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All-trans retinoic acid

and dexamethasone regulate
phagocytosis-related gene
expression and enhance dead cell
uptake in C2C12 myoblast cells

Maysaa Adil Ali%, Eva Garabuczi?, Nastaran Tarban? & Zsolt Sarang®**

Extensive mechanical stress frequently causes micro-traumas in skeletal muscle, followed by a
regeneration period. The effective removal of dead myofibers is a prerequisite for proper regeneration,
and several cell types, including professional phagocytes, were reported to be active in this process.
Myoblasts express several molecules of the phagocytic machinery, such as BAI1, stabilin-2, and TAM
(Tyro3, Axl, Mertk) tyrosine kinase receptors, but these molecules were reported to serve primarily
cell fusion and survival, and their role in the phagocytosis was not investigated. Therefore, we aimed
to investigate the in vitro phagocytic capacity of the C2C12 mouse myoblast cell line. RNA sequencing
data were analyzed to determine the level and changes of phagocytosis-related gene expression
during the differentiation process of C2C12 cells. To study the phagocytic capacity of myoblasts and
the effect of dexamethasone, all-trans retinoic acid, hemin, and TAM kinase inhibitor treatments on
phagocytosis, C2C12 cells were fed dead thymocytes, and their phagocytic capacity was determined
by flow cytometry. The effect of dexamethasone and all-trans retinoic acid on phagocytosis-related
gene expression was determined by quantitative PCR. Both undifferentiated and differentiated cells
engulfed dead cells being the undifferentiated cells more effective. In line with this, we observed that
the expression of several phagocytosis-related genes was downregulated during the differentiation
process. The phagocytosis could be increased by dexamethasone and all-trans retinoic acid and
decreased by hemin and TAM kinase inhibitor treatments. Our results indicate that myoblasts not only
express phagocytic machinery genes but are capable of efficient dead cell clearance as well, and this is
regulated similarly, as reported in professional phagocytes.

Phagocytosis of dead cells by macrophages starts in vivo by locating the prey with the help of find me’ signals
released from the dying cells'. Next, macrophages recognize the dead cells’ characteristic cell surface modifica-
tions with their phagocytic receptors. The most well-known modification is the appearance of phosphatidylserine
(PS), a crucial ‘eat me’ signal, on the surface of dying cells®. Several receptors on the surface of macrophages
directly recognize PS, such as stabilin-2 (Stab2), Brain angiogenesis inhibitor 1 (Bail), or scavenger receptor
class BI (Scarbl), while others, like TAM (Tyro3, Axl, Mer) receptor tyrosine kinases, use bridging molecules to
interact with it®. Milk fat globule-EGF-factor 8 (MFG-E8), Growth arrest-specific protein 6 (Gas6), and Protein
S (Prosl) are examples of these bridging molecules binding to integrin receptors f3 and p5 and TAM receptors,
respectively*®. Integrin receptors also need coreceptors such as Tim4°, transglutaminase 2 (Tgm2)’, or CD36% in
addition to bridging molecules for appropriate phagocytic activity. Various efferocytosis receptor combinations
are produced by phagocytes, in different organs, but they all come and work together at the phagocytic synapse
to mediate tethering and generate enough engulfment signals after macrophages connect to the apoptotic cells’.
Previously, the glucocorticoid receptor (GR) and retinoic acid receptors (RARs) nuclear receptors were shown
to increase efferocytosis in macrophages by promoting the transcription of key phagocytic machinery genes'*'2.
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Myoblasts are precursor cells that give rise to muscle fibers. They are found in skeletal and cardiac muscle and
are responsible for muscle development, growth, and repair'®. During their differentiation, myoblasts fuse and
form multinucleated myotubes that eventually form muscle fibers. Myoblast fusion is initiated by the alignment
of myoblast and myotube membranes, followed by rearrangements of the actin cytoskeleton at the contact sites,
and then membrane fusion'. Like dead cell phagocytosis, this process depends on PS exposure on the fusing cell
surface'”. Besides the muscle-specific fusion proteins myomaker and myomerger'®, myoblasts and myotubes also
express several PS-recognizing phagocytic receptors and bridging molecules such as the TAM family members,
integrin B1, 3 and B5, Bail, Stab2, MFG-ES8, and Gas6 that are traditionally expressed by macrophages, dendritic
cells, and other professional phagocytes®. In myoblasts, these molecules were shown to participate in cell adhe-
sion, fusion, and survival'*!7-°. Although living C2C12 cells were found to engulf apoptotic C2C12 cells, their
phagocytic capacity was not investigated in detail'’. Previously, RAR and GR ligation were reported to regulate
key aspects of myoblast functions. All-trans retinoic acid (ATRA) treatment suppressed myogenic differentia-
tion and myotube formation in human primary myoblasts®’, but it was shown to be required for myogenesis
in zebrafish?'. GR ligation promotes muscle repair and regeneration by increasing the kinesin-1 motor activity,
which is needed for the expression of muscle myosin heavy chain 1/2, and also for efficient myoblast fusion and
the formation of polarized myotubes? but the effect of retinoid- and glucocorticoid receptor ligation on dead
cell phagocytosis in myoblasts has not been investigated yet. In this study, we tested the hypothesis that myoblast
phagocytosis could be similarly regulated by RAR or GR ligands and hemin as in macrophages.

