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Due to their stem-like characteristics and immunosuppressive 
properties, Mesenchymal stem cells (MSCs) offer remarkable po-
tential in regenerative medicine. Much effort has been devoted 
to enhancing the efficacy of MSC therapy by enhancing MSC 
migration. In this study, we identified deubiquitinase BRCA1- 
associated protein 1 (BAP1) as an inhibitor of MSC migration. 
Using deubiquitinase siRNA library screening based on an in 
vitro wound healing assay, we found that silencing BAP1 sig-
nificantly augmented MSC migration. Conversely, BAP1 over-
expression reduced the migration and invasion capabilities of 
MSCs. BAP1 depletion in MSCs upregulates ERK phosphoryla-
tion, thereby increasing the expression of the migration factor, 
osteopontin. Further examination revealed that BAP1 interacts 
with phosphorylated ERK1/2, deubiquitinating their ubiquitins, 
and thus attenuating the ERK signaling pathway. Overall, our 
study highlights the critical role of BAP1 in regulating MSC mig-
ration through its deubiquitinase activity, and suggests a novel 
approach to improve the therapeutic potential of MSCs in re-
generative medicine. [BMB Reports 2024; 57(5): 250-255]

INTRODUCTION

Mesenchymal stem cells (MSCs) derived from mesodermal 
lineage tissues can self-renew and differentiate into various cell 
types that include osteoblasts, adipocytes, and chondrocytes 
(1). Furthermore, their ability to secrete cytokines and growth 
factors provides them with unique immunomodulatory and 
immunosuppressive properties, such as increased generation 
of regulatory T-cells and M2 macrophages, while suppressing 

B- and T-cell proliferation and monocyte maturation (2-5). 
These properties have led to hundreds of clinical trials being 
conducted to treat a wide range of diseases, including neuro-
degenerative, metabolic, and inflammatory diseases, as well as 
tumors (6, 7). Furthermore, adoptively transferred MSCs can 
migrate to the target injury sites to regenerate damaged tissues 
(7). Migration is regulated by various chemokine receptors, 
adhesion molecules, and molecular signaling pathways. There-
fore, many studies have attempted to improve the migration 
ability of MSCs for clinical benefits (8, 9). 

Ubiquitination and deubiquitination are reversible post-trans-
lational modification (PTM) processes that modulate numerous 
cellular protein functions. This modification can induce pro-
teasomal or lysosomal degradation, change enzymatic activity, 
or modify cellular signaling pathways (10). Deubiquitination, 
the removal of attached ubiquitin(s) by a deubiquitinase, can 
reverse the effects of ubiquitination. To date, one hundred deu-
biquitinases have been identified, and classified into seven 
superfamilies (11). Most deubiquitinases utilize a catalytic cy-
steine residue in conjunction with histidine in the deubiqui-
tinase domain to hydrolyze the ubiquitin linkage (11). BRCA1- 
associated protein 1 (BAP1) was previously known as a tumor 
suppressor, and also identified as a deubiquitinase containing 
the ubiquitin C-terminal hydrolase (UCH) domain in its N-ter-
minal region (12). Additionally, BAP1 modulates transcription, 
DNA repair, and replication by regulating chromatin remodeling 
via histone H2AK119 deubiquitination (12). Although histone 
H2AK119 deubiquitination is known as the principal target of 
BAP1, recent studies have reported several non-histone targets, 
including IP3R3, HCF-1, KLF5, INO80, DNA methyltransfe-
rase 1 (DNMT1), nuclear receptor corepressor-1 (NCOR1), and 
peroxisome proliferator-activated receptor-gamma coactivator 
1-alpha (PGC1α) (13-18).

