Human primary fibroblast culture was established by explant
culture method. Briefly, skin from healthy donors (collected
from breast reduction surgeries, Tartu University Clinics; ethics
permit 292/T-4) was cut into small pieces and adhered to
tissue culture dishes (Corning Incorporated, Corning, NY,
United States). Skin pieces were covered in medium, that
contained DMEM medium supplemented with 10% (v/v) fetal
bovine serum (both Gibco, Thermo Fisher Scientific, Paisley,
United Kingdom) and penicillin-streptomycin solution (Gibco,
Thermo Fisher Scientific, Grand Island, United States) resulting
a final concentration of 100 units/ml penicillin and 100 µg/ml
streptomycin. Cells were allowed to migrate from dermis for 10–
14 days. Cells from at least 3 patients were pooled and stored as
frozen stocks for further experiments.

Keratinocyte Culture
Skin from healthy donors (collected from breast reduction
surgeries, Tartu University Clinics; ethics permit 292/T-4) was
cut into small pieces and incubated in 2.4 U/ml dispase
(Thermo Fisher Scientific, Grand Island, NY, United States)
solution overnight at 4◦C. The epidermis was separated and
further dissociated using 0.05% trypsin solution (Thermo Fisher
Scientific, Paisley, United Kingdom). The separated keratinocytes
were cultured in EpiLife medium containing 1% human
keratinocyte growth supplement (all Thermo Fisher Scientific,
Grand Island, NY, United States) and penicillin-streptomycin
solution (Gibco, Thermo Fisher Scientific, Grand Island,
United States) resulting a final concentration of 100 units/ml
penicillin and 100 µg/ml streptomycin. Pooled keratinocytes
from 3 donors at passages 3–6 were used in experiments.
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Scratch Wound Healing Assay
Fibroblasts were seeded into wells of a 24-well plate (Corning
Incorporated, Corning, NY, United States) and cultured until
nearly confluent. Cells were stimulated with recombinant
THBS4-containing medium (from transfected HEK293 cells, as
described in section 1.6 Cell transfection) or control medium
(from pcDNA mock-transfected HEK293 cells), respectively, for
24 h before the scratch assay. Scratches were made using a
sterile 1 ml pipette tip. The wound width was imaged under the
Nikon Eclipse TS100 microscope (Nikon Instruments, Melville,
NY, United States) and the photographs captured using a digital
camera head (DS-Vi1, Nikon) and a stand-alone controller and
display unit (DS-L3, Nikon). Images were captured immediately
after creating the wounds (timepoint 0) and every 3 h thereafter.
The wound width was then measured from the images using
ImageJ software (Schneider et al., 2012) and the wound closure
percentages were calculated.

Transwell Migration Assay
For 24 h before the start of the migration assay, the
fibroblasts were stimulated with THBS4-conditioned medium
(from transfected HEK293 cells) or control medium (from
pcDNA mock-transfected HEK293 cells) in 1:4 ratio. A total
of 1.5 × 104 cells were seeded in serum-free medium on
the upper membrane of the transwell chamber (6.5 mm
transwell with 8.0 µm pore polycarbonate membrane insert,
Corning Incorporated, Kennebunk, ME, United States). Cells
were allowed to migrate for 24 h and then fixed and stained with
0.5% Coomassie Brilliant Blue G-250 (Sigma-Aldrich). The cells
that did not migrate through the membrane were removed with
a moist cotton swab. Pictures were taken from 6 different places
of each well under a 10x objective lens of Nikon Eclipse TS100
microscope (Nikon Instruments, Melville, NY, United States)
equipped with a digital camera head (DS-Vi1, Nikon) and a
stand-alone controller and display unit (DS-L3, Nikon). The
cells that migrated through the membrane were quantified per
each field of view.

RNA Isolation
Fibroblasts were grown on 60 mm-diameter cell culture dishes
(Corning Incorporated, Corning, NY, United States) until 70–
80% confluency and then stimulated with THBS4-conditioned
medium or control medium (from pcDNA mock-transfected
HEK293 cells) in 1:4 ratio for 4 h. Total RNA was separated using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Separated RNA was processed
further for RNA-sequencing.

RNA-Sequencing Analysis
RNA-sequencing analysis and read mapping was performed
as a service at EMBL Genomics Core Facility (Heidelberg,
Germany). The Galaxy platform1 (Afgan et al., 2018) was
used for transcriptomics analysis. RNA STAR (Galaxy version
2.7.7a) was used for sequence alignment to reference genome

1https://usegalaxy.eu/

GRCh38/h38.87 and featureCounts (Galaxy version 2.0.1) was
used to count the number of reads. Differential expression
analysis was conducted using the DESeq2 package (Love et al.,
2014). Data was uploaded to Gene Expression Omnibus2 (GEO,
accession no. GSE179969). Gene was considered differentially
expressed if the adjusted P < 0.05.

Proteomics Analysis
Fibroblasts were grown on 100 mm-diameter cell culture
dishes (Falcon Corning, Corning, NY, United States) until 70–
80% confluency and then stimulated with THBS4-conditioned
medium or control medium (from pcDNA mock-transfected
HEK293 cells) in 1:4 ratio for 24 h. Cells were lysed in an NP40
buffer containing protease inhibitors (Halt Protease Inhibitor
Cocktail, Thermo Fisher Scientific, Rockford, IL, United States).
For the full proteome analysis, 5 µg of protein was precipitated
with 100% (w/v) Trichoroacetic Acid/Sodium Deoxycholate
solution. Next, proteins were reduced, alkylated and digested
by Lys-C protease and trypsin. The peptides were separated
on a Ultimate 3000 RSLCnano system (Dionex, Sunnyvale,
CA, United States) using a C18 cartridge trap-column in a
backflush configuration and an in-house packed (3 µm C18
particles, Dr. Maisch, Ammerbuch, Germany) analytical 50 cm
× 75 µm emitter-column (New Objective, Woburn, MA,
United States). Separated peptides were eluted to a quadrupole-
orbitrap Q Exactive Plus (Thermo Fisher Scientific, Waltham,
MA, United States) tandem mass spectrometer (MS) operating
with a top-10 data dependent acquisition strategy. Raw data were
processed with the MaxQuant software package and UniProt3

database using the tryptic digestion rule. See Supplementary
Methods for further details. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE (Perez-Riverol et al., 2019) partner repository with
the dataset identifier PXD027364.