Methods

All reagents were obtained from Merck, (Darmstadt, Germany) except when indicated otherwise.

Gene expression data processing

Gene expression data, generated from GPL17021 Illumina HiSeq 2500 (Mus musculus), corresponding to three
undifferentiated three 4-day differentiated C2C12 cell samples, was retrieved from the public Gene Expression
Omnibus (GEO) repository (GEO series GSE220249). For a detailed description of the sample preparation and
sequencing protocol, see the original paper by Zhang et al.”>. FPKM (Fragments per kilobase of transcript per
million mapped fragments) values of samples were compared using two-tailed t-test. The equal variance of the
groups was tested by F-test. Data were imported in Microsoft Access and cross-referenced to a list of 241 phago-
cytosis-related genes (based on Gene Ontology term ID 0006909, phagocytosis). A list of differently expressed
genes (DEGs) was generated by removing non-significantly changed transcripts based on a 0.05 p-value cut-off
(Student’s t-test) and a 1.5-fold fold change (FC) cut-off value. For the visualization, FPKM values were log2
transformed, and the Z-score was calculated for every DEG and plotted using the http://www.heatmapper.ca/
expression/ web tool.

C2C12 cell culture and differentiation

Murine myoblast C2C12 cells were obtained from ATCC (CRL-1772) and were maintained according to the com-
pany’s instructions. In brief, cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 20% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 ug/ml streptomycin (growth medium) at 37 °C
in 5% CO2 and 95% air at 100% humidity. The absence of mycoplasma was tested using PCR Mycoplasma Test
Kit I/C (PromoCell, Heidelberg, Germany). Cells were plated into 24-, 48-, or 96-well plates at a density of 3500
cells/cm?. For the 6-day differentiation period, the cells were plated on a collagen-coated surface and cultured
in DMEM medium containing 2% FBS and 1% ITS (insulin, transferrin, sodium selenite) replaced every 2nd
day with a fresh one. In some experiments, C2C12 cells were pre-treated with dexamethasone (1 or 10 uM) or
ATRA (30 nM) or hemin (5 uM) for 24 h or BMS-777607 TAM kinase inhibitor (1 or 10 uM) for 30 min prior
to the phagocytosis experiments or RNA collection.

Immunostaining

For MYHC4 staining, 6-day differentiated C2C12 cells were fixed with ice-cold methanol for 15 min at 4 °C,
washed three times with PBS, and then blocked with PBS/5% FBS/0.3% Triton X-100 for 60 min at room tem-
perature. Alexa Fluor 488 conjugated anti-Myosin heavy chain 4 (Thermo Fisher Scientific) was added at 1:100
dilution in PBS/1% bovine serum albumin/0.3% Triton X-100 for 12 h at 4 °C. After staining, cells were rinsed
three times in PBS and counterstained with NucBlue for DNA staining. Pictures were taken on a fluorescent
microscope (FLoid™ Cell Imaging Station).

Gene expression analysis

Total RNA from C2C12 cells was isolated with TRIzol (Invitrogen, Carlsbad, CA, USA) reagent according to
the manufacturer’s instructions. Total RNA was reverse transcribed into cDNA using a High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was carried out in trip-
licate using pre-designed PCR assays (Thermo Fisher Scientific) on a Roche LightCycler LC 480 real-time PCR
instrument. Relative mRNA levels were calculated using the comparative CT method and were normalized to
Casein Kinase 2 Alpha 2 (Csnk2a2) mRNA. Catalog numbers of the TagMan assays (Thermo Fisher Scientific)
used were the following: Csnk2a2 Mm00441242_m1, MFG-E8 Mmo00500549_m1, TGM2 Mm00436979_m1,
CD36 Mm00432403_m1, Pros1 Mm01343426_m1, Tyro3 Mm00444547_m1, MERTK Mm00437221_m1,
AXL Mm00500549_m1, Gas6 Mm00490378_m1, UCP2 Mmo00627599_m1, Stab2 Mmo00454684_m1, HMOX1
Mmo00516005_m1, MyoD1 Mmo00440387_m1, Myog Mm00446194_m1, and Myh4 Mm01332541_m].
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Generation of apoptotic and necrotic cells

Thymi from 4-week-old C57BL/6 mice were collected and placed in 10 ml physiological saline solution. Thy-
mocytes were separated by gently pushing the thymus through a metal mesh filter. The cells were then filtered
through a 41 pm filter and centrifuged for 8 min at 200 g. The pellet was resuspended in 10 ml RPMI 1640 media
supplemented with 2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin in the absence of FBS
and incubated for 20 h (107 cells/ml). This treatment results in approximately 80% annexin V positive cells?.
Apoptotic thymocytes were then stained by 0.5 uM CellTracker™ Deep Red dye (Invitrogen) at 37 °C for 30 min
in the absence of FBS to be used as target cells to detect efferocytosis by C2C12 cells. For necrosis induction,
cells were first labeled with 0.5 uM CellTracker™ Deep Red dye at 37 °C for 30 min in the absence of FBS and
then heated to 65 °C for 10 min.

