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The adipogenic differentiation ability of human adipose-derived mesenchymal stem cells (hADSCs) is critical for the construction
of tissue engineering adipose, which shows promising applications in plastic surgery and regenerative medicine. RAB37 is a
member of the small RabGTPase family and plays a critical role in vesicle trafficking. However, the role of RAB37 in
adipogenic differentiation of hADSCs remains unclear. Here, we report that both the mRNA and protein levels of RAB37
fluctuated during adipogenic differentiation. Upregulation of RAB37 was observed at the early stage of adipogenic
differentiation, which was accompanied by increased expression of transcription factors PPARγ2 and C/EBPα, and lipoprotein
lipase (LPL). Overexpression of RAB37 promoted adipogenesis of hADSCs, as revealed by Oil Red O staining and increased
expression of PPARγ2, C/EBPα, and LPL. Several upregulated cytokines related to RAB37-mediated adipogenic differentiation
were identified using a cytokine array, including tissue inhibitor of matrix metalloproteinase 1 (TIMP1). ELISA confirmed that
upregulation of RAB37 increased the secretion of TIMP1 by hADSCs. Proximity ligation assay showed that RAB37 interacts
with TIMP1 directly. Knockdown of TIMP1 compromised RAB37-mediated adipogenic differentiation. In addition, TIMP1
binds membrane receptor CD63 and integrin β1. RAB37 promotes Tyr397 phosphorylation of FAK, an important protein
kinase of the integrin β1 signaling. Moreover, both knockdown of CD63 and inhibitor of FAK impeded RAB37-mediated
adipogenic differentiation. In conclusion, RAB37 positively regulates adipogenic differentiation of hADSCs via the TIMP1/
CD63/integrin β1 signaling pathway.

1. Introduction

The primary and secondary soft tissue defects are a common
problem in orthopedic surgery. Autologous fat, as a kind of
soft tissue filler, can be applied in facial rejuvenation, chest
shaping, filling of soft tissue depression in various parts of
the body, and prevention and treatment of wounds and scars
(1–3). However, the clinical effects of fat transplantation are
not stable. The survival rate of autologous fat is the key fac-
tor limiting the effects of autologous fat transplantation.
Recent studies have demonstrated that ADSCs may assist
autologous fat transplantation to repair primary and second-
ary soft tissue defects with significant efficacy and few com-
plications (4). The survival rate of autologous fat cells with
ADSCs was about 70% (4). On the one hand, ADSCs can
differentiate into adipocytes (5, 6). On the other hand, they

can secrete cytokines to improve the survival rate of autolo-
gous fat (5, 6). However, there are few studies focusing on
the regulatory mechanisms of adipogenic differentiation in
ADSCs.

Regulation of adipogenic differentiation is a complicated
process requiring multiple regulators and sophisticated reg-
ulatory networks (7–10). hADSCs secrete a lot of cytokines
that are involved in proliferation and differentiation of stem
cells (11). Consequentially, regulators of cytokine secretion
also affect proliferation and differentiation. RabGTPases
are critical regulators of vesicle trafficking. They participate
in various cellular processes and diseases by controlling ves-
icle trafficking of critical proteins. Several RabGTPases have
been proved to be involved in lipid metabolism and homeo-
stasis (12, 13). RAB37 is a member of RabGTPases first iden-
tified in mast cell degranulation (14). It also plays regulatory
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roles in lung cancer by controlling secretion of several cyto-
kines that are involved in the regulation of tumor growth
(15, 16), metastasis (15, 16), and cancer stem cell renewal
(17). We screened differentially expressed RabGTPases in
ADSCs after induction of adipogenic differentiation.
Increased expression of RAB37 was observed after induction
of adipogenic differentiation.

Tissue inhibitor of matrix metalloproteinase 1 (TIMP1) is
one of the dominant inhibitor of matrix metalloproteinases
(MMPs). The abundance of TIMP1 in the secretome of
adipose-derived stem cells has been demonstrated by various
studies (11, 18). TIMP1 is a multifunctional cytokine. In addi-
tion to its inhibitory effects on MMPs, TIMP1 also exhibits
antiapoptosis effects and accelerates cell growth (19). We pre-
viously showed that TIMP1 promotes the proliferation of
hADSCs (20). A previous study in obesity demonstrates that
TIMP1 modulates adipogenesis (21). The multifunctional
roles of TIMP1 in various cellular activities require the binding
of TIMP1 tomembrane receptor CD63 and integrin β1, which
activates the integrin β1 signaling pathway (22, 23).

In the current study, we investigated the role of RAB37
in adipogenic differentiation of hADSCs and identified
TIMP1 as a cytokine associated with RAB37-mediated adi-
pogenic differentiation.