Ingenuity Pathway Analysis
Pathway analyses were performed using a similar workflow
as reported earlier (Xie et al., 2020). Briefly, differentially
expressed gene (DEG) and protein (DEP) data were imported
into IPA Ingenuity Pathway Analysis software (Qiagen, Version
62089861). Significant pathways were compared and pathways
with the major overlaps in RNA sequencing and proteomics
data were selected for further analysis. Through filtering, a
single common gene/protein (H4C1, H4 Clustered Histone 1)
was found to be differentially expressed in both transcriptomics
and proteomics data. In IPA, a H4C1-centered network was
expanded fully and limited on those DEGs and DEPs in the
datasets including direct and indirect interactions both up-
and downstream. Expression values were overlaid and when
applicable were complemented with both up- and downstream
effects predicted using IPA’s Molecule Activity Predictor. An
overlay graphic of the H4C1-centered graph to include both DEPs
and DEGs was compiled using Inkscape software (Inkscape 1.0.1,
Scalable Vector Graphics Editor).

2https://www.ncbi.nlm.nih.gov/geo/
3www.uniprot.org
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Data Analysis and Statistics
Statistical significance was determined by one-way ANOVA
followed by Tukey’s post-test (multiple comparisons) or Student’s
t-test (two groups). P-values < 0.05 were considered significant.

RESULTS

Thrombospondin-4 Is Upregulated in
Wound Healing and in Psoriatic Lesions
First, we sought to characterize the expression of THBS4 protein
in normal human skin and in healing cutaneous wounds.

Immunofluorescence analysis showed that in normal healthy skin
THBS4 expression was very low or undetectable (Figure 1A). In
contrast, the expression of THBS4 was detected at high levels in
healing skin areas of burn patients with the strongest expression
at 3 days following excision and skin grafting of the burn injury
(Figure 1B) with the maximal THBS4 expression in the ECM
of dermis near the healing wound bed. Quantification of the
THBS4 expression showed that in later time points (14, 21 days
post operation of the burn injury) THBS4 expression was more
than twofold reduced, indicating that the increase in THBS4
is induced mainly in the proliferative phase of skin wound
healing (Figure 1C).

FIGURE 1 | THBS4 expression in human skin following burn injury. (A) Normal skin from healthy controls; (B) skin from burn injury patients. Biopsy samples were
collected from the study area at 3, 14, and 21 days after the wound excision. E—epidermis. 3 representative samples in each group are shown. Scale bar is
200 µm. (C) Relative quantification of THBS4 expression by mean integrated density of the fluorescence signal. The plot depicts the distribution of 10 samples,
∗ indicates a statistically significant (P < 0.05) difference.
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To further characterize THBS4 expression in acute
wound healing, we utilized an in vivo mouse model of
full-thickness excisional wounds (Figure 2). Similarly to
human skin, very low levels of THBS4 were detected in
healthy mouse skin, with the exception of hair follicles
which showed high expression of THBS4 in the outer root
sheath (Figure 2A). On average, a fivefold upregulation of
THBS4 was observed in dermis of regenerating skin at day
2 post wounding (Figure 2B). The strongest expression of
THBS4 was detected at days 4–8 of wound healing in the
vicinity of proliferating Ki67+ basal epidermal keratinocytes
(Figure 2) where 7–9-fold upregulation of THBS4 expression
was observed (Figure 2B).

Psoriasis is a chronic inflammatory skin disorder that is
characterized by hyperproliferative skin lesions (Griffiths et al.,
2021). As it is known that wounds heal faster in psoriatic
skin (Morhenn et al., 2013), we analyzed THBS4 expression
in psoriatic lesions (Figures 3A,B). We found that THBS4
was upregulated in psoriatic skin lesions by more than 2-fold
(Figure 3B). Double staining with integrin β 4 (ITGB4), a
marker of basal epidermal cell layer revealed a juxtaposition of
THBS4-high papillary dermis and basal keratinocyte layer where
keratinocyte proliferation takes place (Figures 3A,C) suggestive
of a positive impact of THBS4 on keratinocyte proliferation in
psoriatic skin lesions. A detailed examination of the psoriatic skin
lesions revealed that the strongest THBS4 signal localizes inside
and in the vicinity of the active vimentin+ fibroblasts under rete
ridges of the epidermis (Figure 3C and Supplementary Figure 2).

Thrombospondin-4 Supports Fibroblast
Migration but Not Proliferation
Since the most dramatic THBS4 upregulation was detected in
dermis during wound healing, we aimed to further characterize
the effect of THBS4 on skin fibroblasts, the main cell type present
in the dermal compartment of the skin.

To perform the in vitro experiments, we used THBS4-enriched
medium harvested from HEK293 cells transfected with the
corresponding expression plasmid as large quantities of protein
were needed. The use of THBS4-conditioned medium may incur
inadvertent effects arising from the presence of constitutively
secreted proteins from the host cell line as well as those induced
by the transfection procedure. To minimize these effects, we used
the supernatant harvested from the parallel HEK293 cultures that
were transfected with the empty expression vector as a control.

Primary human fibroblasts cultivated in THBS4-
supplemented media (see Supplementary Figure 1 for details)
showed a significantly increased migration rate in the transwell
migration assay when compared to fibroblasts cultured in
control media (Figure 4A). On average, THBS4-stimulated cells
were able to migrate 1.97 times more effectively during the
24-h experiment than the control cells (Figure 4A). However,
no significant differences were detected in cell invasiveness
using Matrigel-coated transwell assay between cells cultivated
in THBS4-supplemented and in control media (Figure 4B).
An improved cell migration upon THBS4 stimulation was also
observed in an in vitro scratch assay (Figure 4C). A significantly

FIGURE 2 | THBS4 is upregulated in regenerating mouse skin. Full-thickness
dermal wounds were generated in mouse dorsal skin. (A) THBS4 expression
was characterized by immunofluorescence microscopy in healthy skin and at
2-, 4-, 6-, and 8-days post wounding. 3 representative samples in each group
are shown. Yellow arrows indicate THBS4 expression in hair follicles. Scale
bar is 200 µm. (B) Relative quantification of THBS4 expression by mean
integrated density of the fluorescence signal. Bars show the average of 3
samples for each time point ± standard deviation, ∗ indicates a statistically
significant (P < 0.05) difference.

faster void closure (p = 0.045) was detected at 6 h where THBS4-
stimulated cells had recovered 24.9 ± 3.2% of the initial defect
while the control cells had recovered only 12.2± 6.9%. Improved
scratch recovery was maintained at 9 h time point where
fibroblasts cultivated in the presence of THBS4 showed nearly
2 times faster void closure on average, p = 0.033 (Figure 4C).
To investigate whether THBS4 could stimulate the proliferation
of the main cellular components of skin—fibroblasts and
keratinocytes, we cultivated primary human skin cells in the
presence of recombinant THBS4 in the cell culture medium
(Figure 5). Immunofluorescence analysis of the proliferation
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FIGURE 3 | THBS4 expression in healthy control skin and psoriatic skin lesions. E—epidermis; D—dermis. 3 representative samples in each group are shown (A)
and relative quantification of THBS4 expression by mean integrated density of the fluorescence signal (B), n = 5. Scale bar is 200 µm. (C) THBS4 co-localization
with fibroblast marker vimentin (Vim) and integrin beta 4 (ITGB4). Scale bar is 50 µm. The plot depicts the distribution of 5 samples, ∗ indicates a statistically
significant (P < 0.05) difference.

marker Ki67 expression revealed that there was no change in
the proliferation rate of fibroblasts when the cells were cultured
in the presence of recombinant THBS4 protein (Figures 5A,B).
Interestingly, the proliferation of keratinocytes was considerably
increased when cultivated in the presence of THBS4, p = 0.0237
(Figures 5C,D).