In vitro phagocytosis assay

Proliferating or differentiating C2C12 cells were grown in 48-well plates as described above. Deep red-stained
apoptotic or necrotic thymocytes were added to the C2C12 cells in a 5:1 (dead cells/C2C12 cells) ratio on the day
of the flow cytometric measurement for 30 or 60 min. After co-culture, non-engulfed target cells were washed
away extensively with phosphate-buffered saline, and C2C12 cells were detached by trypsinization at 37 °C for
15 min and filtered through a 100 um filter before the measurement to eliminate cell clots. The percentage and
the mean fluorescence of engulfing cells were determined on a Becton Dickinson FACSCalibur™ flow cytometer
(Becton Dickinson Company, Franklin Lakes, NJ, USA). The obtained data was analyzed using Flowing Software
v2.5.1 (Turku Centre for Biotechnology, University of Turku, Finland). To visualize thymocyte phagocytosis,
0.5 uM CellTracker Deep Red dye-stained C2C12 cells were incubated with carboxyfluorescein diacetate suc-
cinimidyl ester (CFDA-SE; Thermo Fisher) stained apoptotic thymocytes at 37 °C for 60 min. Cells were rinsed
in PBS and fixed with 2% paraformaldehyde. Pictures were taken on a fluorescent microscope (FLoid™ Cell
Imaging Station).

Cell viability determination

To determine the cell numbers, C2C12 cells were seeded onto 96-well plates in growth medium and treated with
DMSO or 5 uM hemin for 24 h. Non-toxic, cell-permeable PrestoBlue (Thermo Fisher Scientific) dye was added
to the wells (1:10), and fluoresce was measured at the indicated time points on a Synergy™ H1 microplate reader
at 560/590 nm (excitation/emission).

Statistical analysis

All the data are representative of at least three independent experiments, and all data are expressed as mean+ SD.
Statistical analysis was performed using two-tailed, unpaired Student’s t-test and ANOVA with post-hoc Tukey
HSD test. The equal variance of the samples was tested by F-test. * and # indicate statistically significant differ-
ences at p<0.05.

Results

The myogenic differentiation impairs the phagocytic capacity of myoblasts

In our experiments, we used the C2C12 myoblast cells established from normal adult C3H mouse leg muscle.
Upon serum withdrawal, these cells are capable of differentiating into myotubes in vitro in six days (Fig. 1A,B, and
C). To show that C2C12 cells are capable of internalizing dead cells, labeled myoblast and apoptotic thymocytes
were mixed, and fluorescent pictures were taken. The phagocytosed thymocytes appear as black holes in the
red C2C12 cells (Fig. 1D). To determine the phagocytic capacity of proliferating and differentiating myoblasts,
C2CI12 cells were fed apoptotic thymocytes for 1 h, and the percentage of engulfing cells was measured by flow
cytometry. Compared to proliferating cells, the phagocytic capacity significantly decreased on the second day
of differentiation and continued to decline until the sixth day (Fig. 1E).

Myogenic differentiation impacts the expression of phagocytosis-related genes in myoblasts
Myogenic differentiation has a profound impact on the gene expression pattern of myoblast. To investigate the
possibility that the reduced phagocytosis is the consequence of altered expression of phagocytosis-associated
genes, we downloaded gene expression data of proliferating and 4-day differentiated C2C12 cells from the GEO
database and cross-referenced it into a list containing 241 phagocytosis-associated genes (based on the Gene
Ontology term ID 0006909). From the 178 expressed list members, we found 73 DEGs among them, 41 were
downregulated (day 4 mean and median FPKM values were 16.2 and 3.49, respectively), and 32 were upregu-
lated (day 4 mean and median FPKM values were 12.2 and 8.98, respectively) on 4th day of the differentiation
(Fig. 2). Using quantitative PCR, we validated the mRNA expression of the downregulated MFG-E8, the TAM
family members and their ligands, Pros1, and the upregulated Gas6, Tgm2, UCP2, and CD36 that was the second
highest upregulated transcript detected by the RNA sequencing. Stab2 expression increased in the differenti-
ated cells (FC=2.687), but it did not reach the significance threshold (p=0.0701) therefore, we also measured
its expression by RT-qPCR. Starting from the 4th day, Stab2 expression was significantly upregulated during the
differentiation (Fig. 3).

Dexamethasone treatment enhances the apoptotic cell uptake in myoblasts and regulates
the expression of phagocytosis-related genes

GR ligation was shown to enhance macrophage phagocytic capacity**, and according to RNA sequencing
data, C2C12 cells express GR. Therefore, we decided to investigate its impact on phagocytosis in C2C12 cells

25,26
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Figure 1. Myogenic differentiation impairs the phagocytic capacity of myoblasts. (A) Representative light
microscopic picture of proliferating and 6-day differentiated C2C12 myoblasts. (B) Representative fluorescent
picture of 6-day differentiated C2C12 cells forming multinucleated myotubes. (C) The expression level of
three myogenic differentiation markers in proliferating and 6-day differentiated C2C12 cells was measured by
RT-qPCR. (D) Representative fluorescent pictures of proliferating C2C12 cells (red) phagocytosing apoptotic
thymocytes (green). The arrows indicate locations with internalized thymocytes. (E) Percentage of apoptotic
thymocyte engulfing undifferentiated and differentiated C2C12 determined by flow cytometry. The right panel
shows representative flow cytometry histograms of phagocytosing myoblasts. Asterisks denote statistically
significant differences from day 0, and # denotes statistically significant differences from day 2 (p <0.05,
ANOVA-test). n=4.

as well. We found that 24 h of dexamethasone treatment significantly increased the apoptotic cell phagocytosis
in myoblasts (Fig. 4A). Parallel with this, the mRNA expression of Stab2, Mertk, Gas6, Tgm2, and CD36 was
significantly upregulated, while that of Tyro3, Axl, and MFG-E8 was downregulated by dexamethasone (Fig. 4B).