Although ubiquitination-deubiquitination has been highlighted 
in various cellular events, its role in MSC migration has yet to 
be reported, and remains unclear. In this study, we identified 
BAP1 as a negative regulator of MSC migration using wound 
healing-based deubiquitinase siRNA library screening. The 
deubiquitinase activity of BAP1 is required to inhibit the ERK 
signaling pathway and MSC migration, suggesting that BAP1 
suppresses MSC migration by deubiquitinating ERK ubiquitin.
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Fig. 1. BAP1 depletion promotes MSC migration. (A) A table of the 
siRNA screening results. (B-G) The MSCs were transfected with 20 nM 
siNon or deubiquitinase siRNAs. The cells were scratched, visual-
ized by a bright field microscope (E), and further analyzed using 
Image the J software (B, C). Data are presented as the mean ±
standard deviation (SD) from three independent experiments. Statistical 
analysis was performed using two-way ANOVA. Significances were 
computed by Tukey’s honestly significant difference (HSD) (*P ＜
0.05, **P ＜ 0.01, and ***P ＜ 0.001). (D) BAP1 protein levels were 
determined by immunoblotting. For the transwell migration (F) 
and invasion analysis (G), data are presented as the mean ± SD 
from three independent experiments. Statistical analysis was per-
formed using Student’s t-test (**P ＜ 0.01 and ***P ＜ 0.001).

Fig. 2. BAP1 expression hinders MSC migration. (A) MSCs, 24 h 
post-pCGfd-GFP transfection, were visualized using a fluorescence 
microscope. (B) MSCs transfected with pCGfd-GFP or -HA-BAP1 
were harvested for immunoblot analysis. (C, D) Cells were scratched, 
visualized by a bright field microscope, and further analyzed using 
the Image J software. Data are presented as the mean ± SD from 
three independent experiments. Statistical analysis was performed 
using two-way ANOVA. Significance was calculated using Tukey’s
HSD (***P ＜ 0.001). (E, F) Transwell migration or invasion assays 
were performed. Data are presented as the mean ± SD from 
three independent experiments. Statistical analysis was performed 
using a Student’s t-test (*P ＜ 0.05 and **P ＜ 0.01).

RESULTS

BAP1 deficiency enhances MSC migration
To identify the deubiquitinases that regulate MSC motility, we 
performed primary screening based on an in vitro wound 
healing assay using 99 deubiquitinase siRNAs (Supplementary 
Fig. 1 of the Supplementary Information [SI]). This screening 
identified 13 potential candidates comprising five inhibitors 
and eight activators (Fig. 1A). To narrow down the deubiquiti-
nase candidates, we performed triplicate analyses, and selected 
BAP1 as the deubiquitinase that exerted the most significant 
impact on MSC motility (Fig. 1B, C). Compared to siNon- 
transfected MSCs, BAP1 depletion in MSCs using siRNA trans-
fection increased the wound closure rate by up to 50% (Fig. 
1B, D, E). Transwell migration and invasion assays were per-
formed to investigate the effects of BAP1 depletion on MSC 
migration. MSCs depleted of BAP1 displayed dramatic increases 
in Transwell migration and invasion (Fig. 1F, G).

We used the Human Protein Atlas portal (www.proteinatlas. 
org), a freely available interactive resource, to examine the 
BAP1 mRNA expression patterns across various tissues. Com-
pared to the other tissues, blood cells, which exhibit high mo-
tility, showed markedly lower levels of BAP1 expression (Supple-
mentary Fig. 2 of the SI). Remarkably, bone marrow and adi-
pose tissue, which are the primary sources of MSCs, display 
relatively high levels of BAP1 expression. These observations 
suggest that BAP1 expression is correlated with cell motility, 
reinforcing our finding that BAP1-depleted MSCs showed 
enhanced migration.

BAP1 overexpression reduces MSC migration
To further investigate whether BAP1 overexpression induced 
the opposite effect of BAP1 depletion on MSC migration, we 
performed wound healing, transwell migration, and invasion 
assays under BAP1 overexpression conditions. Given the in-
herent difficulty in transfecting MSCs, we used a CpG sequen-
ce-free plasmid-based microporation method (19). Following 
microporation with the pCGfd-GFP plasmid under optimized 
conditions, most of the MSCs exhibited GFP-positive signals 
(Fig. 2A). Subsequent immunoblot analysis of the MSCs trans-
fected with the pCGfd-HA-BAP1 plasmid showed strong signals 
when probed with an anti-HA antibody (Fig. 2B). We analyzed 
the effects of BAP1 overexpression on MSC motility. BAP1 
overexpression in the MSCs decreased the wound closure rate 
by up to 40% compared to the control MSCs (Fig. 2C, D). 
Transwell migration and invasion assays revealed that BAP1 
overexpression inhibited MSC migration and invasion (Fig. 2E, 
F). 

All the results obtained in both the BAP1 depletion and 
overexpression experiments indicate that BAP1 plays a crucial 
role in regulating MSC migration.