2. Materials and Methods

2.1. Isolation and Characterization of hADSCs. Samples of
human adipose tissues were obtained by lipoaspiration or
biopsy from abdominal subcutaneous fat and then processed
for the isolation and culture of human adipose-derived mes-
enchymal stem cells (hADSCs) as previously described (20).
The human adipose tissue collection was approved by the
Institutional Review Board of Affiliated Hospital of Guang-
dong Medical University. Written informed consent was
obtained from all patients prior to sample collection. The
multipotency of hADSCs was confirmed by adipogenic,
osteogenic, and endothelial differentiation as previously
described (20). Adipogenic and osteogenic differentiations
were evaluated by Oil Red O staining (Sigma-Aldrich, St.
Louis, MO, USA) for lipid droplets and Alizarin red stain-
ing (Sigma-Aldrich, St. Louis, MO, USA) for calcium
deposit. Endothelial differentiation was measured by tube
formation assays.

2.2. Adipogenic Differentiation of hADSCs In Vitro. At pas-
sage 4, the cells were seeded on collagen type I-coated cul-
ture dishes at a density of 2:0 × 104 cells/cm2. When the
cells reached 100% confluence, adipogenic induction was
carried out over a period of 14 days as previously described
(20). Adipogenic differentiation was evaluated by Oil Red O
staining (Sigma-Aldrich, St. Louis, MO, USA).

2.3. Oil Red O Staining. Oil Red O staining was performed as
previously described (20). In brief, cells were fixed with 4%
paraformaldehyde for 15min at room temperature, incu-
bated with propylene glycol for 2min, stained with Oil Red
O solution for 50min, differentiated with 85% propylene
glycol for 1min, and then incubated with hematoxylin for

1min. Cells were visualized using a Leica microscope (Leica,
Germany).

2.4. Quantitative Real-Time PCR (qRT-PCR). Total RNA
was extracted from tissues or cells using TRIzol reagent
(Invitrogen). Complementary DNA (cDNA) was reversely
transcribed from RNA using a reverse transcriptase kit
(TAKARA, Japan). qRT-PCR was performed using the Fas-
tStart Universal SYBR Green Master mix (TAKARA, Japan)
on a Roche Thermal Cycler (Lightcycler 480 II, Roche, Swit-
zerland). GAPDH was used as the internal control. The 2
−ΔΔ Ct method was performed to compute the relative
expression levels. The qRT-PCR primers are listed in
Table S1.

2.5. Creation of Stable Cell Line of RAB37. The lentiviruses
expressing shRNA targeting RAB37 (lv-shRNA), scramble
shRNA (lv-NC), and RAB37 (lv-RAB37) and control lentivi-
rus (lv-vector) were obtained from GeneChem (Shanghai,
China). To establish hADSCs stably expressing shRNA tar-
geting RAB37, hADSCs were infected with lentivirus lv-
shRNA. The control group was infected with lv-NC. To
establish hADSCs stably expressing RAB37, hADSCs were
infected with lv-RAB37. The control group was infected with
lv-vector. The infected cells were selected for 14 days in the
presence of 2μg/mL puromycin (Sigma-Aldrich, St. Louis,
MO, USA). The expression of RAB37 in infected cells was
verified by qRT-PCR. hADSCs stably expressing shRNA tar-
geting RAB37 and control shRNA were named as hADSCs-
shRNA and hADSCs-NC. hADSCs stably expressing RAB37
were named as hADSCs-RAB37. The control group was
named as hADSCs-vector.

2.6. Cytokine Array. An antibody-based cytokine array sys-
tem (Human Cytokine Antibody Array G2000, RayBiotech)
was used to detect the levels of cytokines and growth factors
in hADSCs-RAB37 or hADSCs-vector supernatants. Cyto-
kine array screening was performed according to the manu-
facturer’s instruction as previously described (24). Briefly,
the glass slide was blocked with blocking buffer and incu-
bated sequentially with supernatants, Biotinylated Detection
Antibody Cocktail, and Streptavidin-Conjugated Fluor. The
glass slide was scanned with a gene microarray laser scanner.
Densitometry analysis was performed to determine upregu-
lated cytokines in hADSCs-RAB37 supernatants.

2.7. TIMP1 ELISA. To determine the secretion of human
TIMP1, supernatants of hADSCs-vector or hADSCs-
RAB37 were collected at different time points. The level of
TIMP1 was measured by the human TIMP1 ELISA kit
(Cat. no. RK00051, ABclonal, Wuhan, China) according to
the manufacturer’s instructions. Supernatants were diluted
in a range from 10- to 100-fold to obtain values falling
within the linear range of the standard curve.

2.8. Western Blotting. Western blotting was performed as
previously described (25). Briefly, cells were harvested and
lysed in RIPA lysis buffer supplemented with a protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
Some 30μg of proteins were separated by 10% or 12%
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SDS-PAGE and then transferred to PVDF membranes
(Millipore, USA). After blocking in 5% nonfat milk, the
membranes were incubated with the primary antibodies.
The anti-RAB37 antibody (ab67267) and anti-lipoprotein
lipase antibody (ab21356) were obtained from Abcam. The
anti-PPARγ antibody (2435), anti-C/EBPα antibody
(8178), anti-phospho FAK (Tyr397) antibody (8556), anti-
β-actin antibody (3700), and anti-GAPDH antibody (5174)
were obtained from Cell Signaling Technology. The proteins
were visualized using enhanced chemiluminescence reagents
(Cat. no. 32132, Pierce).