The Effect of Thrombospondin-4
Stimulation on Fibroblast
Proteotranscriptomic Profile
To understand the molecular mechanisms by which THBS4
increases fibroblast migration, we first compared the
transcriptional profile of fibroblasts either grown in the

presence of THBS4 or in control media (Figure 6). We
detected a 7.4-fold upregulation of Angiopoietin Like 7
(ANGPTL7), which is a known pro-angiogenetic factor (Parri
et al., 2014), and 3.7-fold upregulation of transcriptional factor
forkhead box H1 (FOXH1), which has been shown to activate
Wnt/β-catenin signaling pathway and promote cancer cell
proliferation and migration (Zhang et al., 2021). Moreover,
we detected upregulation of several other transcriptional
regulators that have been associated with cell proliferation and
migration: ZBED9 (5.2-fold upregulation), LHX2 (2.4-fold)
and mir-661 (10.5-fold upregulation). On average, 4.9-fold
down-regulation of neuropeptide Y receptor Y1 (NPY1R) was
observed, which has been shown to inhibit the proliferation,
migration and invasiveness of cancer cells (Lv X. et al., 2016;
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FIGURE 4 | THBS4 promotes fibroblast migration. (A) Transwell migration assay with fibroblasts stimulated with recombinant THBS4 and quantification of the
number of migrating cells in a field of view. (B) Transwell invasion assay through Matrigel-coated chambers and quantification of the number of migrating cells in a
field of view. (C) Representative images of the in vitro scratch wound healing assay with fibroblasts stimulated with recombinant THBS4 and quantification of the
relative wound closure in time. Scale bar is 200 µm. The graphs depict the averages of at least 3 independent replicates ± standard deviation, ∗ indicates a
statistically significant (P < 0.05) difference compared to cells stimulated with control medium.

Li et al., 2020). The expression of ubiquitination and apoptosis-
associated factors DBET and TRIM69 were downregulated
by 2.2- and 7.0-fold, respectively. Downregulation of
immunoregulatory factors IL12RB1 (6.0-fold) and VSIG8
(6.1-fold) was also observed.

More refined analysis of the cell transcriptome using Qiagen
Ingenuity Pathway analysis (Figure 7) suggested the activation
of the WNT pathway. More specifically, the results predicted
the increased Wnt signaling via Frizzled and β-catenin 1
(CTNNB1) that were predicted to promote vascularization and
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FIGURE 5 | THBS4 promotes keratinocyte but not fibroblast proliferation in vitro. (A) Representative images of primary human fibroblasts cultured in the presence of
recombinant THBS4 protein and the quantification of Ki67+ positive cells, n = 3 (B). (C) Representative images of primary human keratinocytes cultured in the
presence of recombinant THBS4 protein and quantification of Ki67+ positive cells. (D) Scale bar is 200 µm. The graphs depict the averages of at least 3
independent replicates ± standard deviation, ∗ indicates a statistically significant (P < 0.05) difference compared to cells stimulated with control medium.

the proliferation of cells. The downstream effects of the Frizzled-
CTNNB1 signaling are likely to support the reduction of the
quantity of leukocytes which could promote the transition
from the inflammatory to the proliferative phase in the wound
healing process. Interestingly, the in-depth analysis revealed
the downregulation of genes belonging to the interleukin-
12 (IL-12) pathway (Supplementary Figure 3A), that is
involved in regulation of wound healing (Matias et al., 2011).
The predicted downregulation of stress-inducible transcription
regulator NUPR1 (Supplementary Figure 3B) is likely to inhibit
apoptosis in fibroblasts.

To further characterize the downstream effects of THBS4
stimulation we carried out proteomic profiling of THBS4-
stimulated fibroblasts. Analysis of upregulated proteins by

THBS4 treatment revealed that the majority of the proteins were
associated with mitochondria and adhesion (Supplementary
Figure 4A) that indicated that THBS4 strongly stimulated
subcellular mechanisms that have crucial roles in cell migration.
Pathway analysis of the THBS4-enriched proteins revealed the
strongest enrichment in proteins that play a role in epithelial
to mesenchymal transition, regulation of apoptosis and DNA
repair (Supplementary Figure 4B and Supplementary Table 2),
all the processes that could significantly contribute to the wound
healing process.

Combined analysis of transcriptomics and proteomics
(Figure 8) revealed histone H4 (H4C1) downregulation central
in the THBS4-induced signaling network. Downregulation of
histone H4 transcription has previously been implicated in
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FIGURE 6 | Heatmap of differentially enriched genes in fibroblasts in response to THBS4 stimulation. Statistically significant (P < 0.05) and expression
fold-change > 2 protein coding genes and microRNAs are shown, n = 2.

the onset of cell differentiation (Gerbaulet et al., 1992), which
could also play a role in fibroblast differentiation into motile
myofibroblasts. Causal network combined pathway analysis of
RNA-sequencing and proteomics analysis (Supplementary
Figure 5) identified activated common pathways upon
THBS4-stimulation that were again centered on β-catenin
(CTNNB1). Gene expression from RNA sequencing data
predicted CTNNB1 activation which was also found upregulated
in proteomic analysis (Supplementary Figure 5). In line with
the proteomic data we found a 1.7–2.1-fold increase of β-catenin

expression in fibroblasts stimulated with THBS4 for 24 h using
Western blot analysis (Supplementary Figures 6A,B) and
immunofluorescence microscopy analysis (Supplementary
Figures 6C,D). In addition, we analyzed the expression
of β-catenin in human healing burn wounds. We found
that β-catenin levels were significantly upregulated in the
dermal areas with high THBS4 content (Supplementary
Figure 7). However, no significant changes in β-catenin
expression in the dermis of psoriasis patients was found
(Supplementary Figure 8).
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FIGURE 7 | Ingenuity Pathway Analysis of the changes in fibroblast transcription profile in response to THBS4 stimulation. Causal network showing Frizzled and
β-catenin 1 pathway activation is shown. Upper values indicate log2 fold changes, lower values show the P-value for the RNAseq.