The deubiquitinase activity of BAP1 is essential for the 
regulation of MSC migration
BAP1 possesses a UCH domain with deubiquitinase activity in 
its N-terminal region (Supplementary Fig. 3A of the SI) (12). To 
explore whether the deubiquitinase activity of BAP1 is required 
for the regulation of MSC migration, we created a deubiqui-
tinase-defective BAP1 C91S mutant (Supplementary Fig. 3A of 
the SI). Unlike the wild-type BAP1 expression, expression of 
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Fig. 3. BAP1 suppresses the ERK signaling pathway. (A, B) MSCs 
transfected with 20 nM siNon or siBAP1 were harvested for immuno-
blot analysis. (C) The levels of mRNA were determined using qRT-PCR. 
Data are presented as the mean ± SD from three independent 
experiments. Statistical analysis was performed using Student’s t-test 
(ns = non-significant, *P ＜ 0.05 and **P ＜ 0.01).

Fig. 4. BAP1 binds to ERK1/2 and regulates its ubiquitination status 
in a deubiquitinase activity-dependent manner. (A, C, E) 293T cells 
transfected with the indicated plasmids were harvested, lysed, and 
immunoprecipitated with an anti-GFP antibody. Thereafter, proteins 
were analyzed by immunoblotting using anti-FLAG and -GFP anti-
bodies. (B) MSCs were lysed and immunoprecipitated using an anti- 
BAP1 antibody. Endogenous proteins were analyzed by immuno-
blotting using the indicated antibodies. (D, F) 293T cells trans-
fected with the indicated plasmids were harvested, lysed under 
denaturing conditions, and immunoprecipitated with an anti-GFP 
antibody. Protein levels were analyzed by immunoblotting using 
anti-ubiquitin-HRP, -GFP, and -FLAG antibodies. (G) MSCs transfected 
with 20 nM siNon or siBAP1 were lysed under denaturing condi-
tions and immunoprecipitated with an anti-ERK1/2 antibody. Proteins 
were analyzed by immunoblotting using the indicated antibodies. 
(H) Conceptual illustration showing the role of BAP1 in regulating 
MSC migration.

the BAP1 C91S mutant did not affect wound healing, transwell 
migration, or invasion (Supplementary Fig. 3B-D of the SI). 
These results indicate that BAP1 regulates MSC migration in a 
deubiquitinase-dependent manner.

Regulation of MSC migration by BAP1 involves ERK signaling 
pathways
The signaling pathways associated with MSC migration were 
investigated to understand the molecular mechanisms under-
lying BAP1 regulation. We observed an increase in ERK1/2 
phosphorylation in the BAP1-depleted MSC, whereas other 
signaling molecules (AKT serine 473, focal adhesion kinase 
tyrosine 925, p38 mitogen-activated protein kinases, and vi-
mentin) remained unchanged (Fig. 3A). Subsequently, we exa-
mined the upstream signaling molecules involved in ERK1/2 
phosphorylation. As shown in Fig. 3B, ERK1/2 phosphoryla-
tion only increased under BAP1 depletion conditions, suggesting 
that BAP1 directly regulates ERK1/2 phosphorylation, but not 
the upstream signaling molecules of ERK1/2. To identify the 
transcriptional targets of the ERK signaling pathway that regu-
late MSC migration, we examined the mRNA expression changes 
in several ERK target genes known to regulate MSC migration. 
OPN expression was increased in BAP1-depleted MSCs, but 
not in SNAIL or SLUG cells (Fig. 3C).

These results suggest that BAP1 expression is closely related 
to the regulation of MSC migration through the activation of 
ERK1/2 signaling.

BAP1 deubiquitinates ubiquitins on phosphorylated-ERK1/2 
to suppress MSC migration
Biochemical experiments were conducted to elucidate the me-
chanism by which BAP1 controls ERK1/2 signaling. Immuno-
precipitation revealed that transiently overexpressed FLAG-BAP1 
bound to both transiently overexpressed GFP-ERK1 and GFP-ERK2 
(Fig. 4A). Notably, GFP-ERK2 displayed a higher binding affi-
nity than GFP-ERK1, suggesting that ERK2 is the preferred sub-
strate for BAP1. We further examined the endogenous interac-
tions between BAP1 and various signaling molecules. Surpri-
singly, we found that neither ERK1/2 nor any other signaling 

molecules upstream of ERK bound to BAP1; only phosphory-
lated-ERK1/2 co-precipitated with endogenous BAP1 (Fig. 4B). 