2.9. Proximity Ligation Assay (PLA). All PLA reagents, if not
otherwise stated, were purchased from Duolink (Sigma-
Aldrich, St. Louis, MO, USA). PLA was performed according
to manufactures’ instructions. Briefly, hADSCs were fixed
with 4% paraformaldehyde, incubated with PBS containing
0.1% Triton X-100, and blocked with Blocking Solution for
60min. hADSCs were incubated with primary antibodies
at 4°C overnight. Primary antibodies and their combinations
used for the assays are specified in Supplementary Table S2.
Unbound antibodies were removed by washing in PBS-T,
and the cells were then incubated with oligonucleotide-
conjugated secondary antibodies (PLA Probes) PLUS and
MINUS for 1 h at 37°C. Subsequently, cells were washed
and incubated with a ligation mixture (Detection Reagent
Red) for 30min at 37°C. Cells were washed and incubated
with an amplification mixture (Detection Reagent Red) for
100min at 37°C. After amplification, cells were washed and
rinsed in distilled water. The nuclei were stained with
DAPI. Cells were visualized using a FV3000 Olympus laser
scanning confocal microscope with a 100x objective.
Rolling circle products (RCPs) were quantified using the
Duolink Image Tool. For clear visualization of RCPs, the
PLA images were processed with ImageJ software using a
maximum filter (3 pixels) for the PLA channel.

2.10. Statistical Analysis. Student’s t-test was performed to
analyze statistical differences. The association between rela-
tive protein amount of RAB37 and TIMP1 secretion during
adipogenic differentiation using Pearson correlation analy-
sis. The statistical graphs were made by GraphPad Prism
6.0 software. Data were shown as mean ± SD. p < 0:05 was
considered statistically significant.

3. Results

3.1. RAB37 Fluctuated during Adipogenic Differentiation.We
first examined the expression of RAB37 during adipogenic
differentiation of hADSCs using qRT-PCR and western blot-
ting. The hADSCs were isolated, and the multipotency of the
hADSCs was confirmed by adipogenic, osteogenic, and
endothelial differentiation (Figure S1). The adipogenic
induction was carried out over a period of 14 days. The
status of adipogenic differentiation was determined by the
expression of PPARγ, C/EBPα, and lipoprotein lipase
(LPL). Increased mRNA expression of RAB37 was
observed at day 2 of adipogenic induction and decreased
since day 5. The mRNA expression of PPARγ and C/EBPα

reached the peak at day 5 and then gradually decreased.
The mRNA expression of LPL gradually increased and was
maintained at a high level at the late stage of adipogenic
differentiation (Figures 1(a)–1(d)). The increased protein
amount of RAB37 was observed since day 5 and
maintained at a relatively high level until day 14. The
protein amount of C/EBPα and LPL reached the peak at
day 7, and PPARγ reached the peak at day 5 (Figures 1(e)
and 1(f)).

3.2. RAB37 Promoted Adipogenic Differentiation. To investi-
gate the role of RAB37 in adipogenic differentiation, lenti-
virus expressing RAB37 (lv-RAB37) or shRNA targeting
RAB37 (shRAB37) was used to manipulate the expression
of RAB37 in hADSCs. The empty vector lentivirus or len-
tivirus containing scramble RNA (NC) was used as control
for lv-RAB37 or shRAB37, respectively. The adipogenic
induction was carried out over a period of 14 days. Oil
Red O staining showed increased lipid droplets in
hADSCs-RAB37 and decreased lipid droplets in hADSCs-
shRAB37, compared with their controls (Figures 2(a) and
2(b)). Correspondingly, increased expression of PPARγ,
C/EBPα, and LPL was observed in hADSCs-RAB37 and
decreased expression was observed in hADSCs-shRAB37
(Figures 2(c)–2(f)).