Thrombospondin-4 Promotes Wound
Healing in vivo
Finally, we aimed to investigate whether providing external
THBS4 promoted the healing of cutaneous wounds in vivo using
the mouse excisional wound splinting model (Figure 9). The
solution containing 1 µg of recombinant THBS4 protein was
applied on wounds daily and the healing rate was measured for
12 days (Figure 9A). Compared to control (PBS-treated) wounds,
the recombinant THBS4-treated wounds showed significantly
improved healing rates from day 8 onward (Figure 9B). The
strongest effect was observed at the final 12-day time point
where only 7.5% of the wound area was open on average in
the THBS4-treated group, whereas in PBS-treated controls the
residual wound area was 35.4% on average.

DISCUSSION

Skin regeneration is a complex process that relies on several
cellular responses and extracellular factors (Rousselle et al., 2019).

In this work we demonstrated that THBS4 was an important
contributor to cutaneous wound healing by stimulation of
fibroblast migration at least in part via activation of β-catenin-
dependent signaling pathways. As a proof of principle, we showed
that the application of recombinant THBS4 directly to the wound
area increased significantly cutaneous wound healing in a mouse
full-thickness splinted wound model. These results highlight the
potential benefits of incorporation of THBS4 protein in future
wound healing therapies.

To our knowledge, this is the first study to report the
upregulation of THBS4 expression in regenerating human skin.
Previous studies with THBS4−/− mice have demonstrated
decreased wound healing when THBS4 was lacking (Muppala
et al., 2015), however, this effect was mostly attributed to its
angiogenic properties mediated by TGF-β1. This view was backed
by the fact that THBS4 expression was increased in hypertrophic
scar fibroblasts suggesting that THBS4 was a target of TGF-
β1-dependent fibrotic response (Qian et al., 2018). In contrast,
here we showed that THBS4 expression was rapidly increased in
dermal ECM already in the early, proliferative phase of wound
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FIGURE 8 | Proteotranscriptomic analysis of THBS4 stimulation in fibroblasts. The combined network of transcriptomics analysis at 4 h stimulation and proteomics
analysis at 24 h is shown. Single numbers indicate log2FC in proteomics and duplicate values indicate log2FC and P-value for RNAseq.

healing. Similarly, THBS4 was increased in the hyperproliferative
skin of psoriasis patients where no fibrotic changes are present. As
TGF-β is a critical regulator of different phases of wound healing
(Gilbert et al., 2016), it is very likely that this early upregulation
of THBS4 expression is also mediated through TGF-β signaling
in fibroblasts but does not necessarily involve a fibrotic response.

Previous studies have shown that upregulation of THBS4
expression in fibroblasts through viral transfection can increase

the expression of TGF-β1 and α-SMA (Qian et al., 2019)
suggesting a potential role for a positive feedback loop in
regulation of THBS4 expression. Therefore, it is possible that
in wound healing THBS4 upregulation in the dermis initiates
a positive feedback loop that stimulates fibroblast migration
to the wound bed and promotes wound healing via newly
produced THBS4-containing ECM that supports keratinocyte
proliferation and re-epithelization (Figure 10). Interestingly, we
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FIGURE 9 | THBS4 promotes wound healing in vivo. Full dermal wounds were inflicted on the dorsal skin of C57/Bl6 mice and either recombinant THBS4 or PBS
was applied. Representative images of the wounds from indicated time points (A) and measurements of the wound area (B). The graph depicts the averages of 10
biological replicates ± standard deviation, ∗ indicates a statistically significant (P < 0.05) difference.

were not able to detect upregulation of TGF-β–related pathways
in fibroblasts stimulated with extracellular THBS4 suggesting that
a whole organism context may be required for the fully functional
THBS4-TGF-β regulative axis.

Our in vitro experiments showed that external stimulation
of fibroblasts with soluble THBS4 increases their migration
but not proliferation. Interestingly, stimulation of keratinocytes
with THBS4 yielded upregulation of their proliferation that well
correlated with the hyperproliferative state of keratinocytes in
psoriatic lesions that dwell in the vicinity of ECM containing
abnormally high levels of THBS4. Nevertheless, THBS4 has
been shown to specifically activate the migration of various
cell types before, including other mesoderm-derived cells such
as smooth muscle cells of different origin (Frolova et al.,
2010; Girard et al., 2014; Lv X. et al., 2016; Su et al., 2017;
Andres Sastre et al., 2021; Chou et al., 2021). Interestingly,
our results on skin cell-type-selective responses to THBS4
stimulation are supported by previous studies on other tissues
and cell types. For example, Andres Sastre and colleagues
reported recently that THBS4 stimulated endothelial cell but
not bone marrow stromal cell migration (Andres Sastre
et al., 2021). Studies with THBS4−/− mice have shown that
THBS4 does not affect neuronal cell proliferation but in
contrast, promotes their migration (Girard et al., 2014). In

two recent studies THBS4 promoted cancer progression by
enhancing tumor cell migration and invasion (Su et al., 2017;
Chou et al., 2021).

Of note, THBS4 expression can also be upregulated in
macrophages (Zhou et al., 2014; Lv L. et al., 2016; Rahman et al.,
2020) that have a significant role in the wound healing process.

Furthermore, THBS4 produced by pro-inflammatory
mouse macrophages supports their accumulation and
inflammatory activity in an autocrine manner in an LPS-
induced peritonitis model suggesting an immunomodulatory
role for THBS4 in inflammation and potentially in wound
healing (Rahman et al., 2020).

The precise signal transduction mechanism from THBS4
to intracellular effectors is not yet clear, as only a few cell
surface molecules are known to bind to and mediate signaling
from THBS4. Previous studies have established that THBS4 is
involved in several pathological processes where it promotes
cell proliferation through integrin binding (Frolova et al., 2010;
Muppala et al., 2015; Shi et al., 2021). It was shown that THBS4
enhanced the proliferation of endothelial cells through binding
with integrin ITGA2 (Muppala et al., 2015). ITGA2 is expressed
in epidermal keratinocytes as well as in dermal fibroblasts
and its presence is required for wound closure in human
but not in mouse skin (Chen et al., 1999; Dumin et al., 2001;
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FIGURE 10 | THBS4 is a soluble dermal inflammatory signal that activates the fibroblast migration for skin regeneration and wound healing. See section “Discussion”
for closer explanation.

Zweers et al., 2007). Remarkably, a recent study in a gallbladder
tumor model (Shi et al., 2021) demonstrated that THBS4
produced by fibroblasts enhances cancer cell proliferation
through ITGA2 binding on target cells attributing a role for
THBS4-ITGA2 interaction in regulating cell behavior. The
proliferation of keratinocytes could also be mediated through
indirect interaction between EGF-like repeats of THBS4 and
EGFR present on these cells as both THBS1 and THBS4 were able
to activate the autophosphorylation of EGFR subunits (Liu et al.,
2009). Interestingly, no direct binding of THBS1 was observed,
however, the activity of a metalloprotease was required for the
signaling event to take place.