These contradictory findings prompted us to hypothesize 
that the co-precipitation of overexpressed GFP-ERK1 and GFP- 
ERK2 with BAP1 occurred because they were partially and 
transiently phosphorylated. To test this hypothesis, we created 
a GFP-ERK2 2A mutant lacking the phosphorylation sites by 
replacing threonine 185 and tyrosine 187 (T185 and Y187, 
respectively) with alanine (20, 21). GFP-ERK2 was chosen be-
cause of its greater affinity for BAP1 than GFP-ERK1. As anti-
cipated, the GFP-ERK2 2A mutant was rarely associated with 
BAP1, suggesting that the phosphorylation sites (T185 and 
Y187) of ERK2 are essential for BAP1 binding (Fig. 4C). 

Our study of the signaling pathways revealed that BAP1 
depletion induced ERK1/2 phosphorylation without affecting 
other upstream signaling molecules (Fig. 3A, B). Collectively, 
these results suggest that the binding of BAP1 to phosphory-
lated-ERK1/2 may lead to a reduction in its phosphorylation. 

Given the established role of BAP1 deubiquitinase activity in 
the regulation of MSC migration, we investigated whether 
BAP1 can alter the ubiquitination of ERK1/2. Ubiquitination of 
GFP-ERK2 was observed in a denaturation condition-based ubi-
quitination assay when expressed with HA-ubiquitin (Fig. 4D). 
BAP1 expression reduced the ubiquitination of GFP-ERK2, in-
dicating that BAP1 deubiquitinates ubiquitins on GFP-ERK2 
(Fig. 4D). Moreover, the proteasome inhibitor MG132 had no 
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effect on the ubiquitination or BAP1-dependent deubiquitina-
tion of GFP-ERK2, suggesting that both processes are prote-
asome-independent (Fig. 4D). We examined the effect of the 
BAP1 C91S mutation on GFP-ERK2 ubiquitination. Although 
the BAP1 C91S mutant bound strongly to GFP-ERK2, it failed 
to deubiquitinate the ubiquitin on GFP-ERK2 (Fig. 4E, F). Fi-
nally, we studied the effect of BAP1 depletion on the ubi-
quitination of endogenous ERK1/2 in MSCs. The ubiquitination 
of endogenous ERK1/2 increased in siBAP1-transfected MSCs 
(Fig. 4G). These results indicate that BAP1 regulates the ERK 
signaling pathway via the deubiquitination of phosphorylated 
ERK1/2. 

DISCUSSION

This study identified BAP1 as a negative regulator of MSC mig-
ration through siRNA library screening using an in vitro wound- 
healing assay. BAP1 depletion enhanced MSC migration, where-
as BAP1 overexpression reduced MSC migration. Interestingly, 
BAP1 deubiquitinase activity, located in the UCH domain in 
the N-terminal region, is crucial for suppressing MSC migra-
tion. Moreover, BAP1 was found to control MSC migration 
through the ERK signaling pathway, with BAP1 deubiquiti-
nating ubiquitins on phosphorylated-ERK1/2. This is the first 
report to demonstrate that BAP1 regulates MSC migration via 
the deubiquitination of ERK1/2 ubiquitins. 

BAP1 deficiency is well known to induce epithelial-to-me-
senchymal transition (EMT) and metastasis in numerous cancers 
(22-27). During EMT, cancer cells gain the ability to migrate 
because of the superior motility of mesenchymal cells, com-
pared to that of epithelial cells. Additionally, BAP1 regulates 
EMT during trophoblast differentiation and invasion, while 
decreased BAP1 expression triggers EMT and enhances mig-
ration and invasion (27). In this context, we demonstrated that 
BAP1 depletion enhances the migratory capability of MSCs. 
Furthermore, the BAP1 expression pattern observed in the 
Human Protein Atlas supports an inverse correlation between 
BAP1 expression and cell motility, with blood cells, known for 
their high motility, showing notably lower levels of BAP1 
expression (Supplementary Fig. 2 of the SI). 