3.3. RAB37 Promoted TIMP1 Secretion during Adipogenic
Differentiation. To explore the mechanism of RAB37-
mediated differentiation, we focused on the effects of
RAB37 on the secretion of cytokines. Cytokine array screen-
ing was performed to examine the differential expression of
cytokines in hADSCs-RAB37 and hADSCs-vector. Our data
showed increased accumulation of tissue inhibitor of matrix
metalloproteinase 1 (TIMP1), osteoprotegerin, interleukin-8
(IL-8), vascular cell adhesion molecule-1 (VCAM-1),
insulin-like growth factor binding protein-3 (IGFBP-3),
and tissue inhibitor of matrix metalloproteinase 2 (TIMP2)
in the supernatant of hADSCs-RAB37 after induction of adi-
pogenic differentiation (Figure 3(b)). Among these mole-
cules, TIMP1 has drawn our special attention. We
previously observed that TIMP1 modulates proliferation of
hADSCs (26). ELISA confirmed increased accumulation of
TIMP1 in the supernatant of hADSCs-RAB37, and the con-
centration of TIMP1 reached the peak after 5 days of adipo-
genic induction (Figure 3(c)). Afterwards, an increased
protein amount of RAB37 was observed at the early stage
of adipogenic differentiation of both hADSCs-RAB37 and
hADSCs-vector (Figure 3(d)). We explored the association
between the relative protein amount of RAB37 and TIMP1
secretion during adipogenic differentiation using Pearson
correlation analysis. We found that the protein amount of
RAB37 was associated with TIMP1 secretion during adipo-
genic differentiation (Figure 3(e)). The presence of interac-
tions between RAB37 and TIMP1 was detected by PLA on
day 5 of adipogenic differentiation. As compared to control
hADSCs, increased PLA signals representing pairs of
RAB37 and TIMP1 protein complex were observed in
hADSCs after 5 days of adipogenic induction (Figure 3(f)).
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3.4. Knockdown of TIMP1 Impeded RAB37-Mediated
Adipogenic Differentiation. We further explored the involve-
ment of TIMP1 in RAB37-mediated adipogenic differentia-
tion of hADSCs. The endogenous expression of TIMP1 in
hADSCs-RAB37 and hADSCs-vector was inhibited by lenti-
virus expressing shRNA targeting TIMP1 (lv-shTIMP1).
Lentivirus expressing scramble RNA (NC) served as control
for lv-shTIMP1. Oil Red O staining showed that shTIMP1
decreased lipid droplets in both hADSCs-RAB37 and
hADSCs-vector, as compared to NC (Figures 4(a) and
4(b)). qRT-PCR showed that shTIMP1 decreased the
expression of TIMP1, PPARγ, C/EBPα, and LPL but did
not affect the expression of RAB37 (Figures 4(c)–4(g)).

3.5. Involvement of the TIMP1/CD63/Integrin β1 Axis in
RAB37-Mediated Adipogenic Differentiation. Previous stud-
ies have demonstrated that TIMP1 is involved inmany cellular
activities by activating integrin β1 signaling, which requires
the binding of TIMP1 to membrane receptor CD63 and integ-
rin β1 (22, 23). We examined the binding of TIMP1 to mem-

brane receptor CD63 and integrin β1 in hADSCs during
adipogenic differentiation using PLA. Undifferentiated
hADSCs were used as control. PLA showed that TIMP1 could
bind to both CD63 and integrin β1 in both undifferentiated
hADSCs and adipogenic differentiated hADSCs. Increased
PLA signals of TIMP1 and CD63 were observed in hADSCs
after induction of adipogenic differentiation, as compared to
the control (Figures 5(a) and 5(b)). Similar augmentation by
adipogenic differentiation was also observed in PLA signals
of TIMP1 and integrin β1 (Figures 5(c) and 5(d)). As a parallel
control, the interaction between TIMP1 and CD63/integrin β1
was also examined in Human Umbilical Vein Endothelial
Cells (HUVECs) (Figure S2).

FAK is an important protein kinase of the integrin β1 sig-
naling pathway (22, 23). We found increased S397 phosphor-
ylation of FAK in hADSCs after induction of adipogenic
differentiation, as compared to undifferentiated hADSCs.
Exogenous expression of RAB37 increased the expression
S397 phosphorylation of FAK in hADSCs after induction of
adipogenic differentiation (Figures 5(e) and 5(f)).
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Figure 1: The expression of RAB37 fluctuated during adipogenic differentiation of ADSCs. Adipogenic induction of hADSCs was carried
out over a period of 14 days. The expression of RAB37 (a) and adipogenesis-related genes, PPARγ (b), C/EBPα (c), and LPL (d), was
examined by qRT-PCR and western blotting (e) at the indicated time points. (f) Densitometry analysis of the western blots, n = 3. ∗p <
0:05; ∗∗p < 0:01.
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Figure 2: RAB37 promotes adipogenic differentiation of ADSCs. hADSCs were infected with lentivirus expressing RAB37 or shRNA
targeting RAB37 (shRAB37). Empty vector lentivirus (vector) or lentivirus containing scramble RNA (NC) served as control,
respectively. Oil Red O staining was used to evaluate adipogenesis of hADSCs (a) (scale bar = 300 μm). Oil Red O-stained hADSCs in six
random views were counted (b), n = 6. The expression of RAB37 (c), PPARγ (d), C/EBPα (e), and LPL (f) were examined by qRT-PCR,
n = 3. Data are presented as means ± SD. ∗∗p < 0:01; vector vs. RAB37, and NC vs. shRNA.
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Figure 3: Continued.
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3.6. Knockdown of CD63 Compromised RAB37-Mediated
Adipogenic Differentiation. We further explored the involve-
ment of membrane receptor CD63 in RAB37-mediated adi-
pogenic differentiation. Lentivirus expressing shRNA
targeting CD63 (lv-shCD63) was used to inhibit endogenous
expression of CD63 in hADSCs-RAB37 and hADSCs-
vector. Lentivirus expressing a scramble RNA (NC) was used
as control. Decreased Oil Red O-stained lipid droplets were
observed in lv-shCD63 infected hADSCs-RAB37
(Figures 6(a) and 6(b)). qRT-PCR showed that shCD63
decreased the expression of CD63, PPARγ, C/EBPα, and
LPL but did not affect the expression of TIMP1 or RAB37
(Figures 6(c)–6(h)).