Apart from activating intracellular signaling cascades directly,
THBS4 may exert its cellular effects via indirect mechanisms.
The C-terminal domains of THBS4 bind to both collagenous
and non-collagenous ECM proteins (Narouz-Ott et al., 2000) that
could support fibroblast migration in dermis. Fibroblasts play a
crucial role in skin regeneration starting from the inflammatory
phase until final epithelization of the wound bed by secreting
ECM proteins as well as soluble growth factors and cytokines
(Bainbridge, 2013; Maddaluno et al., 2017).

Analysis of the fibroblast transcriptional profile in response
to THBS4 stimulation revealed upregulation of angiogenic factor
ANGPTL7, which could promote the formation of new blood
vessels and their invasion into the wound bed corroboration
previous findings that suggest a role for THBS4 in angiogenesis.

The downregulation of the ubiquitination pathway and reduced
expression of the apoptosis-associated DBET and TRIM69
in THBS4-stimulated fibroblasts suggest that THBS4 may
promote fibroblast survival. Increased migration of fibroblasts
in response to THBS4 stimulation is likely mediated through
upregulation of transcription factor FOXH1 that has been
shown to promote cancer cell proliferation and migration via
activation of Wnt/β-catenin signaling pathway (Zhang et al.,
2021). Additionally, the activation of integrin signaling via
binding of THBS4 to ITGA2 may contribute to activation
of Wnt/β-catenin pathway as ITGA2 has been shown to be
instrumental for platelet-induced activation of Wnt/β-catenin
signaling in MCF7 breast carcinoma cells (Zuo et al., 2019).
The active role of THBS4 in regulation of cell motility and
proliferation was further supported by the downregulation of
NPY1R, which was shown to inhibit cancer cell proliferation,
migration and invasiveness (Lv X. et al., 2016; Li et al., 2020).

Interestingly, we found downregulation of genes related to IL-
12 signaling. In line with our data the loss of IL-12/23 function in
knock-out mice enhanced cutaneous and mucosal wound healing
(Matias et al., 2011).

Analysis of the changes in fibroblast proteome in response to
THBS4 treatment showed a strong enrichment of mitochondria
and adhesion-associated proteins, which act as important
contributors to cell migration and invasion (Denisenko et al.,
2019; Janiszewska et al., 2020). Pathway analysis of the proteome
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of THBS4-stimulated fibroblasts well corroborated the findings
of transcriptome analysis by demonstrating the central role of
β-catenin in regulating the detected changes in protein levels.

Taken together, we showed that THBS4 is upregulated in
healing skin wounds and its supplementation activates the
migratory properties of cutaneous fibroblasts via activating
several cellular pathways that were partially coordinated by the
central regulator of Wnt signaling—β-catenin 1. We conclude
that the introduction of THBS4 into wound treatment modalities
may offer novel opportunities for treatment of cutaneous
wounds as demonstrated by the enhancement of wound healing
in vivo in mice.

DATA AVAILABILITY STATEMENT

The RNA sequencing data were uploaded to Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) (GEO accession
no GSE179969). The proteomics data are available via
ProteomeXchange with identifier PXD027364.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Research Ethics Committee of the
Helsinki University Hospital. The patients/participants provided
their written informed consent to participate in this study.
The animal study was reviewed and approved by the
Commission of Laboratory Animal License at the Estonian
Ministry of Agriculture.

AUTHOR CONTRIBUTIONS

MK, KM-A, and EH performed the experiments. EK and
CC-L analyzed the transcriptomics data. KK, ME, TA,
EK, and HL provided human tissue samples. MK and
VJ conceived the study, analyzed the data, and wrote
the manuscript. All authors reviewed the results and
approved the final version of the manuscript submitted
for publication.

FUNDING

This work was supported by grants no PRG057 and PSG609 from
the Estonian Research Council.

ACKNOWLEDGMENTS

We thank Vladimir Benes, Laura Villacorta and Ferris Jung
from EMBL Genomics Core Facility for performing the
RNASeq and transcript mapping and Sulev Kuuse and the
Laboratory Animal Facility at the IMCB, UT for the help with
animal experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
745637/full#supplementary-material

REFERENCES
Adams, J. C. (2001). Thrombospondins: multifunctional regulators of cell

interactions. Annu. Rev. Cell Dev. Biol. 17, 25–51. doi: 10.1146/annurev.cellbio.
17.1.25

Adams, J. C., and Lawler, J. (2011). The thrombospondins. Cold Spring Harb.
Perspect. Biol. 3:a009712. doi: 10.1101/cshperspect.a009712

Afgan, E., Baker, D., Batut, B., Van Den Beek, M., Bouvier, D., Cech, M., et al.
(2018). The Galaxy platform for accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537–W544. doi:
10.1093/nar/gky379

Andres Sastre, E., Maly, K., Zhu, M., Witte-Bouma, J., Trompet, D., Bohm, A. M.,
et al. (2021). Spatiotemporal distribution of thrombospondin-4 and -5 in
cartilage during endochondral bone formation and repair. Bone 150:115999.
doi: 10.1016/j.bone.2021.115999

Bainbridge, P. (2013). Wound healing and the role of fibroblasts. J. Wound Care
22, 407–408. doi: 10.12968/jowc.2013.22.8.407

Bornstein, P., and Sage, E. H. (2002). Matricellular proteins: extracellular
modulators of cell function. Curr. Opin. Cell Biol. 14, 608–616. doi: 10.1016/
S0955-0674(02)00361-7

Chen, M., O’toole, E. A., Li, Y. Y., and Woodley, D. T. (1999). Alpha 2 beta
1 integrin mediates dermal fibroblast attachment to type VII collagen via a
158-amino-acid segment of the NC1 domain. Exp. Cell Res. 249, 231–239.
doi: 10.1006/excr.1999.4473

Cho, J. Y., Lim, J. Y., Cheong, J. H., Park, Y. Y., Yoon, S. L., Kim, S. M., et al. (2011).
Gene expression signature-based prognostic risk score in gastric cancer. Clin.
Cancer Res. 17, 1850–1857. doi: 10.1158/1078-0432.CCR-10-2180

Chou, K. Y., Chang, A. C., Ho, C. Y., Tsai, T. F., Chen, H. E., Chen, P. C.,
et al. (2021). Thrombospondin-4 promotes bladder cancer cell migration and

invasion via MMP2 production. J. Cell. Mol. Med. 25, 6046–6055. doi: 10.1111/
jcmm.16463

Cingolani, O. H., Kirk, J. A., Seo, K., Koitabashi, N., Lee, D. I., Ramirez-Correa, G.,
et al. (2011). Thrombospondin-4 is required for stretch-mediated contractility
augmentation in cardiac muscle. Circ. Res. 109, 1410–1414. doi: 10.1161/
CIRCRESAHA.111.256743