Our results, and those of other studies, suggest that BAP1 
suppresses the migration of most cell types. However, the un-
derlying mechanism requires further investigation. This study 
found that BAP1 deubiquitinase activity is required to regulate 
MSC migration. Many targets of BAP1 have been proposed, 
including histone H2AK119 and various non-histone proteins, 
such as IP3R3, HCF-1, KLF5, INO80, DNMT1, NCOR1, and 
PGC1α (13-18). We identified a new non-histone protein 
target of BAP1. BAP1 depletion increased ERK1/2 phosphory-
lation, indicating a negative regulatory effect of BAP1 on ERK1/2 
activation. 

Recently, it was discovered that the K63-linked polyubiquiti-
nation of ERK1/2 is closely related to the phosphorylation status 
of ERK1/2 (28). TRIM15 participates in this polyubiquitination 

process by increasing its interaction with MEK, an ERK1/2 up-
stream kinase. This interaction increases ERK1/2 phosphory-
lation. Our study defines BAP1 as a deubiquitinase of ERK1/2. 
The observed inverse relationship between BAP1 expression 
and ERK1/2 polyubiquitination suggests that BAP1 inhibits the 
ERK signaling pathway by deubiquitinating the K63-linked poly-
ubiquitin of ERK1/2. This deubiquitination appears to reduce 
ERK1/2 phosphorylation by inhibiting the interaction between 
ERK1/2 and MEK (Fig. 4H).

A previous study identified the tumor suppressor cylindro-
matosis (CYLD) as a deubiquitinase that antagonizes TRIM15- 
mediated ERK1/2 ubiquitination (28). CYLD is a deubiquiti-
nase that is induced and activated by nuclear factor-κB in 
response to inflammatory stimuli, such as tumor necrosis factor 
(TNF) and interleukin-1β. In contrast, BAP1 is a constitutively 
expressed deubiquitinase that regulates various cellular proces-
ses by modulating gene transcription and directly deubiquiti-
nating target proteins (25). Moreover, BAP1 is frequently mutated 
or downregulated in various cancers, but not in MSCs (25). 
These differences may explain the divergent roles of CYLD and 
BAP1 in the deubiquitination of ERK1/2.

Several studies have investigated the effects of ubiquitination 
on the phosphorylation of target proteins (29). For example, 
TNF receptor-associated factor 3 is K63-linked ubiquitinated in 
response to viral infection, which increases its interaction with 
tank-binding kinase-1 and influences its phosphorylation status 
(30). We hypothesized that BAP1-mediated deubiquitination 
of ERK1/2 may cause a structural change in ERK1/2, which 
interferes with MEK binding and negatively regulates its phos-
phorylation.

Additionally, we found that OPN, a known ERK target gene, 
was upregulated in the BAP1-depleted MSCs. OPN plays a 
role in cell adhesion and migration. This implies that BAP1 
influences MSC migration via ERK-mediated OPN expression.

Overall, our findings enrich the current understanding of the 
factors affecting MSC migration and therapeutic potency by 
elucidating the role and mechanisms of action of BAP1. They 
also suggest potential therapeutic strategies to increase the 
efficacy of MSCs in regenerating damaged tissues and treating 
various diseases by modulating BAP1 expression or deubiquiti-
nase activity.

MATERIALS AND METHODS

Cell culture and reagents
Human MSCs (PT-2501) were obtained from Lonza (Basel, 
Switzerland). All the cells were cultured in complete Dulbecco’s 
Modified Eagle’s Medium (DMEM; 10-013-CVR; Corning cellgro, 
Manassas, VA, USA) supplemented with 10% Fetal Bovine 
Serum (FBS; 16000044; Thermo Fisher Scientific, Waltham, 
MA, USA) and 1% antibiotic-antimycotic (15240062; Thermo 
Fisher Scientific). The cultures were maintained at 37oC under 
5% CO2. All the cells were tested for mycoplasma using an 
e-mycoTM plus Mycoplasma PCR detection kit (25237; Intron, 
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Seongnam, Gyeonggi, Korea) and maintained under mycoplas-
ma-free conditions.