3.7. FAK Inhibitor PF-573228 Compromised RAB37-
Mediated Adipogenic Differentiation. We also explored the
involvement of FAK in RAB37-mediated adipogenic differ-
entiation. A chemical inhibitor PF-573228 was used to
inhibit the activation of FAK in hADSCs-RAB37 and
hADSCs-vector. DMSO was used as control for PF-573228.
Decreased Oil Red O-stained lipid droplets were observed
in PF-573228 treated hADSCs-RAB37 and hADSCs-vector
(Figures 7(a) and 7(b)). qRT-PCR showed that PF-573228
decreased the expression of CD63, PPARγ, C/EBPα, and
LPL (Figures 7(c)–7(e)). The efficiency of PF-573228 was
verified by the decreased level of Tyr397-phosphorylated
FAK (Figures 7(f) and 7(g)).

4. Discussion

In the current study, we report that RAB37 promotes adipo-
genic differentiation of hADSCs by regulating the TIMP1/

CD63/integrin β1 signaling pathway. We found that the
mRNA level of RAB37 fluctuates during adipogenic differen-
tiation. Gain-of-function and loss-of-function experiments
demonstrated the regulatory role of RAB37. Further explo-
ration on the molecular mechanism identified TIMP1 as
an upregulated cytokine associated with RAB37-mediated
adipogenic differentiation. In addition, RAB37 can promote
the secretion of TIMP1 by hADSCs. RAB37-mediated adi-
pogenic differentiation requires the TIMP1/CD63/integrin
β1 axis.

One of the important finding is the revealing of the
increased accumulation of RAB37 from the early stage of
adipogenic differentiation, and increased accumulation of
RAB37 may facilitate adipogenic differentiation. We showed
that upregulation of RAB37 enhanced, while its downregula-
tion inhibited adipogenic differentiation, as determined by
Oil Red O staining and measurement of the expression of
PPARγ, C/EBPα, and LPL. Our findings provide novel
insight into the physiological significance of RAB37. The
expression level of RAB37 changes according to different
physiological and pathological conditions. RAB37 can be
stimulated by LPS and inhibited by proinflammatory
cytokines, fatty acids, and oxidized low-density lipoprotein
(27, 28).

The other finding is that RAB37 promotes adipogenic
differentiation by regulating the secretion of TIMP1. Our
data showed increased accumulation of TIMP1 in the super-
natant of hADSCs-RAB37 compared with hADSCs-vector,
and the concentration of TIMP1 reached the peak after 5
days of adipogenic induction. Moreover, the protein amount
of RAB37 was correlated with TIMP1 secretion during adi-
pogenic differentiation. These data demonstrate the
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Figure 3: RAB37 promotes secretion of TIMP1: (a) schematic of the screening strategy for upregulated cytokines in RAB37-mediated
adipogenic differentiation of hADSCs; (b) fold changes of upregulated cytokines; (c) ELISA was performed to evaluate the concentration
of TIMP1 in the supernatant of hADSCs during adipogenic differentiation (n = 6); (d) relative protein amount of RAB37 was determined
by western blotting, n = 3; (e) correlation analysis between the relative protein amount of RAB37 and the concentration of TIMP1
calculated using Pearson analysis; (f) proximity ligation assay (PLA) was used to examine the interaction between RAB37 and TIMP1 on
day 5 of adipogenic differentiation. Scale bar = 50 μm. Eight random views were counted, n = 8.
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Figure 4: Knockdown of TIMP1 compromised RAB37-mediated adipogenic differentiation. The lentivirus expressing shRNA targeting
TIMP1 (lv-shTIMP1) was used to inhibit endogenous expression of TIMP1 in hADSCs-RAB37 and hADSCs-vector. Lentivirus
expressing a scramble RNA (NC) was used as control. Adipogenic differentiation was evaluated by Oil Red O staining (a)
(scale bar = 300μm). Oil Red O-stained hADSCs in six random views were counted (b), n = 6. The expression of TIMP1 (c), PPARγ (d),
C/EBPα (e), and LPL (f) were examined by qRT-PCR, n = 3. Data are presented as mean ± SD. ∗∗p < 0:01; NC vs. shTIMP1.
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Figure 5: TIMP1 activated integrin β1 signaling in RAB37-mediated adipogenic differentiation. (a) hADSCs were subjected to induction of
adipogenic differentiation for 5 days. PLA was performed to determine the interaction between TIMP1 and CD63. (b) Quantitative analysis
of PLA assay of TIMP1 and CD63, n = 8. (c) PLA was performed to determine the interaction between TIMP1 and integrin β1. (d)
Quantitative analysis of PLA assay of TIMP1 and integrin β1, n = 8. (e) Western blotting was used to evaluate the accumulation of
phosphorylated FAK in hADSCs-RAB37 and hADSCs-vector after induction of adipogenic differentiation. (f) Quantitative analysis of
phosphorylated FAK, n = 3. Data are presented as means ± SD. ∗∗p < 0:01; vector vs. RAB37. Scale bar for (a) and ðcÞ = 50μm.
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regulatory role of RAB37 in the secretion of TIMP1 during
adipogenic differentiation, which is consistent with previous
finding in lung cancer that RAB37 inhibits the migration of
lung cancer cells by regulating the secretion of TIMP1 (15).
RAB37-facilitated TIMP1 secretion may occur in several
types of cells, with different physiological or pathological sig-
nificance under different context. RAB37 plays a positive

role in adipogenic differentiation of hADSCs, but a negative
role in lung cancer cell migration.