ATRA treatment enhances the apoptotic cell uptake in myoblasts and regulates the expres-
sion of phagocytosis-related genes

Since previously we demonstrated that retinoids enhance the phagocytic capacity of macrophages*”?, and based
on the RNA sequencing data, C2C12 cells express all three RAR isoforms, we decided to test its effect on phago-
cytosis in C2C12 cells. We found that 24 h of ATRA treatment significantly increased the apoptotic cell phago-
cytosis in myoblasts (Fig. 5A). Parallel with this, the mRNA expressions of Stab2, Mertk, Pros1, MFG-E8, Tgm?2,
and CD36 were significantly upregulated, while that of Ax] and Gas6 was downregulated by ATRA (Fig. 5B).

C2C12 cells partially use the TAM receptor kinases to engulf both apoptotic and necrotic thy-
mocytes with equal efficiency

Since previously we have shown that macrophages engulf apoptotic and necrotic thymocytes through similar
PS-dependent mechanisms®, we decided to compare the efficiency of apoptotic and necrotic cell phagocytosis
in proliferating and 6-day differentiated myoblast cells. We found that both undifferentiated and differentiated
C2C12 engulfed dead thymocytes regardless of the cell death mechanism (Fig. 6A,B), being the undifferentiated
C2C12 cells more efficient. Since C2C12 cells express the TAM receptors and their mRNA expression decreases
during the myogenic differentiation, we also tested whether the apoptotic and necrotic cell uptake requires the
TAM receptors. The TAM kinase inhibitor BMS-777607 significantly decreased both apoptotic and necrotic
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Figure 2. Myogenic differentiation impacts the gene expression profile in myoblasts. The heat map displays

the Z-score calculated from the log2 transformed FPKM values of 73 phagocytosis-associated DEGs between
proliferating and 4-day differentiated C2C12 cells. The significance of FCs was tested by Student’s t-test, p<0.05.
The individual FC values and day 4 FPKM values, representing the expression level of the transcripts on the 4th
day of differentiation are shown to the right of the heat maps. n=3.

cell phagocytosis. In agreement with the decreased TAM receptor expression in the differentiated cells, this
inhibition was more pronounced in the case of the undifferentiated cells as the phagocytosis inhibition by 10 uM
BMS-777607 treatment was 60% and 51% in the proliferating cells and 39% and 22% in the differentiated cells
for apoptotic and necrotic cell uptake, respectively (Fig. 6A,B).

Hemin inhibits the phagocytic capacity and upregulates heme oxygenase-1 (HMOX1) expres-
sion in C2C12 myoblast cells

Previously, it was reported that heme inhibits the uptake of human and bacterial cells by macrophages®’!, there-
fore, we sought to investigate whether myoblasts also behave in the same manner. As the free heme is not stable
and ferrous Fe?* iron inside the heme quickly oxidizes to ferric Fe**, we pretreated the C2C12 cells with 5 uM
Fe**-containing hemin for 24 h and tested their phagocytic capacity. As shown in Fig. 7A and B, 24 h of 5 uM
hemin treatment was not toxic for cells but inhibited their phagocytosis capacity. We also measured the mRNA
expression of the HMOX1 gene, coding for the first enzyme heme degradation pathway. Similarly to what was
reported in macrophages, its expression increased in response to hemin overload (Fig. 7C).

Discussion

The proper clearance of dead cells is required for the maintenance of tissue homeostasis and proper regenera-
tion following injury®. Professional phagocytes are equipped with a battery of receptors to recognize, bind,
and engulf dead cells'. Myoblasts and myotubes, including C2C12 cells, have been found to express a variety of
phagocytic receptors such as scavenger receptors, mannose receptors, Stab2, Bail, and TAM family members
that are traditionally expressed by macrophages, dendritic cells, and other phagocytic cells. The expression of
these receptors in myoblasts and myotubes suggests that these cells have the potential for efficient dead-cell
engulfment. To investigate this possibility, we fed proliferating C2C12 myoblast cells with apoptotic thymocytes
and found that within the one-hour phagocytosis period, more than 40% of the cells engulfed at least one dead
cell. This result is comparable to what we detected previously in bone marrow-derived macrophages®. We
also measured the phagocytic capacity of differentiating cells and found that it gradually decreased during the
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Figure 3. Differentiation alters the expression of phagocytosis-associated genes in C2C12 cells. The mRNA
expression level of 10 phagocytosis-associated genes was validated by RT-qPCR. Asterisks denote statistically
significant differences from day 0 (p <0.05, Students t-test). n=4.