In vitro wound healing-based siRNA screening
We performed in vitro wound healing-based siRNA screening 
using the Human ON-TARGET plus siRNA Library-Deubiquiti-
nating Enzyme (G-104705-05; Horizon Discovery, Waterbeach, 
UK). Approximately 2 × 105 cells were transfected with 20 nM 
siRNA via microporation and subsequently plated in a 12-well 
cell culture plate. Forty-eight hours post-transfection, a scratch 
was created using a pipette tip, and the culture medium was 
replaced with serum-free DMEM. Observations and analyses 
of each well were conducted using a microscope (CKX53; 
Olympus, Tokyo, Japan) and processed using the ImageJ software 
(1.52a; NIH, Bethesda, MD, USA). Human ON-TARGET plus 
siRNA SMART pools, siBAP1 (L-005791-00-0005; Horizon 
Discovery) and siNon (D-001810-10-05; Horizon Discovery), 
were used as controls for all the knockdown experiments.

Plasmid construction
All the ubiquitin constructs (pRK5-HA-Ubiquitin) and pcDNA3- 
FLAG-BAP1 were kindly provided by J. Song of Yonsei Uni-
versity (31). We used the pCGfd plasmid, a minimally sized 
CpG sequence-free plasmid that demonstrates high transfection 
efficiency in MSCs (19).

We have listed all the primer sequences for site-directed 
mutagenesis in Supplementary Table 1.

Microporation of MSCs
For the microporation of the MSCs, we followed a previously 
reported protocol (19). Briefly, the MSCs were trypsinized, 
centrifuged, and resuspended in PBS. Cell concentration was 
determined using a LUNA-FLTM cell counter (Logos Biosystems, 
Anyang, Korea). The MSCs were then transferred to 1.5 ml micro-
centrifuge tubes, spun down, and resuspended in a resus-
pension buffer (MPK1096, 10096; Thermo Fisher Scientific). 
We introduced 20 nM siRNA or 2 μg of plasmid into each 
batch of 2 × 105 cells. Using a Neon pipette and tips 
(MPK1096, 10096; Thermo Fisher Scientific), the resulting 
mixtures were microporated under pre-optimized conditions 
for MSCs (990 V, 40 ms, 1 pulse).

Immunoprecipitation and immunoblotting
The cells were lysed in a buffer containing 50 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, and 
a protease inhibitor cocktail (11697498001; Roche, Penzberg, 
Germany) on ice for 30 min. The cell lysates were centrifuged 
at 13,000 rpm at 4oC for 10 min. The supernatants were 
transferred to a new microcentrifuge tube and incubated over-
night at 4oC with 1 μg of either normal mouse IgG (sc-2025; 
Santa Cruz Biotechnology, Dallas, TX, USA), anti-BAP1 (sc-28383; 
Santa Cruz Biotechnology), or anti-GFP (sc-9996; Santa Cruz 
Biotechnology). Subsequently, recombinant protein G agarose 
(15920010; Thermo Fisher Scientific) was added to the samples, 

followed by incubation for 2 h at 4oC. The samples were then 
centrifuged at 3,000 rpm at 4oC for 5 min and washed thrice 
with a lysis buffer. Samples were eluted using a sample buffer 
and analyzed by immunoblotting.

All the protein samples were separated using sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and transferred 
onto membranes. Protein bands were detected using a chemi-
luminescence imaging system (FUSION Solo X; VILBER, Collé-
gien, France). 

The primary antibodies are listed in Supplementary Table 3.

Ubiquitination assay
To assess ubiquitination under denaturing conditions, we fol-
lowed the protocol described in a previous report (32). Briefly, 
the cells were lysed in PBS containing 1% SDS and 10 mM 
NEM (Sigma-Aldrich) and boiled for 10 min. We then added a 
lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 0.5% Triton X-100, 1 mM EDTA, protease inhibitors, 
and 10 mM NEM to reduce the SDS concentration to 1%. We 
performed immunoprecipitation using anti-GFP and ERK1/2 
antibodies and analyzed ERK ubiquitination by immunoblot-
ting.

Statistical analysis
Statistical analyses were performed using the GraphPad Prism 
software (version 9.5.1; La Jolla, CA, USA). In cases where 
only two groups were analyzed, a Student’s t-test was used to 
determine statistical differences and significance. For the 
transwell migration and invasion assays, a one-way analysis of 
variance (ANOVA) with Tukey’s honest significant difference 
(HSD) post-hoc test was used. Two-way ANOVA with Tukey’s 
HSD post-hoc test was used for the in vitro wound healing 
assay. The error bars represent the standard deviation (SD).
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