We also provide evidence for the involvement of the
TIMP1/CD63/integrin β1 axis in RAB37-mediated adipo-
genic differentiation. Our data showed that TIMP1 binds
to both CD63 and integrin β1 in hADSCs during adipogenic
differentiation. The interactions between TIMP1 and these
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Figure 6: Knockdown of CD63 compromised RAB37-mediated proliferation and adipogenic differentiation. The lentivirus expressing
shRNA targeting CD63 (shCD63) was used to inhibit endogenous expression of CD63 in RAB37-ADSCs. Lentivirus expressing a
scramble RNA was used as control. Adipogenic differentiation was evaluated by Oil Red O staining (a); scale bar = 300μm. Oil Red O-
stained hADSCs in six random views were counted (b), n = 6. The expression of TIMP1 (c), PPARγ (d), C/EBPα (e), and LPL (f) was
examined by qRT-PCR, n = 3. Data are presented as mean ± SD. ∗∗p < 0:01; lv-scramble vs. lv-shCD63.
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two receptors occur throughout the early stage of adipogenic
differentiation. Knockdown of CD63 impeded RAB37-
mediated adipogenic differentiation. Moreover, we also
found the activation of FAK, a downstream protein kinase
of integrin β1 signaling, in RAB37-mediated adipogenic dif-
ferentiation. Increased Tyr397 phosphorylation of FAK was

observed during adipogenic differentiation, suggesting that
activation of FAK can be inducted by adipogenic differenti-
ation. PF-573228, an inhibitor of FAK, compromised
RAB37-mediated adipogenic differentiation. These results
indicate that the TIMP1/CD63/integrin β1 axis is required
for the RAB37-mediated adipogenic differentiation.
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Figure 7: An inhibitor of FAK impeded RAB37-mediated adipogenic differentiation RAB37-hADSCs was pretreated with PF-573228, an
inhibitor of FAK, and then subjected to induction of adipogenic differentiation for 5 days. DMSO was used as control for PF-573228.
Adipogenic differentiation was evaluated by Oil Red O staining (a); scale bar = 300μm. Oil Red O-stained hADSCs in six random views
were counted (b), n = 6. The expression of PPARγ (c), C/EBPα (d), and LPL (e) was examined by qRT-PCR, n = 3. The accumulations of
phosphorylated FAK in hADSCs were examined by western blotting (f). (g) Quantitative analysis of phosphorylated FAK, n = 3. Data
are presented as mean ± SD. ∗∗p < 0:01; DMSO vs. PF-573228.
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However, there are still several issues that need to be
resolved. One issue is whether TIMP1’s involvement in adi-
pogenic differentiation requires binding to both CD63 and
integrin β1, or only one of the receptors. Our data only sug-
gest that inhibition of CD63 or blockade of integrin β1 sig-
naling inhibits adipogenic differentiation. Further study is
required to determine which one is the dominant receptor
in TIMP1’s involvement in adipogenic differentiation. In
addition, this study only provides in vitro evidence for the
RAB37-mediated adipogenic differentiation of hADSCs. In
the future study, we will explore the mechanism of RAB37-
mediated adipogenic differentiation in nude mice.
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1: characterization of hADSCs. The multipotency of
hADSCs was confirmed by adipogenic, osteogenic, and
endothelial differentiation. Adipogenic and osteogenic dif-
ferentiation was evaluated by Oil Red O staining (Sigma-
Aldrich, St. Louis, MO, USA) for lipid droplets and Alizarin
red staining (Sigma-Aldrich, St. Louis, MO, USA) for cal-
cium deposit. Endothelial differentiation was measured by
tube formation assays. 2. PLA assay in HUVECs. The inter-
action between TIMP1 and RAB37, TIMP1 and CD63, and
TIMP1 and β1 integrin in HUVECs was examined by
PLA, as a parallel control of hADSCs. Briefly, hADSCs were
fixed with 4% paraformaldehyde, incubated with PBS con-
taining 0.1% Triton X-100, and blocked with Blocking Solu-

tion for 60min. hADSCs were incubated with primary
antibodies at 4°C overnight. Unbound antibodies were
removed by washing in PBS-T, and the cells were then incu-
bated with oligonucleotide-conjugated secondary antibodies
(PLA Probes) PLUS and MINUS for 1 h at 37°C. Subse-
quently, cells were washed and incubated with a ligation
mixture (Detection Reagent Red) for 30min at 37°C. Cells
were washed and incubated with an amplification mixture
(Detection Reagent Red) for 100min at 37°C. After amplifi-
cation, cells were washed and rinsed in distilled water. The
nuclei were stained with DAPI. Cells were visualized using
a FV3000 Olympus laser scanning confocal microscope with
a 100x objective. Rolling circle products (RCPs) were quanti-
fied using the Duolink Image Tool. For clear visualization of
RCPs, the PLA images were processed with ImageJ software
using a maximum filter (3 pixels) for the PLA channel.
(Supplementary Materials)