differentiation period. Differentiation profoundly alters the gene expression profile of cells. Recently, using a
robust rank aggregation method, 3140 DEGs were identified in differentiating C2C12 cells®. In our analysis,
among others, we found decreased mRNA expression of the Scarbl receptor, TAM receptors Tyro3, Axl, and
Mertk and their ligand Pros1, and the bridging molecule MFG-E8 that can contribute to the diminished phago-
cytic capacity of the differentiated cells. Previously, we have shown that in C2C12 cells, the Axl is the highest
expressed TAM kinase whose expression could be detected on the protein level, and it is required for myoblast
survival during the differentiation'®. Notably, the phagocytosis could be inhibited not only in proliferating but
in differentiated C2C12 cells as well by pan-TAM kinase receptor inhibitor, indicating that even at the decreased
expression level, Axl still mediates the efficient engulfment of dead cells. The scavenger receptor CD36 was the
second highest upregulated DEG. Previously, its expression was shown to be increased in differentiating C2C12
cells, and knocking down its expression impaired myoblast differentiation and fusion®*. CD36 with avp3 integrin
binds the bridging molecule thrombospondin 1 and facilitates the apoptotic cell uptake in macrophages®. avp3
integrin with Tgm2 and MFG-E8 was also shown to be required for the proper phagocytosis in macrophages’.
Recently, we have found that Tgm?2 is needed for embryonic skeletal muscle development and muscle regenera-
tion in mice, and its inhibition impairs C2C12 cell fusion'®. As the disappearance of B3 integrin expression is
a prerequisite for myoblast differentiation®® and differentiated C2C12 cells exhibited lower phagocytosis, the
observed upregulation of CD36 and Tgm? is likely required for myoblast differentiation and fusion rather than
serving as a key phagocytic receptor in differentiated C2C12 cells. Similar to our results, Stab2 was reported to
be upregulated in differentiating primary myoblasts and C2C12 cells, where it participates in cell fusion®. Given
its low mRNA expression level compared to the other detected and downregulated phagocytic genes, although it
is required for myoblast fusion, it might not have a determining role in phagocytosis. In macrophages, the con-
tinued clearance of apoptotic cells depends on the uncoupling protein 2 (UCP2) protein expression®. However,
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Figure 4. Dexamethasone treatment enhances apoptotic cell uptake in myoblasts and regulates the expression
of phagocytosis-related genes. (A) Percentage of apoptotic thymocyte engulfing DMSO-treated control and
dexamethasone-treated (1 or 10 uM for 24 h) C2C12 cells determined by flow cytometry. The right panel
shows representative flow cytometry histograms of phagocytosing myoblasts. (B) The expression level of

10 phagocytosis-associated genes in DMSO control and dexamethasone-treated C2C12 was measured by
RT-qPCR. Asterisks denote statistically significant differences from day 0, and # denotes statistically significant

differences from 1 pM treated cells (p <0.05, ANOVA-test). n=at least 4. ns: non-significant.

in C2C12 cells, UCP2 plays a role in inhibiting myogenic differentiation and promoting myoblast proliferation.
The level of UCP2 transcript increased, but due to the miRNA-mediated translational block, its protein level
decreased during the differentiation and was nearly undetectable in the 5-day differentiated cells*. Based on
this, the role of UCP2 is fundamentally different in macrophages, and its upregulation at the mRNA level might
not be relevant in the phagocytosis of differentiated C2C12 cells.

Previously, we have found that 24 h of ATRA treatment enhances the phagocytic capacity of bone marrow-
derived macrophages and upregulates the expression of several phagocytosis-related genes, among others, Mertk,
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Figure 5. ATRA treatment enhances apoptotic cell uptake in myoblasts and regulates the expression of
phagocytosis-related genes. (A) Percentage of apoptotic thymocyte engulfing DMSO-treated control and ATRA-
treated (30 nM for 24 h) C2C12 cells determined by flow cytometry. The right panel shows representative flow
cytometry histograms of phagocytosing myoblasts. (B) The expression level of 10 phagocytosis-associated genes
in DMSO-treated control and ATRA-treated C2C12 was measured by RT-qPCR. Asterisks denote statistically
significant differences from day 0 (p <0.05, Student’s t-test). n=at least 4. ns: non-significant.

Stab2, and Tgm2?* therefore, we aimed to investigate its effect on myoblast cells as well. Similarly to macrophages,
ATRA treatment enhanced the phagocytic capacity and increased the expression of these and, additionally,
CD36, MFG-E8, and Prosl genes at the mRNA level in C2C12 cells. As CD36 and Tgm?2 and its binding partner
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Figure 6. C2C12 cells partially use the TAM receptor kinases to engulf both apoptotic and necrotic thymocytes
with equal efficiency. (A) Proliferating and (B) 6-day differentiated C2C12 cells were fed apoptotic or necrotic
thymocytes in the absence or presence of BMS-777607 TAM kinase inhibitor (1 or 10 uM for 24 h), and

the percentage of engulfing cells was determined by flow cytometry. The right panel shows representative
histograms of phagocytosing myoblasts. Asterisks denote statistically significant differences from DMSO
control, and # denotes statistically significant differences from the respective 1 uM treated cells (p <0.05,
ANOVA-test). n=4. ns: non-significant.

MFG-E8 form PS-binding receptor complexes with integrin p3, we can hypothesize that they can be partially
responsible for the increased phagocytosis of ATRA-treated undifferentiated C2C12 myoblasts. Others and
we have shown that glucocorticoid receptor activation induces the expression of several phagocytic genes and
results in enhanced dead cell clearance in macrophages*°. Dexamethasone upregulated the expression Stab2,
Mertk, Gas6, Tgm2, and CD36 at the mRNA level and increased the phagocytic capacity of C2C12 cells, as well.