Curtis, C., Shah, S. P., Chin, S. F., Turashvili, G., Rueda, O. M., Dunning, M. J., et al.
(2012). The genomic and transcriptomic architecture of 2,000 breast tumours
reveals novel subgroups. Nature 486, 346–352. doi: 10.1038/nature10983

Denisenko, T. V., Gorbunova, A. S., and Zhivotovsky, B.
(2019). Mitochondrial involvement in migration, invasion and
metastasis. Front. Cell Dev. Biol. 7:355. doi: 10.3389/fcell.2019.
00355

D’Errico, M., De Rinaldis, E., Blasi, M. F., Viti, V., Falchetti, M., Calcagnile, A.,
et al. (2009). Genome-wide expression profile of sporadic gastric cancers with
microsatellite instability. Eur. J. Cancer 45, 461–469. doi: 10.1016/j.ejca.2008.
10.032

Dumin, J. A., Dickeson, S. K., Stricker, T. P., Bhattacharyya-Pakrasi, M., Roby,
J. D., Santoro, S. A., et al. (2001). Pro-collagenase-1 (matrix metalloproteinase-
1) binds the alpha(2)beta(1) integrin upon release from keratinocytes migrating
on type I collagen. J. Biol. Chem. 276, 29368–29374. doi: 10.1074/jbc.
M104179200

Eming, S. A., Martin, P., and Tomic-Canic, M. (2014). Wound repair and
regeneration: mechanisms, signaling, and translation. Sci. Transl. Med.
6:265sr6. doi: 10.1126/scitranslmed.3009337

Frolova, E. G., Pluskota, E., Krukovets, I., Burke, T., Drumm, C., Smith,
J. D., et al. (2010). Thrombospondin-4 regulates vascular inflammation and
atherogenesis. Circ. Res. 107, 1313–1325. doi: 10.1161/CIRCRESAHA.110.23
2371

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 September 2021 | Volume 9 | Article 745637

https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fcell.2021.745637/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.745637/full#supplementary-material
https://doi.org/10.1146/annurev.cellbio.17.1.25
https://doi.org/10.1146/annurev.cellbio.17.1.25
https://doi.org/10.1101/cshperspect.a009712
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1016/j.bone.2021.115999
https://doi.org/10.12968/jowc.2013.22.8.407
https://doi.org/10.1016/S0955-0674(02)00361-7
https://doi.org/10.1016/S0955-0674(02)00361-7
https://doi.org/10.1006/excr.1999.4473
https://doi.org/10.1158/1078-0432.CCR-10-2180
https://doi.org/10.1111/jcmm.16463
https://doi.org/10.1111/jcmm.16463
https://doi.org/10.1161/CIRCRESAHA.111.256743
https://doi.org/10.1161/CIRCRESAHA.111.256743
https://doi.org/10.1038/nature10983
https://doi.org/10.3389/fcell.2019.00355
https://doi.org/10.3389/fcell.2019.00355
https://doi.org/10.1016/j.ejca.2008.10.032
https://doi.org/10.1016/j.ejca.2008.10.032
https://doi.org/10.1074/jbc.M104179200
https://doi.org/10.1074/jbc.M104179200
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1161/CIRCRESAHA.110.232371
https://doi.org/10.1161/CIRCRESAHA.110.232371
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-745637 September 18, 2021 Time: 14:20 # 16

Klaas et al. Thrombospondin-4 in Wound Healing

Frolova, E. G., Sopko, N., Blech, L., Popovic, Z. B., Li, J., Vasanji, A.,
et al. (2012). Thrombospondin-4 regulates fibrosis and remodeling
of the myocardium in response to pressure overload. FASEB J. 26,
2363–2373. doi: 10.1096/fj.11-190728

Gan, K. J., and Sudhof, T. C. (2019). Specific factors in blood from young but not
old mice directly promote synapse formation and NMDA-receptor recruitment.
Proc. Natl. Acad. Sci. U.S.A. 116, 12524–12533. doi: 10.1073/pnas.1902672116

Gerbaulet, S. P., Van Wijnen, A. J., Aronin, N., Tassinari, M. S., Lian, J. B., Stein,
J. L., et al. (1992). Downregulation of histone H4 gene transcription during
postnatal development in transgenic mice and at the onset of differentiation
in transgenically derived calvarial osteoblast cultures. J. Cell. Biochem. 49,
137–147. doi: 10.1002/jcb.240490206

Gilbert, R. W. D., Vickaryous, M. K., and Viloria-Petit, A. M. (2016). Signalling
by transforming growth factor beta isoforms in wound healing and tissue
regeneration. J. Dev. Biol. 4:21. doi: 10.3390/jdb4020021

Girard, F., Eichenberger, S., and Celio, M. R. (2014). Thrombospondin 4 deficiency
in mouse impairs neuronal migration in the early postnatal and adult brain.
Mol. Cell. Neurosci. 61, 176–186. doi: 10.1016/j.mcn.2014.06.010

Griffiths, C. E. M., Armstrong, A. W., Gudjonsson, J. E., and Barker, J. (2021).
Psoriasis. Lancet 397, 1301–1315. doi: 10.1016/S0140-6736(20)32549-6

Janiszewska, M., Primi, M. C., and Izard, T. (2020). Cell adhesion in cancer: beyond
the migration of single cells. J. Biol. Chem. 295, 2495–2505. doi: 10.1074/jbc.
REV119.007759

Klaas, M., Kangur, T., Viil, J., Maemets-Allas, K., Minajeva, A., Vadi, K., et al.
(2016). The alterations in the extracellular matrix composition guide the repair
of damaged liver tissue. Sci. Rep. 6:27398. doi: 10.1038/srep27398

Lagus, H., Klaas, M., Juteau, S., Elomaa, O., Kere, J., Vuola, J., et al. (2019).
Discovery of increased epidermal DNAH10 expression after regeneration
of dermis in a randomized with-in person trial - reflections on psoriatic
inflammation. Sci. Rep. 9:19136. doi: 10.1038/s41598-019-53874-z

Li, X., Lv, J., and Liu, S. (2020). MCM3AP-AS1 KD inhibits proliferation, invasion,
and migration of PCa Cells via DNMT1/DNMT3 (A/B) Methylation-Mediated
Upregulation of NPY1R. Mol. Ther. Nucleic Acids 20, 265–278. doi: 10.1016/j.
omtn.2020.01.016

Liu, A. G., Garg, P., Yang, S. Q., Gong, P., Pallero, M. A., Annis, D. S., et al.
(2009). Epidermal growth factor-like repeats of thrombospondins activate
phospholipase c gamma and increase epithelial cell migration through indirect
epidermal growth factor receptor activation. J. Biol. Chem. 284, 6389–6402.
doi: 10.1074/jbc.M809198200