References

[1] A. Sterodimas, J. de Faria, B. Nicaretta, and I. Pitanguy, “Tissue
engineering with adipose-derived stem cells (ADSCs): current
and future applications,” Journal of Plastic, Reconstructive &
Aesthetic Surgery: JPRAS, vol. 63, no. 11, pp. 1886–1892, 2010.

[2] L. Tytgat, L. van Damme, J. van Hoorick et al., “Additive
manufacturing of photo-crosslinked gelatin scaffolds for adi-
pose tissue engineering,” Acta Biomaterialia, vol. 94,
pp. 340–350, 2019.

[3] N. Naderi, M. F. Griffin, A. Mosahebi, P. E. Butler, and A. M.
Seifalian, “Adipose derived stem cells and platelet rich plasma
improve the tissue integration and angiogenesis of biodegrad-
able scaffolds for soft tissue regeneration,” Molecular Biology
Reports, vol. 47, no. 3, pp. 2005–2013, 2020.

[4] S. Luo, L. Hao, X. Li et al., “Adipose tissue-derived stem cells
treated with estradiol enhance survival of autologous fat trans-
plants,” The Tohoku Journal of Experimental Medicine,
vol. 231, no. 2, pp. 101–110, 2013.

[5] D. Banyard, A. A. Salibian, A. D. Widgerow, and G. R. D.
Evans, “Implications for human adipose-derived stem cells in
plastic surgery,” Journal of Cellular and Molecular Medicine,
vol. 19, no. 1, pp. 21–30, 2015.

[6] F. Zarei and B. Negahdari, “Recent progresses in plastic sur-
gery using adipose-derived stem cells, biomaterials and growth
factors,” Journal of Microencapsulation, vol. 34, no. 7, pp. 699–
706, 2017.

[7] J. Fan and Z. Sun, “The antiaging gene klotho regulates prolif-
eration and differentiation of adipose-derived stem cells,” Stem
Cells (Dayton, Ohio), vol. 34, no. 6, pp. 1615–1625, 2016.

[8] Y. Wang, L. Zhang, J. Yu et al., “A co-drug of butyric acid
derived from fermentation metabolites of the human skin
microbiome stimulates adipogenic differentiation of adipose-
derived stem cells: implications in tissue augmentation,” The
Journal of Investigative Dermatology, vol. 137, no. 1, pp. 46–
56, 2017.

[9] Q. Fang, M. Zhai, S. Wu et al., “Adipocyte-derived stem cell-
based gene therapy upon adipogenic differentiation on micro-
carriers attenuates type 1 diabetes in mice,” Stem Cell Research
& Therapy, vol. 10, no. 1, p. 36, 2019.

[10] K. Li, Y. Wu, H. Yang, P. Hong, X. Fang, and Y. Hu, “H19/
miR-30a/C8orf4 axis modulates the adipogenic differentiation

12 Stem Cells International

https://downloads.hindawi.com/journals/sci/2021/8297063.f1.docx


process in human adipose tissue-derived mesenchymal stem
cells,” Journal of Cellular Physiology, vol. 234, no. 11,
pp. 20925–20934, 2019.

[11] N. Kalinina, D. Kharlampieva, M. Loguinova et al., “Charac-
terization of secretomes provides evidence for adipose-
derived mesenchymal stromal cells subtypes,” Stem Cell
Research & Therapy, vol. 6, no. 1, p. 221, 2015.

[12] S. Dejgaard and J. Presley, “Interactions of lipid droplets with
the intracellular transport machinery,” International Journal
of Molecular Sciences, vol. 22, no. 5, 2021.

[13] Y. Deng, C. Zhou, A. Mirza et al., “Rab18 binds PLIN2 and
ACSL3 to mediate lipid droplet dynamics,” Biochimica et Bio-
physica Acta Molecular and Cell Biology of Lipids, vol. 1866,
no. 7, p. 158923, 2021.

[14] E. S. Masuda, Y. Luo, C. Young et al., “Rab37 is a novel mast
cell specific GTPase localized to secretory granules,” FEBS Let-
ters, vol. 470, no. 1, pp. 61–64, 2000.

[15] C. H. Tsai, H. C. Cheng, Y. S. Wang et al., “Small GTPase
Rab37 targets tissue inhibitor of metalloproteinase 1 for exocy-
tosis and thus suppresses tumour metastasis,”Nature Commu-
nications, vol. 5, no. 1, p. 4804, 2014.

[16] H. T. Tzeng, T. H. Li, Y. A. Tang et al., “Phosphorylation of
Rab37 by protein kinase C alpha inhibits the exocytosis func-
tion andmetastasis suppression activity of Rab37,”Oncotarget,
vol. 8, no. 65, pp. 108556–108570, 2017.