Mertk expression is regulated by a GR response element in its promoter and contributes to dexamethasone-
induced phagocytosis in macrophages®. Its mRNA level increased in response to glucocorticoid treatment in
C2C12 cells as well, suggesting that it may contribute to the increased phagocytosis not only in macrophages
but also in myoblast cells. According to the RNA sequencing analysis, Axl was the fourth highest expressed gene
among the 73 DEG in the undifferentiated state with an average FPKM value of 101.98 (the mean and median
DEG FPKM values in the undifferentiated cells were 20.22 and 5.48, respectively). Although its expression
decreased moderately after dexamethasone and ATRA treatments, given its robust expression and the fact that
TAM kinase inhibitor lowered the phagocytic capacity of the differentiated C2C12 cells with low TAM receptor
expression, it might still contribute to the phagocytic capacity of these cells. As a failure of dead cell clearance
results in improper muscle regeneration'®, the dexamethasone-induced enhanced myoblast phagocytosis might
contribute to the beneficial effect of glucocorticoid treatment on muscle repair®* due to the upregulation of
phagocytosis-related fusion machinery gene expression, leading to enhanced dead-cell phagocytosis.

Similarly to apoptotic cells, the uptake of necrotic cells also depends on cell surface PS exposure*®* and
decreases by TAM receptor inhibition?” in macrophages. In our experiments, apoptotic and necrotic cells were
engulfed at the same efficiency, indicating that myoblasts have no preference for either of them, and their uptake
was inhibited in the presence of the TAM kinase inhibitor, similarly to macrophages. The more pronounced
inhibitory effect of BMS-777607 on the proliferating cells might be attributed to the downregulation of TAM
kinase expression in the differentiated cells, resulting in less TAM-dependent phagocytosis.

During tissue damage, red blood cells lyse at the injury site and release intracellular hemoglobin that releases
heme. The ferrous iron in heme quickly oxidizes to ferric forming hemin. Due to their hydrophobic nature, heme
and hemin are incorporated into biological membranes and cause lipid peroxidation and cell death. To prevent
this harmful scenario, macrophages clear the hemoglobin-haptoglobin complex via their CD163 receptor and
hemin with CD36 receptor and upregulate the expression of HMOX1, which degrades the porphyrin ring*>*.
The heme degradation products biliverdin and bilirubin have antioxidant and anti-inflammatory effects, contrib-
uting to tissue repair after injury**. In addition, the exposure of macrophages to free heme or hemin decreased
bacterial and apoptotic cell phagocytosis®**!. Hemin was shown to lower phagocytosis by disrupting the actin

40,41
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Figure 7. Hemin inhibits the phagocytic capacity and upregulates heme oxygenase-1 expression in C2C12
myoblast cells. (A) Proliferating DMSO or hemin (5 uM for 24 h) treated C2C12 cells were fed apoptotic
thymocytes for 30 min, and the percentage and mean fluorescence of the engulfing cells were determined by
flow cytometry. (B) The effect of 5 uM hemin treatment of the C2C12 cell proliferation was tested by PrestoBlue
staining. (C) Expression levels of HMOX1 in DMSO or hemin-treated C2C12 cells determined by RT-qPCR.
Asterisks denote statistically significant differences from day 0 (p <0.05, Student’s t-test). n=4.

cytoskeletal phagocytic machinery and by facilitating the removal of CD36 receptors from the cell membrane®"*.
According to the RNA sequencing and qPCR data, the C2C12 myoblasts also express CD163 and CD36 and
upregulate the HMOX1 gene in response to hemin exposure, which might confer protection against the toxic
effect of hemoglobin- and myoglobin-derived heme and hemin and limit the inflammation following muscle
injury. Moreover, in our experiments, similarly to macrophages, hemin also decreased the uptake of apoptotic
thymocytes by C2CI12 cells, although how this effect is mediated remains to be elucidated.

Conclusion
Gene expression analysis and phagocytosis assays demonstrated that C2C12 myoblast cells share several char-
acteristics of professional phagocytes reported previously in the literature in terms of phagocytic machinery
gene expression and regulation of dead cell clearance. We have shown that differentiation, TAM receptor kinase
inhibition, and hemin treatment decrease, while ATRA and dexamethasone increase the dead cell uptake in
myoblast cells. Our findings indicate that by engulfing dead cells and degrading harmful hemin, myoblasts might
contribute to cell debris clearance, a prerequisite for proper muscle regeneration following injury.

The limitation of the study is that RNA sequencing and RT-qPCR measure the abundance of RNAs, and
gene expression levels do not always reflect changes at the protein level, therefore, it needs to be later verified by
protein-detecting methods such as Western blot and ELISA.

Data availability
RNA-sequencing GSE220249 data series is available on the GEO website. All raw data used to generate the figures
are available upon request from the corresponding author.

Received: 4 July 2023; Accepted: 27 November 2023
Published online: 28 November 2023

References

1. Ravichandran, K. S. Find-me and eat-me signals in apoptotic cell clearance: Progress and conundrums. J. Exp. Med. 207, 1807-1817
(2010).

2. Nagata, S., Suzuki, J., Segawa, K. & Fujii, T. Exposure of phosphatidylserine on the cell surface. Cell Death Differ. 23, 952-961
(2016).