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Lu, X., Lu, X., Wang, Z. C., Iglehart, J. D., Zhang, X., and Richardson, A. L.
(2008). Predicting features of breast cancer with gene expression patterns.
Breast Cancer Res. Treat. 108, 191–201. doi: 10.1007/s10549-007-9596-6

Lv, L., Liang, W., Ye, M., Zhang, J. W., Zhang, H., Xue, G. H., et al. (2016).
Thrombospondin-4 ablation reduces macrophage recruitment in adipose tissue
and neointima and suppresses injury-induced restenosis in mice. Atherosclerosis
247, 70–77. doi: 10.1016/j.atherosclerosis.2016.02.005

Lv, X., Zhao, F., Huo, X., Tang, W., Hu, B., Gong, X., et al. (2016). Neuropeptide
Y1 receptor inhibits cell growth through inactivating mitogen-activated protein
kinase signal pathway in human hepatocellular carcinoma. Med. Oncol. 33:70.
doi: 10.1007/s12032-016-0785-1

Lynch, J. M., Maillet, M., Vanhoutte, D., Schloemer, A., Sargent, M. A., Blair, N. S.,
et al. (2012). A thrombospondin-dependent pathway for a protective ER stress
response. Cell 149, 1257–1268. doi: 10.1016/j.cell.2012.03.050

Ma, X. J., Wang, Z., Ryan, P. D., Isakoff, S. J., Barmettler, A., Fuller, A., et al. (2004).
A two-gene expression ratio predicts clinical outcome in breast cancer patients
treated with tamoxifen. Cancer Cell 5, 607–616. doi: 10.1016/j.ccr.2004.05.015

Maddaluno, L., Urwyler, C., and Werner, S. (2017). Fibroblast growth factors:
key players in regeneration and tissue repair. Development 144, 4047–4060.
doi: 10.1242/dev.152587

Matias, M. A., Saunus, J. M., Ivanovski, S., Walsh, L. J., and Farah, C. S. (2011).
Accelerated wound healing phenotype in Interleukin 12/23 deficient mice.
J. Inflamm. 8:39. doi: 10.1186/1476-9255-8-39

Morhenn, V. B., Nelson, T. E., and Gruol, D. L. (2013). The rate of wound healing is
increased in psoriasis. J. Dermatol. Sci. 72, 87–92. doi: 10.1016/j.jdermsci.2013.
06.001

Muppala, S., Frolova, E., Xiao, R., Krukovets, I., Yoon, S., Hoppe, G., et al. (2015).
Proangiogenic Properties of Thrombospondin-4. Arterioscler. Thromb. Vasc.
Biol. 35, 1975–1986. doi: 10.1161/ATVBAHA.115.305912

Muppala, S., Xiao, R., Krukovets, I., Verbovetsky, D., Yendamuri, R., Habib, N.,
et al. (2017). Thrombospondin-4 mediates TGF-beta-induced angiogenesis.
Oncogene 36, 5189–5198. doi: 10.1038/onc.2017.140

Mustonen, E., Aro, J., Puhakka, J., Ilves, M., Soini, Y., Leskinen, H., et al. (2008).
Thrombospondin-4 expression is rapidly upregulated by cardiac overload.
Biochem. Biophys. Res. Commun. 373, 186–191. doi: 10.1016/j.bbrc.2008.05.164

Narouz-Ott, L., Maurer, P., Nitsche, D. P., Smyth, N., and Paulsson, M. (2000).
Thrombospondin-4 binds specifically to both collagenous and non-collagenous
extracellular matrix proteins via its C-terminal domains. J. Biol. Chem. 275,
37110–37117. doi: 10.1074/jbc.M007223200

O’Shea, K. S., Liu, L. H., Kinnunen, L. H., and Dixit, V. M. (1990). Role of the
extracellular matrix protein thrombospondin in the early development of the
mouse embryo. J. Cell Biol. 111, 2713–2723. doi: 10.1083/jcb.111.6.2713

Parri, M., Pietrovito, L., Grandi, A., Campagnoli, S., De Camilli, E., Bianchini,
F., et al. (2014). Angiopoietin-like 7, a novel pro-angiogenetic factor over-
expressed in cancer. Angiogenesis 17, 881–896. doi: 10.1007/s10456-014-
9435-4

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S.,
Kundu, D. J., et al. (2019). The PRIDE database and related tools and resources
in 2019: improving support for quantification data. Nucleic Acids Res. 47,
D442–D450. doi: 10.1093/nar/gky1106

Qian, W., Li, N., Cao, Q., and Fan, J. (2018). Thrombospondin-4 critically controls
transforming growth factor beta1 induced hypertrophic scar formation. J. Cell.
Physiol. 234, 731–739. doi: 10.1002/jcp.26877

Qian, W., Zhu, W. H., Chen, Y. J., and Fan, J. F. (2019). Role of thrombospondin-4
in fibroblasts from normal skin and hypertrophic scars. Int. J. Clin. Exp. Med.
12, 1253–1260.

Rahman, M. T., Muppala, S., Wu, J., Krukovets, I., Solovjev, D., Verbovetskiy,
D., et al. (2020). Effects of thrombospondin-4 on pro-inflammatory phenotype
differentiation and apoptosis in macrophages. Cell Death Dis. 11:53. doi: 10.
1038/s41419-020-2237-2

Risher, W. C., and Eroglu, C. (2012). Thrombospondins as key regulators of
synaptogenesis in the central nervous system. Matrix Biol. 31, 170–177. doi:
10.1016/j.matbio.2012.01.004

Rousselle, P., Montmasson, M., and Garnier, C. (2019). Extracellular matrix
contribution to skin wound re-epithelialization. Matrix Biol. 7, 12–26. doi:
10.1016/j.matbio.2018.01.002

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Shi, Y., Sun, L., Zhang, R., Hu, Y., Wu, Y., Dong, X., et al. (2021). Thrombospondin
4/integrin alpha2/HSF1 axis promotes proliferation and cancer stem-like
traits of gallbladder cancer by enhancing reciprocal crosstalk between cancer-
associated fibroblasts and tumor cells. J. Exp. Clin. Cancer Res. 40:14. doi:
10.1186/s13046-020-01812-7

Singh, D., Febbo, P. G., Ross, K., Jackson, D. G., Manola, J., Ladd, C., et al. (2002).
Gene expression correlates of clinical prostate cancer behavior. Cancer Cell 1,
203–209. doi: 10.1016/S1535-6108(02)00030-2

Su, F., Zhao, J., Qin, S., Wang, R., Li, Y., Wang, Q., et al. (2017). Over-expression
of Thrombospondin 4 correlates with loss of miR-142 and contributes
to migration and vascular invasion of advanced hepatocellular carcinoma.
Oncotarget 8, 23277–23288.