[17] S. H. Cho, I. Y. Kuo, P. F. Lu et al., “Rab37 mediates exocytosis
of secreted frizzled-related protein 1 to inhibit Wnt signaling
and thus suppress lung cancer stemness,” Cell Death & Dis-
ease, vol. 9, no. 9, p. 868, 2018.

[18] C. Yang, P. Y. Chang, J. Y. Chen, B. S. Wu, A. H. Yang, and
O. K. S. Lee, “Adipose-derived mesenchymal stem cells atten-
uate dialysis-induced peritoneal fibrosis by modulating macro-
phage polarization via interleukin-6,” Stem Cell Research &
Therapy, vol. 12, no. 1, p. 193, 2021.

[19] T. Ando, D. Charindra, M. Shrestha et al., “Tissue inhibitor of
metalloproteinase-1 promotes cell proliferation through YAP/
TAZ activation in cancer,” Oncogene, vol. 37, no. 2, pp. 263–
270, 2018.

[20] G. Zeng, K. Lai, J. Li et al., “A rapid and efficient method for
primary culture of human adipose-derived stem cells,” Organ-
ogenesis, vol. 9, no. 4, pp. 287–295, 2013.

[21] B. Meissburger, L. Stachorski, E. Röder, G. Rudofsky, and
C. Wolfrum, “Tissue inhibitor of matrix metalloproteinase 1
(TIMP1) controls adipogenesis in obesity in mice and in
humans,” Diabetologia, vol. 54, no. 6, pp. 1468–1479, 2011.

[22] M. Toricelli, F. H. M. Melo, G. B. Peres, D. C. P. Silva, and
M. G. Jasiulionis, “Timp1 interacts with beta-1 integrin and
CD63 along melanoma genesis and confers anoikis resistance
by activating PI3-K signaling pathway independently of Akt
phosphorylation,”Molecular Cancer, vol. 12, no. 1, p. 22, 2013.

[23] J. Tang, Y. Kang, L. Huang, L. Wu, and Y. Peng, “TIMP1 pre-
serves the blood-brain barrier through interacting with CD63/
integrin β1 complex and regulating downstream FAK/RhoA
signaling,” Acta Pharmaceutica Sinica B, vol. 10, no. 6,
pp. 987–1003, 2020.

[24] H. Zhang, H. Ning, L. Banie et al., “Adipose tissue-derived
stem cells secrete CXCL5 cytokine with chemoattractant and
angiogenic properties,” Biochemical and Biophysical Research
Communications, vol. 402, no. 3, pp. 560–564, 2010.

[25] H. He, J. Dai, J. Feng et al., “FBXO31 modulates activation of
hepatic stellate cells and liver fibrogenesis by promoting ubiq-

uitination of Smad7,” Journal of Cellular Biochemistry,
vol. 121, no. 8-9, pp. 3711–3719, 2019.

[26] P. Zhang, J. Li, Y. Qi et al., “Tissue inhibitor of matrix
metalloproteinases-1 knockdown suppresses the proliferation
of human adipose-derived stem cells,” Stem Cells Interna-
tional, vol. 2016, Article ID 4761507, 8 pages, 2016.

[27] R. Mori, K. Ikematsu, T. Kitaguchi et al., “Release of TNF-α
frommacrophages is mediated by small GTPase Rab37,” Euro-
pean Journal of Immunology, vol. 41, no. 11, pp. 3230–3239,
2011.

[28] S. Ljubicic, P. Bezzi, S. Brajkovic et al., “The GTPase Rab37
participates in the control of insulin exocytosis,” PLoS One,
vol. 8, no. 6, article e68255, 2013.

13Stem Cells International


	RAB37 Promotes Adipogenic Differentiation of hADSCs via the TIMP1/CD63/Integrin Signaling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Isolation and Characterization of hADSCs
	2.2. Adipogenic Differentiation of hADSCs In Vitro
	2.3. Oil Red O Staining
	2.4. Quantitative Real-Time PCR (qRT-PCR)
	2.5. Creation of Stable Cell Line of RAB37
	2.6. Cytokine Array
	2.7. TIMP1 ELISA
	2.8. Western Blotting
	2.9. Proximity Ligation Assay (PLA)
	2.10. Statistical Analysis

	3. Results
	3.1. RAB37 Fluctuated during Adipogenic Differentiation
	3.2. RAB37 Promoted Adipogenic Differentiation
	3.3. RAB37 Promoted TIMP1 Secretion during Adipogenic Differentiation
	3.4. Knockdown of TIMP1 Impeded RAB37-Mediated Adipogenic Differentiation
	3.5. Involvement of the TIMP1/CD63/Integrin β1 Axis in RAB37-Mediated Adipogenic Differentiation
	3.6. Knockdown of CD63 Compromised RAB37-Mediated Adipogenic Differentiation
	3.7. FAK Inhibitor PF-573228 Compromised RAB37-Mediated Adipogenic Differentiation

	4. Discussion
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