3. Szondy, Z. et al. Involvement of phosphatidylserine receptors in skeletal muscle regeneration. Therapeutic implications. J. Cachexia
Sarcopenia Muscle 13,1961-1973 (2022).

4. Hanayama, R. et al. Identification of a factor that links apoptotic cells to phagocytes. Nature 417, 182-187 (2002).

Scientific Reports |

(2023) 13:21001 https://doi.org/10.1038/s41598-023-48492-9 nature portfolio



www.nature.com/scientificreports/

5. Stitt, T. N. et al. The anticoagulation factor protein S and its relative, Gasé, are ligands for the Tyro 3/Axl family of receptor tyrosine
kinases. Cell 80, 661-670 (1995).

6. Flannagan, R. S., Canton, J., Furuya, W., Glogauer, M. & Grinstein, S. The phosphatidylserine receptor TIM4 utilizes integrins as
coreceptors to effect phagocytosis. Mol. Biol. Cell 25, 1511-1522 (2014).

7. Toth, B. et al. Transglutaminase 2 is needed for the formation of an efficient phagocyte portal in macrophages engulfing apoptotic
cells. J. Immunol. 182, 2084-2092 (2009).

8. Stern, M., Savill, J. & Haslett, C. Human monocyte-derived macrophage phagocytosis of senescent eosinophils undergoing apop-
tosis. Mediation by alpha v beta 3/CD36/thrombospondin recognition mechanism and lack of phlogistic response. Am. J. Pathol.
149, 911-921 (1996).

9. Barth, N. D., Marvick, J. A., Vendrell, M., Rossi, A. G. & Dransfield, I. “Phagocytic synapse” and clearance of apoptotic cells. Front.
Immunol. 8, 1708 (2017).

10. Liu, Y. et al. Glucocorticoids promote nonphlogistic phagocytosis of apoptotic leukocytes. J. Immunol. 162, 3639-3646 (1999).

11. Rébé, C. et al. Induction of transglutaminase 2 by a liver X receptor/retinoic acid receptor alpha pathway increases the clearance
of apoptotic cells by human macrophages. Circ. Res. 105, 393-401 (2009).

12. Roszer, T. Transcriptional control of apoptotic cell clearance by macrophage nuclear receptors. Apoptosis 22, 284-294 (2017).

13. Chal, J. & Pourquié, O. Making muscle: Skeletal myogenesis in vivo and in vitro. Development 144, 2104-2122 (2017).

14. Abmayr, S. M. & Pavlath, G. K. Myoblast fusion: Lessons from flies and mice. Development 139, 641-656 (2012).

15. van den Eijnde, S. M. et al. Transient expression of phosphatidylserine at cell-cell contact areas is required for myotube formation.
J. Cell Sci. 114, 3631-3642 (2001).

16. Leikina, E. et al. Myomaker and myomerger work independently to control distinct steps of membrane remodeling during myoblast
fusion. Dev. Cell 46, 767-780.e7 (2018).

17. Hochreiter-Hufford, A. E. et al. Phosphatidylserine receptor BAI1 and apoptotic cells as new promoters of myoblast fusion. Nature
497,263-267 (2013).

18. Al-Zaeed, N., Budai, Z., Szondy, Z. & Sarang, Z. TAM kinase signaling is indispensable for proper skeletal muscle regeneration in
mice. Cell Death Dis. 12,611 (2021).

19. Budai, Z. et al. Impaired skeletal muscle development and regeneration in transglutaminase 2 knockout mice. Cells 10, 3089 (2021).

20. El Haddad, M. et al. Retinoic acid maintains human skeletal muscle progenitor cells in an immature state. Cell. Mol. Life Sci. 74,
1923-1936 (2017).

21. Hamade, A. et al. Retinoic acid activates myogenesis in vivo through Fgf8 signalling. Dev. Biol. 289, 127-140 (2006).

22. Lin, J. W. et al. Dexamethasone accelerates muscle regeneration by modulating kinesin-1-mediated focal adhesion signals. Cell
Death Discov. 7, 35 (2021).

23. Zhang, Y., Beketaev, L., Ma, Y. & Wang, J. Sumoylation-deficient phosphoglycerate mutase 2 impairs myogenic differentiation.
Front. Cell Dev. Biol. 10, 1052363 (2022).

24. Koroskényi, K. et al. Involvement of adenosine A2A receptors in engulfment-dependent apoptotic cell suppression of inflamma-
tion. J. Immunol. 186, 7144-7155 (2011).

25. Zahuczky, G., Kristof, E., Majai, G. & Fésiis, L. Differentiation and glucocorticoid regulated apopto-phagocytic gene expression
patterns in human macrophages. Role of Mertk in enhanced phagocytosis. PLoS One 6, €21349 (2011).

26. Garabuczi, E., Sarang, Z. & Szondy, Z. Glucocorticoids enhance prolonged clearance of apoptotic cells by upregulating liver X
receptor, peroxisome proliferator-activated receptor-8 and UCP2. Biochim. Biophys. Acta 1853, 573-582 (2015).

27. Sarang, Z. et al. Macrophages engulfing apoptotic cells produce nonclassical retinoids to enhance their phagocytic capacity. J.
Immunol. 192, 5730-5738 (2014).

28. Fige, E., Sarang, Z., Sos, L. & Szondy, Z. Retinoids promote mouse bone marrow-derived macrophage differentiation and effero-
cytosis via upregulating bone morphogenetic protein-2 and Smad3. Cells 11, 2928 (2022).