Takeo, M., Lee, W., and Ito, M. (2015). Wound healing and skin regeneration.
Cold Spring Harb. Perspect. Med. 5:a023267. doi: 10.1101/cshperspect.a02
3267

Tan, F. L., Moravec, C. S., Li, J., Apperson-Hansen, C., Mccarthy, P. M., Young,
J. B., et al. (2002). The gene expression fingerprint of human heart failure. Proc.
Natl. Acad. Sci. U.S.A. 99, 11387–11392. doi: 10.1073/pnas.162370099

Xie, Y., Lampinen, M., Takala, J., Sikorski, V., Soliymani, R., Tarkia, M.,
et al. (2020). Epicardial transplantation of atrial appendage micrograft
patch salvages myocardium after infarction. J. Heart Lung Transplant. 39,
707–718. doi: 10.1016/j.healun.2020.03.023

Yang, J., Kong, C., Jia, L., Li, T., Quan, M., Li, Y., et al. (2021). Association of
accelerated long-term forgetting and senescence-related blood-borne factors in
asymptomatic individuals from families with autosomal dominant Alzheimer’s
disease. Alzheimers Res. Ther. 13:107. doi: 10.1186/s13195-021-00845-0

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 September 2021 | Volume 9 | Article 745637

https://doi.org/10.1096/fj.11-190728
https://doi.org/10.1073/pnas.1902672116
https://doi.org/10.1002/jcb.240490206
https://doi.org/10.3390/jdb4020021
https://doi.org/10.1016/j.mcn.2014.06.010
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1074/jbc.REV119.007759
https://doi.org/10.1074/jbc.REV119.007759
https://doi.org/10.1038/srep27398
https://doi.org/10.1038/s41598-019-53874-z
https://doi.org/10.1016/j.omtn.2020.01.016
https://doi.org/10.1016/j.omtn.2020.01.016
https://doi.org/10.1074/jbc.M809198200
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1007/s10549-007-9596-6
https://doi.org/10.1016/j.atherosclerosis.2016.02.005
https://doi.org/10.1007/s12032-016-0785-1
https://doi.org/10.1016/j.cell.2012.03.050
https://doi.org/10.1016/j.ccr.2004.05.015
https://doi.org/10.1242/dev.152587
https://doi.org/10.1186/1476-9255-8-39
https://doi.org/10.1016/j.jdermsci.2013.06.001
https://doi.org/10.1016/j.jdermsci.2013.06.001
https://doi.org/10.1161/ATVBAHA.115.305912
https://doi.org/10.1038/onc.2017.140
https://doi.org/10.1016/j.bbrc.2008.05.164
https://doi.org/10.1074/jbc.M007223200
https://doi.org/10.1083/jcb.111.6.2713
https://doi.org/10.1007/s10456-014-9435-4
https://doi.org/10.1007/s10456-014-9435-4
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1002/jcp.26877
https://doi.org/10.1038/s41419-020-2237-2
https://doi.org/10.1038/s41419-020-2237-2
https://doi.org/10.1016/j.matbio.2012.01.004
https://doi.org/10.1016/j.matbio.2012.01.004
https://doi.org/10.1016/j.matbio.2018.01.002
https://doi.org/10.1016/j.matbio.2018.01.002
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1186/s13046-020-01812-7
https://doi.org/10.1186/s13046-020-01812-7
https://doi.org/10.1016/S1535-6108(02)00030-2
https://doi.org/10.1101/cshperspect.a023267
https://doi.org/10.1101/cshperspect.a023267
https://doi.org/10.1073/pnas.162370099
https://doi.org/10.1016/j.healun.2020.03.023
https://doi.org/10.1186/s13195-021-00845-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-745637 September 18, 2021 Time: 14:20 # 17

Klaas et al. Thrombospondin-4 in Wound Healing

Zhang, J., Zhang, X., Yang, S., Bao, Y., Xu, D., and Liu, L. (2021). FOXH1
promotes lung cancer progression by activating the Wnt/beta-catenin
signaling pathway. Cancer Cell Int. 21:293. doi: 10.1186/s12935-021-0
1995-9

Zhou, Z. Y., Chen, Y. Q., Wang, F. Y., Tian, N., and Fan, C. L. (2014). Effect
of curcumin on down-expression of thrombospondin-4 induced by oxidized
low-density lipoprotein in mouse macrophages. Biomed. Mater. Eng. 24,
181–189. doi: 10.3233/BME-130798

Zuo, X. X., Yang, Y., Zhang, Y., Zhang, Z. G., Wang, X. F., and Shi, Y. G.
(2019). Platelets promote breast cancer cell MCF-7 metastasis by direct
interaction: surface integrin alpha2beta1-contacting-mediated activation of
Wnt-beta-catenin pathway. Cell Commun. Signal. 17:142. doi: 10.1186/s12964-
019-0464-x

Zweers, M. C., Davidson, J. M., Pozzi, A., Hallinger, R., Janz, K., Quondamatteo, F.,
et al. (2007). Integrin alpha2beta1 is required for regulation of murine wound
angiogenesis but is dispensable for reepithelialization. J. Invest. Dermatol. 127,
467–478. doi: 10.1038/sj.jid.5700546

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Klaas, Mäemets-Allas, Heinmäe, Lagus, Cárdenas-León, Arak,
Eller, Kingo, Kankuri and Jaks. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 September 2021 | Volume 9 | Article 745637

https://doi.org/10.1186/s12935-021-01995-9
https://doi.org/10.1186/s12935-021-01995-9
https://doi.org/10.3233/BME-130798
https://doi.org/10.1186/s12964-019-0464-x
https://doi.org/10.1186/s12964-019-0464-x
https://doi.org/10.1038/sj.jid.5700546
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Thrombospondin-4 Is a Soluble Dermal Inflammatory Signal That Selectively Promotes Fibroblast Migration and Keratinocyte Proliferation for Skin Regeneration and Wound Healing
	Introduction
	Materials and Methods
	Mouse Wound Healing Experiments
	Skin Burn Samples
	Psoriasis Samples
	Immunofluorescence Analysis
	Generation of Thrombospondin-4 Expression Vector
	Cell Transfection
	Fibroblast Culture
	Keratinocyte Culture
	Scratch Wound Healing Assay
	Transwell Migration Assay
	RNA Isolation
	RNA-Sequencing Analysis
	Proteomics Analysis
	Ingenuity Pathway Analysis
	Data Analysis and Statistics

	Results
	Thrombospondin-4 Is Upregulated in Wound Healing and in Psoriatic Lesions
	Thrombospondin-4 Supports Fibroblast Migration but Not Proliferation
	The Effect of Thrombospondin-4 Stimulation on Fibroblast Proteotranscriptomic Profile
	Thrombospondin-4 Promotes Wound Healing in vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