29. Budai, Z. et al. Macrophages engulf apoptotic and primary necrotic thymocytes through similar phosphatidylserine-dependent
mechanisms. FEBS Open Bio 9, 446-456 (2019).

30. Liu, Y. Y. et al. Elevated heme impairs macrophage phagocytosis in endometriosis. Reproduction 158, 257-266 (2019).

31. Martins, R. et al. Heme drives hemolysis-induced susceptibility to infection via disruption of phagocyte functions. Nat. Immunol.
17,1361-1372 (2016).

32. Arandjelovic, S. & Ravichandran, K. S. Phagocytosis of apoptotic cells in homeostasis. Nat. Immunol. 16, 907-917 (2015).

33. Zhang, S. et al. Identification of robust and key differentially expressed genes during C2C12 cell myogenesis based on multiomics
data. Int. J. Mol. Sci. 23, 6002 (2022).

34. Park, S. Y, Yun, Y. & Kim, L. S. CD36 is required for myoblast fusion during myogenic differentiation. Biochem. Biophys. Res.
Commun. 427,705-710 (2012).

35. Savill, J., Hogg, N., Ren, Y. & Haslett, C. Thrombospondin cooperates with CD36 and the vitronectin receptor in macrophage
recognition of neutrophils undergoing apoptosis. J. Clin. Invest. 90, 1513-1522 (1992).

36. Blaschuk, K. L., Guérin, C. & Holland, P. C. Myoblast alpha v beta3 integrin levels are controlled by transcriptional regulation of
expression of the beta3 subunit and down-regulation of beta3 subunit expression is required for skeletal muscle cell differentiation.
Dev. Biol. 184, 266-277 (1997).

37. Park, S. Y. et al. Stabilin-2 modulates the efficiency of myoblast fusion during myogenic differentiation and muscle regeneration.
Nat. Commun. 7, 10871 (2016).

38. Park, D. et al. Continued clearance of apoptotic cells critically depends on the phagocyte Ucp2 protein. Nature 477, 220-224 (2011).

39. Chen, X. et al. In vitro evidence suggests that miR-133a-mediated regulation of uncoupling protein 2 (UCP2) is an indispensable
step in myogenic differentiation. J. Biol. Chem. 284, 5362-5369 (2009).

40. Hirt, U. A. & Leist, M. Rapid, noninflammatory and PS-dependent phagocytic clearance of necrotic cells. Cell Death Differ. 10,
1156-1164 (2003).

41. Li, Z. et al. Necrotic cells actively attract phagocytes through the collaborative action of two distinct PS-exposure mechanisms.
PLoS Genet. 11, 1005285 (2015).

42. Thomsen, J. H,, Etzerodt, A., Svendsen, P. & Moestrup, S. K. The haptoglobin-CD163-heme oxygenase-1 pathway for hemoglobin
scavenging. Oxid. Med. Cell. Longev. 2013, 523652 (2013).

43. Banesh, S., Layek, S. & Trivedi, V. Hemin acts as CD36 ligand to activate down-stream signalling to disturb immune responses
and cytokine secretion from macrophages. Immunol. Lett. 243, 1-18 (2022).

44. Wegiel, B. & Otterbein, L. E. Go green: The anti-inflammatory effects of biliverdin reductase. Front. Pharmacol. 3, 47 (2012).

Acknowledgements

We thank Istvan Szatmari for critically reviewing the manuscript and the Department of Biochemistry and

Molecular Biology members for helping us with our work.

Scientific Reports |

(2023) 13:21001

https://doi.org/10.1038/s41598-023-48492-9 nature portfolio



www.nature.com/scientificreports/

Author contributions
Conceptualization, main manuscript preparation, and visualization of data were carried out by Z.S. Experiments
and data analysis were carried out by M.A.A., N.T., and E.G. All authors reviewed the manuscript.

Funding

This work was funded the National Research, Development, and Innovation Office (124244 and 138162), the
Stipendium Hungaricum Scholarship, and the Research Funding System of the Medical Faculty of the University
of Debrecen.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:21001 https://doi.org/10.1038/s41598-023-48492-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	All-trans retinoic acid and dexamethasone regulate phagocytosis-related gene expression and enhance dead cell uptake in C2C12 myoblast cells
	Methods
	Gene expression data processing
	C2C12 cell culture and differentiation
	Immunostaining
	Gene expression analysis
	Generation of apoptotic and necrotic cells
	In vitro phagocytosis assay
	Cell viability determination
	Statistical analysis

	Results
	The myogenic differentiation impairs the phagocytic capacity of myoblasts
	Myogenic differentiation impacts the expression of phagocytosis-related genes in myoblasts
	Dexamethasone treatment enhances the apoptotic cell uptake in myoblasts and regulates the expression of phagocytosis-related genes
	ATRA treatment enhances the apoptotic cell uptake in myoblasts and regulates the expression of phagocytosis-related genes
	C2C12 cells partially use the TAM receptor kinases to engulf both apoptotic and necrotic thymocytes with equal efficiency
	Hemin inhibits the phagocytic capacity and upregulates heme oxygenase-1 (HMOX1) expression in C2C12 myoblast cells

	Discussion
	Conclusion
	References
	Acknowledgements


